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Chapter 1 

Proj ect O verv iew 

The JLC project is the post-TRlSTAN high energy physics program recom mended by the High 
Energy Committee in 1986. The project consists of the construction of a linear collider , and the 
experiments therewith, at an initial center of mass energy around 500 Ge V which will eventually 
reach 1.5 TeV, along with successive machine upgrades[l, 2, 3]. The recommendation initiated 
a systematic R&D program, which has been producing many remarkable results . On t he other 
hand, the recent precision measurements at LEP have greatly enhanced t he importance of an 
e+ e - linear collider to explore the energy region just above LEP Il[4]. 

We propose the construction of JLC-I , which is an e+ e- linear collider to cover the center 
2of mass energy range of up to 500 GeV with a peak luminosity of 5 X 1033 cm- sec- 1, as the 

phase-I machine of the JLC project. 

1.1 Physics 

The main purpose of JLC-I is to discover and study the Higgs boson and the top quark, which 
are the two missing constituents of the Standard Model. 

The most exciting possibility is the discovery of a Higgs particle with a mass less than 200 
Ge V . This mass range is particularly interesting from the viewpoint of grand unified models with 
the grand desert hypothesis, which naturally explain charge quantization, anomaly cancellation, 
strengths of the gauge interactions, etc. Moreover, the Weinberg angle sin20w, which has been 
precisely measured at LEP, agrees well with the prediction of its simplest supersym met ric 
extension originally introduced to solve the naturalness problem. Grand unifi ed models with 
weak-scale supersymmetry predict at least one light Higgs boson, which cannot be missed at 
JLC-I with vIS = 300 GeV. 

If the weak-scale supersymmetry is indeed the case, JLC-I has a good chance to fi nd heavier 
Higgs bosons as well as supersymmetric particles. JLC-I, being an e+ e- collider , will provide 
a unique opportunity to carry out detailed studies of these particles and will possibly allow us 
to get insight into physics on the Planck scale. 

On the other hand, if no Higgs boson exists within the reach of JLC-I, one is forced to 
abandon the weak-scale supersymmetry and simple grand unification scenario. The JLC-I 
project thus has the potential of guiding the future direction in particle physics. 

T he analysis results of precision electroweak measurements strongly indicate the existence 
of t he top quark in the reach of JLC-J. The study ofthe top quark properties is a necessary step 
to est ablish and go beyond the Standard Model. The top quark has rich physics in itself distinct 
from the spectroscopy of other quarkonia. The strong coupling constant 0'.5 can be measured 
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with litt le ambiguity, since perturbative QCD is applicable to the threshold region. It is a.lso 
possible to detect the YlIkawa interaction . Furthermore, the accurate determination of its mass , 
possible only at an e+e- collider, will fix the radiative correction parameters. This enables us 
to look for new physics effects, when combined with the W - and Z -boson parameters to be 
precisely determined by JLC-I, making full use of its high luminosity and beam polariz;a tion . 

The experiment at JLC-I will reveal the nature of the two missing constit uents of the 
Standard Model. We believe that it will possibly probe the physics up to Planck scale and 
uncover the secrets of the creation and evolution of our Universe. 

1.2 Starting the JLC-I Accelerator Construction 

We consider here the technical feasibility of construction of the JLC-I accelerator . The key 
specification we impose upon the accelerator in its st artup stage is t o provide a 'bottom-line' 

2luminosity of 5 x 1032 cm - sec- 1 at yS = 300 GeV to achieve t he ini t ia l physic goals. 
The main linac was conceived to be of X-band, in which multi-bunched beams a re accelerated 

at very high gradients. Therefore the key issues in the full scale R&D program start ed in 
1987 ha.ve been to develop klystrons capable of emitting peak powers as high as a bout 100 
MW and to experimentally verify high acceleration gradients as high as 100MV/m in linac 
structures, both of which were far beyond the st ate of the art of linac technology in 1987. 
Furthermore an accelerator test facility ATF was founded, where we first started to construct 
a test S-band linac, planning to later annex to it a test damping ring of extremely small 
beam emittances. All-around R&D studies have also been intensively carried for ot her topics 
such as electron / positron sources and final focus systems. In parallel with t hose studies, we 
have been making every effort to optimize parameters of the J LC for its various phases. Of 
particular concern is the RF frequency choice among S- , C-, or X-band for JL C-I, since th e X­
band t echnology is s till in a developing stage. R&D wOTk at overseas institutes such as SLAC, 
CERN, INP-Protovino/Novosibirsk and DESY has been more or less on similar lines and there 
have been freque nt exchanges of informations be tween KEK and those institutes. 

T he results of th e R&D work are very promising. We were able to achieve an output power 
of 41 MW for the X- band klystron , which is abou t the same level as achieved at SLAC and 
INP. Accelera ting gradients well higher than 50 MV / m have b en achieved successfully for S­
band and X-band structures. A novel idea of t he choke cavity was proposed which might play 
an important role to kill dangerous higher order modes in the mult- bunch operation. Those 
results suggest that we have caught up wit h the world-wide progress of key R F technologies. 
Hence it is fair to say that major technological difficulties have been basically resolved and we 
may be in a technically favorable position to propose the collider construction as far as JLC-I 
is concerned for which techn logical requirements are still not so stringent. There remain, of 
course, many difficult problems t.o be solved : attaining high reliability of various components, 
their mass production in the industry, system design of the whole accelerator complex, sit e 
problem, etc. The most important may, however, be that we can assert the JL C-I construction 
only on condition th at we promote the in ternational technical colla boration as before or more. 

A very brief resume about t he present status of R&D work might be a ppropriate here in 
order to review the whole range of our activities. 

Electron/ positron sources: A large enough num ber of electrons is shown extractable 
from conventional thermionic gun. An RF gun with a laser triggered photocathode is suc­
cessfully providing low emittance beams at a relativistic energy. World-record polarizations 
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have been obtained by use of special crys tal structures of gallium-arsenic alloys . A thorough 
simulation study has been carried ou t for positron production . 

Damping rin g with its injector: Construction of a test damping ring at t he ATF is 
in preparation t o verify the possibility of achieving very low emittances required for linear 
co1liders. An S-band injector lin ac i being const ruct ed to provide 1.5 GeY elect rons. 

X-band klystron: High power tests of the .JLC XB-72K klystron are being carried on and 
a peak power of 41 MW has already been obtained. The beam power was as high as 234 MW 
which is just as large as that achieved at SLAC. 

Accelerating structure: An acceleration gradient of 80 MY/ m was obtained for COIlven­
tional s tructures at bot h S- and X-bands. Basic studies fOT precision machining of structure 
components are intensely pursued with convincing results at the KEK machine shop. Simu­
lation studies for damped structures and detuned ones are a lso providing affirmative results. 
The choke cavity, a new idea for dam ping higher order modes, has been proposed. 

Final focus system: A achromatic line with a fairly large momentum acceptance has 
been designed. A couple of fi nal quads which must provide precise field distribution in a very 
small aperture were manufactured successfully and will be tested at the F FTB facility of SLAC. 
The compt on beam profile moni tor which was proposed at KEK is being manufactured and 
will be test ed a t the FFT B too to survey the possibili ty of measuring beam sizes of nano­
meters. Careful simulat ion studies are continued to clarify the backgr ound noise problem at 
the interaction region. 

Construction cost estimat ion: A reson able estimation of boring the tunnel is obtained. 
Regarding the machine cost, the &D work described a bove is s t ill limit .d to proof-of-principle 
studies for each components. The cost redudion critically depends on mass-production effects, 
which we have to pursue seriously hencefort h. 

The proposed JLC-I project is, in a sense, a pilot project for the entire JLC program. The 
project aims at exploring a new frontier of e+ e- coUider physics wi t h a modest extension of 
technologies at hand. We believe that the construction of J LC-I is a necessary step for future 
Te V linear coUiders. 

Following the operat ion as an energy-frontier machine, JLC-I will remain active no t only as 
a top fac tory but also, automa tically, as a Z -fadory( b-factory ) and a W-factory with polarized 
beams and with a two-orders-of-magnit.ude higher luminosity t han those of existing facilities. 
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Chapter 2 

Physics 

2.1 Physics Overview 

2.1.1 The Standard Model and its Missing Links 

The goal of elementary particle physics is to identify the fundamental constituents of the phys­
ical world and the interactions among them, and fi nd their sim pIe description. Over these 
decades, it has become more and more cer tain that all but one of the four known interactions­
electromagnetic, weak, and strong-----can be described by the "Standard Model" [1], which is 
based on quantum field theory and gauge principle. 

At the center of the Standard Model lies the concept of the spontaneous symmetry breaking 
[2], which generates the masses of the W - and Z -bosons. The discovery of these intermediate 
vector bosons at the predicted masses [3] is a great triumph of this concept. The masses 
of fermions are also generated by the spontaneous symmetry breaking, due to the Yukawa 
couplings of fermions to the Higgs boson. 

The gauge principle has been tested with a very high precision. In particular, the quark­
lepton universality, which motivated the introduction of gauge principle to the weak interaction 
physics [4], has been verified to 0.1% [5] 

(2.1) 

where Vii'S are the Kobayashi-Maskawa matrix elements [6]. The SU(2)L x U(l )y quantum 
numbers of quarks and leptons have all been determined precisely at e+ e- coUiders [7, 8]. The 
agreement in the measured values of t he Weinberg angle obtained in a variety of ways (Fig. 2.1) 
demonstrates the validity of the gauge principle. 

Althongh the Standard Model has been very successful , the observed particle spectrum 
is obviously incomplete. T he axial vector coupling of the bottom quark to the Z -boson is 
measured to be one half [10]. The bottom quark thus belongs to an SU(2)t multiplet with a 
half-integral isospin, and must have (at least ) one SU(2 h partner which has not been found 
yet. To establish the idea of the quantum fi eld theory and the gauge principle, it is definitely 
necessary to discover this missing particle: the top quark. 

Fortunately, w have an upper bound on the mass of the top quark, mt < 200 GeV at 
more than 95% confidence level from analyses of the electroweak radiative corrections [11]. The 
measurements of particle masses , various cross sections and asymmetries we have accumulat.ed 
at high-energy experiments are now so precise that we are already sensitive to the quantum 
effects of undiscovered particles. Thus discovery of the top quark within the predicted mass 
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Figure 2.1: The M S Weinberg angle sin2 Bw determined in a variety of ways, using the best- fi t 
value mt = l49 ~;~ GeV and mH = 50- 1000 GeV. The data are taken from Ref. [9]. 

range , as well as the study of its properties, is an essential step to establish the Standard Model. 
An e+e- collider at JS = 500 GeV cannot miss the top quark and provid s an ideal place for 
this pUTpose. 

The study of the top quark is an important subject by itself (Sect. 2.6 ). First of all, a 
precise measurement of its mass, t:l.rnt < 500 MeV, is possible at the if threshold. The large 
width of the top quark acts as an infrared cutoff to the QeD interaction, allowing us to make 
definite theoretical predictions using perturbative QCD [12]. This remarkable feature provides 
a clean test of perturbative QCD as well as a precise measurement of the strong coupling 
constant a~. The width itself is also an important quantity, directly related to the unknown 
Kobayashi-Maskawa matrix element Vtb. Tf less than unity, it signals the existence of a fourt h 
generation. On the other hand , the top quark may have a larger width than expected due to 
exotic decay modes like t ---+ bH+ (charged Higgs boson) or bP+ (pseudo-Goldstone boson). 
Furthermore, we may be able to probe the physics beyond the Standard Model from the analysis 
of the radiative corrections, once we know the mass of the top quark pTecisely; for example, the 
radiative corrections from the stop-sbottom sectoT in the Minimal Supersym rnetric Standard 
Model may be extracted [13]. 

Another missing constituent of the Standard Model is the Higgs boson. Though this particle 
plays a key role in the Standard Model to give masses to both the gauge bosons and the 
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Figure 2.2: The renormalization group fl ow of the Higgs boson self-coupling constant AHigg8 in 
the minimal Standard Model. The quoted values are the Higgs boson masses. The top quark 
mass is assumed to be mt = 150 Ge V . 

quarks/ lep tons, little is known about its mass. Recall t hat the mass of the Higgs boson is 
related to its four-point self-coupling, which becomes stronger at higher energies . The running 
of t he self-coupling constant is illustrated in Fig. 2.2. If th Higgs boson is relatively heavy, then 
the self-coupling blows up jus t above Te V scale. This singular behavior signals the breakdown of 
the Standa rd Model a bove t hat scale. On t he contrary, t he Higgs boson lighter than 180 GeV 
has a self-coupling which remains perturbative up to the P lanck scale. T hen t he standard 
S U(3)c x SU(2)L x U(l)y gauge theory may be valid up to a very high energy scale. Such a 
light Higgs boson lies well within t he reach of JLC-I. 

If the Higgs boson is lighter than rv 150 GeV, we should be able to test the mechanism of the 
ferm ion mass genera tion. The top quark threshold region is sensitive to the Yukawa potential 
due to the Higgs boson exchange (Sect . 2.6). The study of t he Higgs boson branching ratios 
can tell us if the Yukawa coupling c nstants a re proportional t o the fermion masses (Sect . 2.2 ). 
Such tests can be performed only at e+e- colliders with a clean environmen t . In this way, 
JLC-I is able to thoroughly establish the Standard Model. 

2.1.2 P r ob lems in the Standar d Mod el 

Once the detailed studies of t he top quark to be performed at JLC-I establish the SU(3 )c x 
S U(2)L x U(1)y gauge structure, we may start seriously asking many unresolved questions 
within the Standard Model. Why do the electric charges of electron and proton exac tly balance? 
Why are t he strengths of the gauge interactions so different? W hy is the number of generations 
three? W hy do the seemingly independent anomalies from the quark sector and lepton sect r 
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cancel? Wh re do the fermion masses come from'? Why is the CP invariance broken? And 
many others. Among them, the most important question is: Why is the elcdroweak symmetry 
broken, and why at the scale (H) = 246 GeV? 

The St.andard Model cannot answer these questions. A general beIiefis that there lies a more 
fundamental physics at a higher energy scale which leads to the unanswered characteristics of 
the Standard Model. Then all the parameters and quantum numbers in the Standard Model 
can be derived from the more fundamental description of nature, leading to the Standard Model 
as an effective low-energy theory. In particular, the weak scale itself (H ) = 246 Ge V should be 
a prediction of the deeper theory. The scale of the fundamental physics can be regarded as a 
cutoff to the Standard Model. Above this cutoff scale, the Standard Model ceases to be valid 
and the new physics takes over. 

In the Standard Model, an elementary Higgs field is introduced to break the SU(2)L x U(I)y 
symmetry. The mass term of the Higgs field is of the order of the weak scale. The natural scale 
one expects for the mass term is, however, the cutoff scale of the theory, since the quantum 
correction to the mass term is proportional to the cutoff scale squared because of the quadratic 
divergence. This problem, so-called the naturalness problem, is one of the main obstacles we 
encounter, when we wish to construct realistic models of the <'fundamental phy ies" beyond the 
Standard Model. If the cutoff scale of the standard model is near the Planck cale, one needs 
to fine-tune the bare mass term of the Higgs potential to many orders of magnitude to ke p the 
weak scale very tiny compared to the Planck scale. There are only two known possibilities to 
solve this problem. One is to assume that the cutoff scale of the Standard Model lies just above 
the weak scale , regarding the Higgs boson as a composite object. The technicolor scenario 
discussed in the next section belongs to this class . The other is the introduction of a new 
symmetry to eliminate the quadratic divergence: supersymmetry. 

2.1.3 Technicolor Scenario 

Technicolor scenario belongs to the first class discussed above, solving the naturalness problem 
by setting the cutoff just above the TeV scale. The elementary Higgs field is replaced by 
the Nambu-Goldstone bosons associated with a dynamical chira) symmetry breaking in the 
techni-fermion sector [14]. 

We can approach this scenario by precision experiments. Though these models preserve 
gauge invariance, there may be higher-dimensional operators induced by the strong dynamics 
at the TeV scale. Then, these operators appear as anomalous couplings among the gauge 
bosons, which can be measmed with a precision better than 2-3% already at JLC-I, usillg th 
processes e+e- -+ W +W -, e± (~) W 'f, and l/"V" Z (Sect. 2.7). The high-luminosity Z - factory 
is also a good option for the precision measurements (Sect. 2.8), with high sensitivity to the 
symmetry breaking sedor [15]. 

Although the idea of the dynamical symmetry breaking works beautifully in the gauge 
sector , it is not easy to generate fermion masses without conflicting the experimental constraints 
on flavor changing neutral currents. Walking technicolor [16J was proposed as a candidate 
mechanism to suppress the flavor-changing neutral currents while giving relatively large masses 
to the fermions. Then, the pseudo-Nambu-Goldstone hosons (techni-pions) are expected to 
appear below 0(100) GeV. Their properties are similar to those of the charged Higgs bosons 
in the multi-doublet models , whose detection is easy at JLC-I (Sect . 2.6). 

Nevertheless, the large mass of the top quark [17] is very difficult to incorporate into this 
scenario. It is generally accepted that there is yet no well-defined model along this idea, and it is 
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extremely difficult to judge pros and cons experimentally in the absence of concrete prediction. 
On the contrary, the other scenario to solve the naturalness problem, supersymmetry, provides 
some definite predictions which can be clearly tested at JLC-J. 

2.1.4 Supersymmetry 

Supersymmetry (SUSY) [18] is a symmetry between bosons and fermions, and is the only known 
symmetry which eliminates the quadratic divergenc of scalar mass parameters. Since the 
principal origin of the naturalness problem in the Standard Model is the quadratic divergence 
of the Higgs mass parameter, its absence in the supersymmetric models allows us to push the 
cutoff up to the Planck scaJe [19]. This possibility, that the cutoff scale may be very high, 
provides us an exciting scenario, that all the weak scale parameters arc determined directly 
from those near the Planck scale, where the supersym metry is naturally understood in the 
context of slJpergravity. Stated conversely, we can probe the physics near the Planck scale from 
the experiments at the weak scale. Wiping out the "TeV clouds," we may be able to see the 
physics near the Planck scale [20]. The large hierarchy between the Planck scale and the weak 
scale is stabilized thanks to the sl1persymmetry. 

The idea that the weak scale parameters are directly determined from a very high energy 
sca.le naturally leads to the more interesting concept of t he grand unified theory (GUT). GUT 
assumes that all the three gauge couplings in the standard model are derived from a single 
gauge coupling constant at a very high energy [21]. The most important prediction of the G UT 
is that of the Weinberg angle. Historically, the renormalization group analysis [22] showed that 
the Weinberg angle should be close to 0.2 in the simplest GUT model, in rough agreement with 
the measured value. Note that the qualitative success of this concept is that the strong coupling 
is always the strongest, the weak coupling the next, and the electromagnetic one the weakest, 
due to the simple inequality 3 > 2 > 1. The successful prediction of the Weinberg angle 
sin2 Ow 0.2 is a concrete manifestation of this qualitative success . Furthermore, the baroquef'V 

structUTe of the fermion quantum numbers in the Standard Model was natuTally embedded into 
the SU(5) gauge group, lea.ding to the exact quantization of the electric charge and the precise 
cancellation of the anomalies. It was also pointed out that the simple GUT models predic t 
equal bot.tom quark and tau lepton masses a t th GUT scale, leading to the correct mass ratio 
after renormalization down to the GeV scale [23]. 

Since there are many GUT models, with or without supersymmetry, based on various gauge 
groups, it is important to be able to distingnish among them by comparing t.heir predictions 
on the Weinberg angle with its experimental value. The Weinberg angle measured precisely at 
LEP experiments [llJ agrees remarkably well with the prediction of the simplest supersymmetric 
GUT model [24]. The history of the measurement of sin2 Ow is illustrated in Fig. 2 . ~. Also 
shown is the unification of the coupling constants in supersymmctric GUT in Fig. 2.1. Here 
th supersymrnetry successfully combined with the the concept of GUT, in a consistent manner 
with the assumption of a large cutoff scale. 

It is worth mentioning that a heavy top quark has been suggested within the supersymmetric 
models, before the PEP/ PETRA / TRlSTAN experiments set a surprisingly high lower bound 
on its mass . The so-called radiative breaking scenario assumes that the electrowcak symmetry 
breaking is triggered by the top quark Yukawa coupling, whose quantum effect drives the Higgs 
boson mass squared to negative at lower energies. Indeed, the preferred top quark mass is 
between 100 and 200 GeV within the scenario [27]. This range is just the one predicted from 
lhe precision measurements of the Standard Model. 
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2.1.5 Light Higgs: Messenger from the Grand Desert 

An immediate consequence of SUSY is the existence of a light Higgs boson. It has bcen known 
that t he lightest Higgs should be lighter than mz at the tree-level [28], and it was regarded as 
one of the main targets at LEP-II. Recently, it was shown that the upper bound on the lightest 
Higgs boson is raised by the radiative correction due to the top quark Yukawa coupling [25], 
and the parameter space cannot be exhausted at LEP-U. However, one still has a stringent 
upper bound on the lightest Higgs boson mass , which is 170 GeV within the minimal SUSY 
Standard Model. Even the addition of singlets and extra families can push the upper bound 
only up to 200 GeV [26]. Thus JLC-l is an ideal place to discover SUSY Higgs or otherwise to 
exclude SUSY completely. On t he othcr hand, it is hard to detect such a light Riggs boson at 
hadron supercolliders, leaving possibilities to miss it even if supersymmet.ry does exist . 

Once a light Higgs boson is discovered, then we will be able to perform a detailed study on its 
properties, such as its mass, production cross sections, and decay branching ratios (Sect. 2.2). 
Such a detailed study is only possible at an e+e- collider. Then we may be able to distinguish 
between the minimal Higgs boson in the Standard Model and non- minimal Higgs bosons like 
those in its supersymmetric extension. It is also possible that the other components of the Higgs 
multiplet will be discovered as well. Then careful studies may show whether their properties 
are those of the general two-doublet models, or those of the supersymmetric model which is 
more restrictive. 

The existence of such a light Higgs is required even without supersymmetry, as long as there 
exists a "Grand Desert" between the weak scale and a high-energy cale like the Planck-scale, 
the GUT-scale, or an intermediate scale ( ;(, 1010 GeV) [29J. Since t.he Higgs self-coupling 
constant should remain perturbative up to the new physics scale, its mass shouJd be smaller 
than ;S 200 GeV in any models (See Fig. 2. 2) . 

Thus, an e+ e- collider with JS ;S 300 GeV allows u to perform a definitive t st on the 
"Grand Desert" hypot hesis. 1f a light Higgs boson is discovered at JLC-J, it strongly supports 
the idea of grand unification. If no t, there must be a low-lying new physics scale, and all the 
conventional GUT models will have to be abandoned. 

2.1.6 Roads to the Planck Scale 

If a light Higgs boson is indeed found, then we should go to the next step, to search for su­
perparticles directly. For SUSY being relevant to solve the naturalness problem , the masses of 
superparticles should be lighter than 0 (1) Te V. Among them, the color-singlet superpartides 
like sleptons, charginos, and neutralinos are expected to be lighter than the colored supcrpar­
tides. We have a good chance to discover one of t he color-singlet superparticlcs in the energy 
range .JS = 300 to 00 Ge V. On the other hand, colored superparticles like gluino and squarks, 
main targets at hadron supercolliders, are in general relati vely heavy and require mnch higher 
energies to discover. The discovery potential of proposed hadron supercoJliders is comparable 
with that of JLC-l. 

Since the supersymmetry allows us to push the cutoff sca le up to the Planck scale, t.he 
study of its low-energy consequences will enable us to probe the physics at the Planck scale. 
It is generally believed that the origin of the SUSY breaking should be attributed to the 
supergravity interactions. In other words, the superparticle masses are the reminiscen t of the 
dynamics at the Planck scale . To measure the SUSY breaking parameters at the weak-scale is 
the most important t ask to explore physics at the Planck scale. Then we may obtain dues to the 
truly unified t heory including gravity, like superstring theory. For example, the discovery of the 
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sieptons alone will give us a good opportunity to measure the SUSY-breaking paramet ers at the 
Planck scale. We can predict the masses of squarks and gluinos from the study of t1le sleptons, 
within the minimal supergravity model. The large beam polarization at JLC-I will allow clear 
separation of left-handed and right-handed sleptons and the study of energy distributions of 
the decay products will provide the mass of the lightest supersymmetric particle. The study 
of interference between s-channel and t-channel amplit udes will resolve the neutralino mass 
spectrum. If lucky, we can measure all but one parameters within the minimal supergravity 
model. This amusing possibility is discussed in detail in Sect. 2.4. 

The clean environment , high luminosity, and the large beam polarization at JLC-I may lead 
us to make an entirely new step towards the deeper understanding of nature. 

2.2 The Light Higgs(hO) 

2.2.1 Introduction 

One of the most important physics targets of JLC-I is the Higgs particle. Since the mass of the 
Higgs particle is a parameter ofthe Standard Model, its prediction is only possible when we go 
beyond the Standard Model. As described in the previous section, the low mass Higgs particle 
( ;S 200 GeV) is a general conclusion of models based on the GUT and Grand Desert scenario, 
while composite Higgs models such as technicolor models allow a high mass Higg pa rticle. In 
the case of the former scenario, many SUSY particles may exist below 1 TeV according to the 
natualness argument. While in the latter case, the exploration of multi-TeV energy region will 
be required to fully understand the underlying dynamics. Therefore, the search for t he low 
mass Higgs particle will be the branch point to decide the future direction of collider physic.s. 

The current lower limit on the mass of the Standard Model Higgs particle is 58 Ge V at the 95 
%confidence level [31]. The LEP II will cover t he mass region up to 80", 90 GeV [32]. Future 
hadron colliders (LHC and SSC) will be sensitive to the Standard Model Higgs particle of a 
mass from 80 Ge V to abolJ t 1 Te V [66]. A t hadron colliders, the search for the Standard Model 
Higgs particles with a mass larger than 2 x mz is relatively easy by using the H O __ z O z O -- 4l 
mode. However, the search for an intermediate mass Higgs (mz < mH < 2 x mz ) is not easy at 
hadron colliders . Especially if mH ;S 130 GeV, one can use only one decay mode HS M -- II, 
with a small branching ratio of about 10- 3 , therefore one needs high luminosity and ultimate 
detector performance. The situation becomes much worse in the case of t he SUSY Higgs as 
the branching ratio for hO -- " is suppressed to be I'V 10- 4 or much smaller in a large domain 
of the parameter space, due to the increase of t he dominant decay widt h r (hO -- bb ). It was 
reported that hadron collider can not discover any of the MSSM Higgs particles, if model 
parameters are in some unlucky region[33]. 

As described in the previous section, the recent precision measurements strongly favours the 
scenario with GUT, Grand Desert and low energy SUSY particles, while non-GUT scenarios, 
such as Technicolor Model now facing a tough experimental challenge. Therefore the sea rch 
for low mass Higgs particles becomes more important than ever. As will be discussed in the 
following subsections, at e+e- colliders, the Higgs particle can be searched for, usin g the main 
decay mode . Therefore, the search at JLC-I wil1 never miss the Higgs in t he intermediate mass 
region. In this sense, the search at JLC-I is complementary to that a t Hadron colliders. 

In t he miJlimal supersymmctric standard model (MSSM ), the Higgs sector consists of two 
doublets, result.ing in five physical Higgs part icles : two CP-even scalars, i.e. a light one (hO) 
and a heavy one (HO ), one CP-odd scalar (AO), and a pair of charged Higgs (H±). There are 
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Figure 2.5: The Higgs mass as a function of the top quark mass for various tan {3 values and two 
extreme SUSY scale cases. Solid line correspond to 'Tnt = 10 Te V and trilinear soft breaking 
parameter (A term ) equal to y6, dashed line m t = 1 TeV and A=O. These masses are ca1clllakd 
with a formula improved by renormalization group equations[67J. 

relations among the masses of these particles. 'Tn ho, mHO, and mH± can be given in terms of 
'TnAO and tan /3, where tan {3 is the ratio of t he two vacuum expectation values of two Higgs 
doublets. Especially, the lightes t Higgs boson mass is less than the mass of ZO at the tree 
level. But , when the radiative correction is taken into account, the upper bound can exceed 
'Tn Zo due to the top and stop loops. The correction to the upper bound of the lightest Higgs 
mass squared is proportional to 'Tn t In ~, where 'Tn i is the scalar top mass. The upper bound 

mt 

on mhO for various tan (3 values and two extreme SUSY scales is shown in Fig. 2.5 as a function 
of the top quark mass. Experimentally, t he top quark mass is bounded between 89 GeV and 
200 Ge V [30, llJ. If t he low energy supersymmetry is the solution to the naturalness problem, 
the SUSY scale should not exceed 0(10) TeV. Takin g these bounds into a count, 'Tnh should 
be less than 180 GeV. 

Even if one extends the MSSM by introducing a gauge singlet Higgs or adding extra matter 
super muHiplets, one can still obtain a tight upper bound on the lightest Higgs boson mass as 
long as one assumes GUT. In these models, the lightest Higgs boson mass does not exceed 200 
GeV) if the SU SY breaking scale is 1 TeV . 

The tree level total cross sections of the processes e+e- -... H~M Z O (for various m 11 val u cs ), 
e+ e- -... Z O Z O, and e+ e- -... W +W - are shown in Fig. 2.6 , as functions of the center of mass 
energy. At .JS = 300 GeV, the total cross section of e+ e- -... H~MZO with 1cos BII I < 0.7 is 
",,30fb. Therefore , an integrated luminosity of 5 fb - 1 will be sufficien t for the discovery of the 
Standard Model Higgs pa rticl with a mass up to 200 Ge V. 

In the case of the SUSY Higgs (MSSM), the cross sections are related to that of the Standard 
Model Higgs particle as follows: 

u( e+e- -... ha Ze ) = sin:.! ({3 - a)u( e+e- -... HSMZ O) 
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u(e+e- -- HOZo) = COS
2 ({3 - a )u(e+e- -- HSMZO) 

where 0' is the mixing angle of the CP-even Higgs par ticles. The value sin2 (,6 - 0' ) is a function 
of (tan {3 , mA) in t he MSSM , and is close to 1 if mA is large ( rnA;;::' 150 GeV) while it is close 
to 0 if m A is smalL W hen mA is large, the masses of H O and H± are close to rn A and the mass 
of hO is close to t he maxim um depending on mt , mi, and t an{3. When rnA is small (rnA :S 150 
GeV ), t he masses of H O and H± are al. 0 small, t herefore , all Higgs particles a re kinematically 
accessible at JLC-I. 
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Figure 2.7: The mass of hO, HO, and H± in MSSM as a function of the mass of A°for various 
tan {3 values. 

Thus t he MSSM Higgs phenomenology at JLC-I can be summarized as either the production 
of only the light Higgs particle with a cross section similar to t hat of the Standard Model Higgs 
par ticle or t he simultaneous productions of hO, H O, AO, and H±. In any case, the sum of the 
cross section e+e- -- hOZo and e+e- -- HOZo is more than 60fb at Vs = 300 GeV, even if the 
top quark mass and t he SUSY scale are close to their maximum values. T his feat ure guarantees 
the discovery of at least one Higgs particle at J LC-I if nature is really SUSY-GUT. 

In the following subsections, we will describe the search st rategy for t he Standard Modei 
Higgs particle and a possible strategy for the study of the Higgs particle after the discovery. 
T he analysis will a lso applicable to the search of hO in the MSSM when mA is large. The 
searches for AD, H O, and H± will be described in the nex t section. 

2.2.2 D iscovery Strategy of H iggs Boson 

At JLC-I, the detection of t he Standard Model Higgs particle in t he intermediate mass region 
is easy[37, 36], using the process e+e- -- H~MZ, Depending on the decay modes of Z O, event 
topologies of the process e+e- -- H~MZO are classified into (1) vvbb, (2) lfbb, and (3) qqbb. A 
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typical event of each topology is shown in Fig. 2.8. The Higgs will be observed as a peak in the 
invariant mass distribution of two-jet system, requiring the rest of the system (two jets, two 
leptons, or nothing, depending on the topologies) to be consistent with Z oo 

The main background comes from the processes e+e- -+ ZoZo and e+ e- -+ W +W -, whose 
differential cross sections peak in the forward direction. Therefore, the key points in the Higgs 
reconstruction are (1) to select events produced in the central region (for example, require 
reconstructed Higgs and Z directions to satisfy an angular cut such as IcosB I < 0.7), (2) to tag 
the b-jcts efficiently, and (3) to achieve a high resolution for the invariant mass of the Higgs. 
For the second point, we will use a CCD-type vertex detector as described in the following 
chapter. It will enable us to tag bb jets from the Higgs decays with an efficiency higher than 
61 % ( double tag). The third point is crucial for Higgs studies, especially when its mass is 
close to that of W or Z. The required resolu tion can be realized by high resolution calorimetry 
and tracking systems, which can identify electrons and muons in jets and can link each track 
to its corresponding calorimeter cluster. A possible detector design will be described in the 
following chapter. 

By the first e+e- collision at JLC-I, the mass of the top quark will be fixed by the collider 
experiments at Fermi Laboratory if the mass is low enough for discovery, or the precision 
measurement at LEP-II will constrain the top quark mass with a good precision (b..mt = 5 "" 
10 GeV) . The initial beam energy of JLC-I will be set at 2 x mtop so as to guarantee the physics 
output from t.he st.udy of the top quark. This run will also serve as t.he "Discovery Run" 
of the Higgs particle, because the threshold of the Higgs particle production by the process 
e+ e- - hOZO is lower than 2 x 7ntop as long as mtop > 90 GeV (see Fig. 2.5). 

Let's assllme that the top quark mass is ]50 GeV. We start the "Discovery Run" at ...;s = 

300 GeV with a relatively wide beam energy spread of 2% full width. Under this condition, 
J LC-I will provide a luminosity of 3 x 1033cm - 2S - 1 corresponding to an integrated luminosity of 
J Ldt = 30fb- 1 a year ("-' 100 running days). Fig. 2.9 shows the reconstructed mh distributions 
at the stage of JLdt= 4fb- \ for the signal process: e+e- -+ H~MZO with mJ10 = 80, 100, 

5M 

120,140,160, and 180 GeV, and the background process: e+e- - ZoZo. For the Z O -+ [+l­
channel, we apply a kinematical fit to suppress the effect of the beam energy spread and init.ial 
state radiation. A clean peak, well separated from that of the e+e - -+ ZO ZO background, can 
be observed in the viJbb and qqbb modes already at 4fb- 1, if mJIO is less than 160 GeV. If 

SM 

mHO is greater than 160 GeV, the other decay mode such as Hso M ~ W +W - will be useful 
SfI{ 

for the Higgs discovery at the stages of low integrated luminosity. When we accumulate 30 
fb - 1

, a clean Higgs signal well separated from the ZO peak can be observed in each of the three 
decay channels as seen in Fig. 2.10, if the difference between mHO and mz is greater than "-'10 

SM 

GeV. The measurements in the three decay channels are independent of one another. Even if 
mHO is close to mz and the signal peaks are overlapped with the background e+e- -+ ZO Z O 

SM 

peaks, the total numbers of events in the overlapped peaks will hint the existence oI hO [38]. 
In addition, the difference between the decay angular distribution of Z O and H~M will help us 
project out the Higgs signal[39]. 

In the Discovery Run, the distribution of the recoil mass m'j;c in the decay channel H~M -+ bb 
and ZO - 1'.+1'.- is strongly affected by t.he relatively large beam energy spread as shown in 
Fig. 2.11a. An idea to reduce this effect is to oUide the higher energy positrons with the lower 
energy electrons and vice versa such that the center of mass energy i kept constant. With tms 
technique we can control the center of mass energy to b...jS/ VS = 0.2% full width, although 
the system may be boosted along the beam axis. Fig. 2.11b shows the mlY distribution fairly 
improved by this technique. 
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e'e-~hT e·e- -~ hT 
h·~bb, Z"-t"v h"-tbb, Z"-te·e­

e·e-~ h°Z" 
h° -t bb, Z"-tqq 

Figure 2.8: Typical e+e~ H~MZo events with ffiHsM = 120 GeV at .JS = 300 GeV: (a) H~M --+ 

bb and ZO --+ vii, b) H~M --+ bb and ZO --+ e+ e-, (c ) H~M --+ bb and ZO --+ qq. In pictures (a) 
to (c) , the solid curves represent tracks of the charged particles in the central tracking chamber 
with a magnetifie1d of 2.0 Tesla and active radius of 0.3 to 2.3 m, while the dotted lines show 
photon emissions. The surrounding boxes are lectromagnetic clusters, and the lengths of the 
boxes correspond to their energies. 
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Figure 2.9: The reconstructed mass distributions for the t hr e decay channels after the Dis­
covery Run of f Ldt = 4fb- 1

. (a ) The m~et dist ribution for the decay channel H~M --+ bb 
and ZO --+ viJ. (b) The m{'t distribution for the decay channel H~M --+ bb and ZO --+ .e+e-. 
(c ) the m{it distribution of the decay channel M2 M --+ bb and ZO --+ qq. In the figures, the 
hatched histograms are for the signal process e+e- --+ H2MZ O with mHO =80, 100,120,140,

SM 

160, and 180 Ge V. The blank histograms are for the background process e+ e- --+ Z O ZO. The 
dashed histograms in figures (a ) and (b) are for the background process e+ e- --+ ZO Z O wit hout 
b-- tagging. 
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Figure 2.10: Same as Fig. 2. 9, but with an int egrated luminosity of 30fb- 1 

If the Discovery Run tells us that mHOis close to mz, we move to the "Precision Mode" 
with a small beam energy spread of 0.4% full width and vis = 200 GeV. We assume that the 
Juminosity is 1 x 1033cm -2s-1 under this condition. We utilize here the recoil mass mhec in the 
decay channel of hO 

---t bb and ZO ---t g+g- . Fig. 2.12 shows the recoil mass dist ribution for an 
integrated luminosity of 10 fb - 1 (",100 days). Beca use of the small beam energy spread (and 
the good momentum resolution ), t he mass resolution is much better than the total decay width 
of Z oo We can thus find a clean signal peak even if it is right on the top of the background 
peak from e+e- ---t ZoZo. 

2.2.3 Detailed Study of Higgs Properties 

Once a Higgs particle is discovered, a detailed study should come next . We will set the beam 
energy at the maximum of the Higgs production cross sect ion and JLC-I is turned into a 
Higgs factory. The question to be answered here is whe ther the Higgs sector is minimal or 
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Figure 2.11 : Corn parison of th recoil mass distributions for the decay channel of H~M - bb and 
zO _ f+f-, with the Discovery Run of JLdt = 30fb- 1

: (a) without and (b) with t he cont rol 
of .JS (see text ). The hatched hist ograms are for the signal process e+e- - H~MZO with 
mHSM = 80, 100, 120, and 140 GeV. The blank and dotted histograms are for the background 
process e+ e- - Z OZo , with and without b-tagging, respectively. 
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Figure 2. 12: T he recoil mass distributions of t he decay channel of H~M -+ bb and Z O -+ 

f+f-, with the Precision Run of J Ldt = l Ofb-l. The hatched histograms are for the signal 
process e+e- -+ H~MZO with m H SM =85, 90, 95, and 100 GeV . The blank histogram is for t he 
background process e+e- -+ Z OZ O, with b-tagging. 

non-minimal. Precise measurements of the produc tion cross section and the decay width will 
answer this question. 

Fig. 2.13 shows the contour · of the total width of t he MSSM Higgs in the rnA and tan ,6 
plane. When rnA is small and tan,6 is large, the total width of t he MSSM Higgs becomes 
very large due to the large coupling to bb, compared to the total width of the standard model 
Higgs in this mass range which is about 5 MeV . Since we can measure the total width down 
to 200 MeV, we can establish the non-minimality of the Higgs boson , when rn A is smaller than 
120 GeV and tan,6 is greater than 8. 

Another way to establish the non-minimality of the Higgs boson is to measure the total 
cross section of e+ e - -+ hO ZO( (JZh) multiplied by Br(h ~ bb) and to compare it with the 
standard model prediction. The number of even ts observed in vDh and qijh mode with b­
tagging is propoTtional to (7Zh X Br(h ---- bb). A detailed Monte Carlo simulation showed that, 
if mh = 110 GeV, we can accumulate 2000 v Dh and qijh events total, when we accumulate 
about 80 [b-I of data. Th refore we can measure (JZh x Br( h -+ bb) with an error of 2% 
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Figure 2.13: The contour ofthe total width of hO. In t his calculat ion, rnt = 150 GeV , rnsu sy = 1 
TeV, therefore, rnh < 120 GeV. The total width of t he Standard Model Higgs (rnIl ) for this 
mass region is a few MeV at maximum. 
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Figure 2.14: (T x Br(hO ---+ bb) in the MSSM compared witb that of the Standard Model. 
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(lu ). T he difference of the UZh X B r(h ----+ bb) in t he MSS M from the st andard model (L\ uzh) 
is hown in Fig. 2. ] 4 a.c; contours in the rnA and tan,6 plane. In the small rnA region, L\uZh 
is negative because CTZh is smaller than t he standard model value due to the sin (,6 - 0: ) factor 
in the Z Z h vertex. Although CTZh is quite close to the standard model value in the large rn A 
region, B r(h ----+ bb) is still significantly larger than the standard model value , thereby extending 
the sensitivity to the large rnA region . 

The decay branching ratios of hO also provide important information about the Higgs prop­
erties. The most interesting decay channel is hO ----+ II- The branching ratio is rv 10- 3 for t he 
Standard Model Higgs, but can be rv 10-4 or much smaller for large tan,6 and relatively small 
rnA in the MSSM. Since the signat ure of this mode is very clean , the mea.c;urement of this mode 
will provide an important constraint to the Higgs sector, when we accum ulate nongh statistics 
to study such a rare decay mode ( ~ 100 fb- 1 

). The Br(h ----+ cc) is equivalently imp rLan t. 
H is s veral percent in th standard model, but can be much smaller in the MSSM. Though 
the identification of charm quarks in a large b-jet background is experimentally challenging, the 
non-observat ion of cc mode in the Higgs decay will confirm the non-minimality. 

T he above mea.c;uremen ts will set strong onstTaints on the parameter space (t an,6, rnA) and 
will possibly distinguish the MSSM Higgs from the Standard Model Higgs. The estima tion of 
rnA will be invaluable in set ting t he energy range of JLC-II. 
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Figure 2.15: T he contour of Br(hO ----+ TT) in the 0:.. and mb plane. T he parameters of the Higgs 
boson are adjusted to obtain mh= 100 GeV. 

2.2.4 Br(hO ~ Tr ) Measurement . 

The Higgs st udies also provide us with a possibility to probe higher-energy-scale physics through 
th mass ratio of the bot tom quark to t he tau lepton, which ha.c; been successfully predicted 
by the SUSY-GUT. At present , large theoret.ical error on rnb from the bb potential prevents 
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2.3 

us from making a precise test of GUT predictions. However, if the mass of the Higgs boson 
is in the region where the main decay mode is bb, we can make a precise measurement of the 
b-quark mass by measuring the branching ratio for hG - 'Ti". In any models which gen rate t he 
b-quark and 'T lepton masses from the same Higgs doublet, the ratio of the branching fraction 
for hO - bb and hG - 'TT is completely fued up to the ambiguities in m b and o~. Fig. 2. 15 
shows contours of the branching ratio for kO - 'TT in the plane of Oo! and mb . For 100 jb-l 

of data, we will have about 200 events of e+e- - Z k with Z - If or qq and h - TT, if we 
assume a "-' 360 fb (the cross section at y'S = 220 GeV for m h= 110 GeV) , ", I'V 0.1 , and 
Br(hO - Tf) f"V 7% . Therefore we can measure Br(hO - Ti" ) with a precision of 0.5%, which 
corresponds to an error of about 150 MeV (10" ) in the b-quark mass , whi h is largely free from 
theoretical ambiguities from the bb potential and the evaluation of t he renormalizat ion group 
equation in the low Q"J. region. 

2.3.1 Search Strategy 

The direct evidence of the non-minimality of the Higgs sector expected in the SUSY models is 
the detection of one or more extra-Higgs bosons: HO , AO, and H ±. Their masses are functions 
of mA and tan,8 as shown in Fig. 2.16. In the large mA region, mh approaches a constant value 
depending on tan,8, and the masses of HO, AO, and H ± become degenerate. In the small m A 

region, the masses of HO and H± are close to their minimums (in the tree level calculation, 
m1l0 - mz and mll± - mw) with little dependence on mAo 

These particles are produced in the processes: (1) e+e- _ HOZ o, (2) e+e-' _ H OAo, 
(3 ) e+e- - haAG, and (4) e+e- - H +H -. The cross se tions of processes (1) and (3) are 

2 2proportional to cos ( 0 - fJ) and that of (2) is proportional to sin2
( ° - fJ ), where cos ( 0 - fJ) is 

large in the small mA region while it is small in the large mA region. The total cross section 
of process (4) does not depend on mA nor tan fJ except for the phase space factor. Therefore, 
the non-minimal Higgs particles can be searched for using processes (1), (3), and (4) in the 
small m A region and (2) and (4) in the large mA region . The feasibility of searching for a 
charged Higgs with a relatively low mass (mH± < 200 GeV ) is studied in ref. [40] and [41]. In 
the following subsections, studies of processes (1) and (2) are described. 

The cross section of this process is large when mA is small. In this param eter region, the decay 
mode of HO is mainly bb unless HO - hO hO is kinemat ically allowed in the small tan fJ region 
[34]. Therefore the search method discussed for the k O detection in the previous section can be 
applied . 

It should be noted that in some parameter region with an intermediate sin2 ( ° - fJ) value, 
we have a chance to discover simultaneously hO and HO at yfs = 300 GeV. Such an example is 
shown in Fig.2.17 for mh= 100 GeV, m H = 120 GeV , and sin2(fJ - 0) = 0.33. 

nAt v'S = 300 Ge V we can thus discover "either kO or H On or "both hO and H O , depending 
on the SUSY parameters. 
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Higgs mass contour 

16 

Figure 2.16: Higgs mass contours of hO (sohd ), HO(dashed ), and H±(dotted) in the rnA and 
tan ,B plane. The masses are 50, 60 , 70, 80 , 90, 100, and 110 Ge V for h,0, 120, ] 50, 200, 250 , 
and 300 GeV for H O, and 100, 150, 200, 250 , and 300 GeV for H ±. T he used parameters arc 
mt = 150 GeV, mq = 1 TeV, and At = Ab = J.L = O. For this parameter set, the maximum of 
mh is 114.4 GeV and the maximums of mH and mH± are 141.5 and 83.7 GeV, respectivciy. 

fn the large mA region , t he usable search modes for the non-minimal Higgs particles arc e+e- ­
H O AO and e+e- - H + H - and the search region is limited by the colliderencrgy. The total cross 
sections of e+e- - HOAo and e+e- - H + H - are shown in Fig. 2.18, for mA = 100 , ]50, and 
200 GeV , where m H , m H±, and sin2(,B - a) arc calculated assuming tan ,B = ] 0, mt = 150 GeV, 
and mj = 1 TeV. The cross sections are typically 0 (10) fb in the energy range ..;s = 300 rv 500 
GeV. 

Here we present the resul t of a simulation performed for the HO AO process at .JS = 500 
GeV with J Ldt = 100 fb - l, assuming mt = 150 GeV, tan ,B = 10, and mA = 200 GeV. These 
parameters lead to m H = 201 GeV and the coupling sin2 (,B - a) rv 1. 

The dominant decay modes of HO and A°for this parameter set are bb. We used the values 
Br(HO, AO - bb) = 0. 92 and B r(HO , AO ---- 7+7-) = 0.08 in the simulation . With these decay 
branching ratios , t he process e+ e- - H O AO leads to th e following three types of final st.ates: 
(1) e+e- - 4jets ("'-' 84.6 %), (2) e+e- - 7+7-jet jet ("-' 14. 7 %), and (3) e+e- - 7+7-7+7­
( rv O. 6% ). 

Here we concen trate on the first type. Although this is the dominant one, its signal must be 
extracted from the large background of e+e- - .. tt due to the heavy top mass. The background 
from ot her processes is negligible . The second type, which is more distinctive against the 
background, may be used if t he production rate is sufficient for discovery. A simulation study 
of the search for the second type of final stat e can be found elsewhere [42J. The third type is 
the cleanest, bu t the production rate is too small . 

To select 4-jet events , cuts are first made on visible energy (> 75 % of y'S), momentum 
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Figure 2.17: T he reconstructed mass distributions for t he three decay modes after the Discovery 
Run of J Ldt=30 fb - 1 . (a) T he m { ..1 dist ribut ion for hO/ H o -> bb and ZO -> vii. (b) The m{it 
dist ribut ion for hO / H O -> bb and Z O -> f+ £-. (c) T he m{it distribution for hO/ HO -> bb and 
ZO -> qq. In t he fi gures , the hatched histograms are for the signal processes e+ e- -> hO ZO 
and e+e- --+ HOZ o with m h = 100 GeV, mIl = 120 GcV, and sin2(,6 - 0') = 0.33. The blank 
histograms are for the background process e+ e- --+ ZO Z O. The dashed histograms in figures 
(a ) and (b) are for the background process e+ e- -> ZO Z O without b-tagging. 
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Figure 2.18: The lotal cross sections for the reactions e+ e- -+ HO AO (solid curves) and e+e- -+ 

H +H - (da..c;hed cur res ) for m A = 100, 150, and 200 GeV, assuming tan ,6 = 10, m t = ] 50 
GeV , and m t = 1 TeV. The dotted curve shows lhe cross section of the background process 

+ ­e e- -+ it . 

balance « 20%), thrust axis (I cos Bthr1.! ..tl < 0. 7), and thrust value « 0.75). A jet finding 
algorithm optimized for 200 GeV Higgs is then applied and further cuts are made on the 
number of jets (=4), harged multiplici ty in ea h jet (> 3) and the lepton energy in 'ach jet 
« 20 % of the jet energy ). The remaining even ts are fed t a kinematical fit a..c;sumin g a 
four-body final s tate with a photon radiated from t he initial state. The final cut is made on 
the goodness of the fit. Among t he combinations of jets of the selected events , the ne which 
minimizes IMij - Mkd ( the difference of the invariant masses of two jet-pairs) is taken, as the 
mass difference of HO and A°is small . 

The lego plots of the two invariant masses are shown in Fig. 2. 19, both for the signal 
(HOA O) and the background (tf). The plot peaks at (200 GeV, 200 GeV ) for the signal, while 
the background does not peak anywhere. We can thus discover H O and AO with masses up to 
",200 GeV a t JLC-I of vis = 500 GeV , although it is difficult to distinguish HO from AO. 

2.3.4 SUSY Scale from mHO and mAO Measurement 

Due to the radiative correction, the masses of Higgs par ticles are related to the SUSY scale. 
Fig. 2.20 hows contours of m hO in the plane of scalar quark 1Tla.<;s and Lan ,6, for rnt=150 GeV, 
and rn A=160 GeV, when the Higgsino mass term and trilinear couplings are set to zero. As 
seen in the figure, mij is determined by m hO if tan ,(3 is large ( ~ 7). 
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Figure 2.19: The Jego plots of the reconstructed masses of the two jet pairs, at vis = 500 GeV 
with JLdt 100 fb - 1 . (a ) The lego plot for the signal process e+e- ---+ HO AO with mA = 200 GeV 
and m il = 201 GeV. (b) The lego plot for the background process e+e- ---+ 1;[ wit.h m t = 150 
GeV. (c ) The sum of (a) and (b). 

28 



Higgs mass conlour: mt=150GeV,m.= 160GeV 
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Figme 2.20: The contours of the masses of hO (Solid) and HO( dashed ) in the plane of m q and 
tan {J. 

2.4 SUSY Particles 

Supersymmetry predicts the existence of a ligh t neutral Higgs boson whose discovery at J LC 
is easy, as described in the previous sections. However the di covery of the lightest neu t ral 
Higgs boson alone is not enough to prove the supcrsymmetry. It is definitely necessary to 
discover al least one supersymmet ric particle. We have emphasized that tbere are a lot of 
chances to discover at least one SUSY particle at JLC-I[43]. Although which is the first to 
be discovered is model-dependent , the SUSY search methods to be invoked at JLC-I is largely 
model-independent and, once we find one SUSY particle, it will ten uS where to look for the 
next. Moreover, the mass determinations of the SUSY particles can be carried ou t model­
independently, thereby allowing us to test model assumptions. It hould be also noted that 
the polarized electron beam will play an essential role , in the course of the SUSY searches and 
studies. 

2.4.1 Model Assumptions 

We will work within the framework of supergravity (S JGRA) models with the "GUT-condition"s. 
These models involve, in general , the following parameters: (mo, M 2 , 11-, tan f3 ), which deter­
mine the mass spectra and the interactions of sllpersymmetric partic1es[14]. JL is the higgsino 
mixing mass parameter and tan {J is the ratio of th two vacuum expectation values of two 
Higgs doublets . rna is the scalar mass parameter, which is common to all the scalar particles in 
the case of supergravity models (the hidden sector SUSY breaking). M"). is the SU(2) gaugino 
mass parameter, which is related Lo the SU (3) and U(l ) gaugino mass parameters: 

Ml M2 M3 
~aj cos2 Ow - a j sin2 Ow a" 
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under the GUT conditions. As demonstrated later , these SUGRA-G UT assumptions can be 
tested to a high precision. 

In order to avoid unnecessary complications, we will make the following simplifying as­
sumptions: a) the R-parity is exaclly conserved which implies that SUSY par ticles can only 
be pair-produced and the lightest SUSY particle (LSP) is absolutely stable and b) the LSP is 
the lightest neutralino to be consistent with cosmology. In addition , we further assume that c) 
the supersymmetric particle in question is the lightest charged SUSY particle , un less otherwise 
stated. 

As we will see below, assum ption (c) ensures a reasonable branching fraction for direct decays 
into the LSP[45J. Therefore , the signal for SU SY particle productions is a missing t ransverse 
momentum or a large acoplanarity. Since colored SUSY particles are heavier than uncolored 
ones in general (see Figs. 2.21-a) and - b) which show the lighter chargino mass contours in the 
/.I.-M 2 plane and sfermion mass contours in the mo-M2 plane, respectively), we will focus our 
attention on chargino and slepton pair productions. In any case, it is usually straightforward 
to discover these SUSY particles at JLC-I , once their thresholds are crossed. Moreover , we will 
be able to study their properties in detail. It should be emphasized that detailed studies of the 
first SUSY particle alone can teach us a lot about the model parameters and will guide us to 
the discovery of the next. 

2.4.2 Charginos 

Generality of the Lighter Chargino Properties 
First, we discuss the case where the chargino is the first SUSY particle to be discovered at 

J LC-l. The charginos Xf, xi are the mixtures of charged wino W± and charged higgsino iI± 
obtained from the diagonalization of the mass matrix 

Notice that t his mass matrix is given in t rms of t he three SUSY parameters: (M2' /.I., tan.6) 
of which M2 and /.I. mainly control the mixing between weak eigensta tes. When t he splitting 
between M2 and J.L is large, t he mixing is small and pure states, charged wino and higgsino, 
essentially become mass eigenstates. Our target chargino, the lighter of the two, is either the 
charged wino or the charged higgsino, depending on whet her M2 « /.I. or M2 ~ p,. If M2 and 
/.I. are compara ble, there is a substantial mixing between these two states and the properties of 
t he lighter chargino share those of the charged wino and the charged higgsino. It is t hus a good 
idea to start our discussion with the pure staes, since, by doing so, we can gain in tuit ions into 
a more general case wi th 8U bstantial mixing. 

i) Wino 
When the lighter chargino state Xf is almost a pure wino state, then the LSP is also almost 

a pure bino state. The charged wino, being t he super partner of the W boson , does not directly 
couples to binos, while it couples to a left-handed fermion-sfermion pair. By our assum ption , 
W is lighter than all the sfermions, therefore, t he decay of a wino W into a bino iJ proceeds 
only t hrough a virtual sfermion exchange: 
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F igure 2.21: (a) Lighter chargino mass contours in the plane oft he 5U(2) gaugino mass M2 and 
t he higgsino mixing m ass J.l for tan {3 =V2/Vl = +2. The right vertical axis is the corresponding 
gluino mass. Dotted line is the expected sensitivity limit for sse a nd LHe. (b) Scalar fermion 
m ass contours in the plane of M2 and the common scalar mass rna for t a n {3 = +2 and It = 
400 Ge V. Solid lines are for scalar leptons and dashed lines fo r scalar quarks. Again the dotted 
line represents the expected sensitivity limit for sse and LHe. 
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--
---

or 
w+ -- jll~fd -- fuBid, 

where iu and fd denote up-type and down-type fermions, respectively. 

ii ) Higgsino or Mixtures 
'Vhen the lighter chargino state is dominated by the higgsino component , so is the LSP. 

The lighter chargino and the LSP are then almost mass-degenerate. This time, there exits a 
h+ hOW vertex which allows a direct decay to the LSP: 

h+ -4 hOW (")+ -4 hO f,.!d. 

The decay into a fermion and a virtual sfermion is suppressed in general, since the cor­
responding vertex originates from Yukawa interactions. By the same token, the t- channel 
sneutTIDo exchange diagTam , active in the wino case, is negligible in this case. 

The only exception is the decay into a b-quark and a virtual stop which subsequently decays 
into a top and the LSP. Of course, t ills requires a sufficiently large mass difference between 
the LSP and the lighter chargino. T he large mass splitting, in turn , implies a substantial 
mixing which requires a I1ght gaugino, since the mass spli t ting can be only of the order of 
O(m1/ (miJ - mi. ))' 

In order to quantify the qualitative discussions presented above, we will examine below the 
production and decay of the lighter chargino(xf) mor closely. 

Chargino Production 
Fig. 2.22 shows the contours of the lighter chargino pair production cross section at JS = 

500 GeV in the P-M2 plane. The comparison of this figure with Fig. 2.21-a ) tells us that 

~~contour9 
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Figure 2.22 : Cross section contours in the P-M2 plane for the lighter cha rgino pair product ions. 
The cross sections are expressed in terms of the R-ratio and are calculated wit h mii = 500 Ge V 
and tan t3 = +2. 

the CTOSS section is large enough everywhere above the threshold , even though the parameter 
dependence is rather large. Fig. 2.23-a) compares the yS dependence of the production cross 
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section for the following three typical cases: pure winos , equal mixtures of wino and higgsino, 
and pure higgsinos when the sneutrino mass is kept constant at mi/ = 1000 GeV. Notice that 
the s-channel diagram alone cannot provide any information on mo, since the chargino mass and 
the chargino-gaugc-boson vertices are completely specified by 11-, M 2 , and tan,8. The magnitude 
of the production cross section , thus , determines the mixing angle between the charged wino 
and the charged higgsino in this case. Fig. 2.23-b) is the same figure for mii = 250 GeV, 
where we can see that the t-channel sneutrino exchange diagram modifies the threshold shape 
as well as its magnitude. In this way, for a relatively light m o, the l-channel sneutrino exchange 
diagram provides a possibility to determine m o through cross section measurements. 

Chargino Decay 
Under our assumption that the lighter chargino is the lightest charged SUSY particle, xi' 

becomes the next to the lightest SUSY particle. Here we note that, when ,6.m = Mx.~ - Mx.~ > 
Mw 1 the direct decay to X~W dominates, unless the higgsino component is negligible. Fig. 2.24 
shows this mass difference in the J.l-M2 plane. If this two-body decay mode is kin matically 
forbidden, the general discussions presented above apply. 

We first deal with the ligbter chargino whicb is almost a pure wino state. The supergravity 
modeJs predict that the lightest sfermions are ei ther sleptons or stop. On the other hand, 
the discovery of wino at JLC-I implies W < 250 GeV. Therefore, if slep1.ons are th e lightest 
sfermions, we expect that the lightest sleptons are right-handed ones eR, jiR, TR, which are 
essentially mass-degenerate. Left-handed charged sleptons eL , jiL, TL, and left-handed neutra l 
ones iie , iiI') iin are nearly mass-degenerate, though they are heavier than the right-handed 
ones by the contribution of the gaugino mass to the renormalization group equations for the 
slepton masses. Since the wino component couples only to left-handed states , the decay of the 
wino-rich chargino thus proceeds as 

or 
-+ -·z+ - Ol+ Xl --> VI L --> V I XI , 

where I can be any of e, 11- , and T . The pair-produced charginos xi x! appear as acoplanar 
lepton-pair events , with remarkable universality between electron, muon ) and tau events . Notice 
that, in this case, t he decay into qijX? is suppressed by the heavy squark mass appearing in the 
squark propagator and the smallness of the weak hypercharge relevant to the coupling to the 
LSP which is essentially a bino state. 

H stop is the lightest sfermion, then wino-rich chargino decays in the chain 

This decay ieads to an eight-jet final state with a large missing transverse momentum, which 
should be easy to detect. 

When the lighter chargino has a sizable higgsino component , its decay is domina ted by a 
"beta-decay" , since the above mentioned f j. modes are strongly suppressed by t he sfermion 
propagator, in the case where the sfermions are heavier than the lighter cha rgino and thus are 
much h avier than the W boson. This time, the decay into qijx~ becomes the major decay mode 
(67 %), while keeping a reasonable branching fraction for the leptonic mode, thereby allowing 
us to distinguish between the two cases . 

When the tbx~ final state is open, the branching fraction to this mode may be large. The 
signature is the same as that of the light sLop case for the wino-rich chargino. 
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Figure 2.23: The total cross section for the pair production of the lighter charginos of Mx± =, 
100, 150, and 200 GeV as a function of vs when (a) m" = 1000 GeV and (b) m" = 250 GeV. 
T he solid, the dot-dashed , and the dashed curves correspond to pure winos, equal mixtures of 
wino a nd higgsino, and pure higgsinos, respectively. 
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Figure 2.24: Mass difference contoors in the P- M2 plane for the lighter chargino in the case 
of tan (J = + 2. The shaded region is excluded by our assumption that the LSP is the lightest 
neutra lino. 

Chargino Search 
Notice that in the parameter space of our interest: mo ~ 200 GeV, p.:S ] TeV, and 

M2 .:S 200 GeV, the branching rat io for the hadronic mode always exceeds", 50 %, even if 
the lighter chargino is wino-rich . On the other hand , the branching ratio for the leptonic mode 
is at least 33 % which increases with the fraction of the wino component. 

Wnen the decay into a real W(Xl ---+ X~W -) is kinematically allowed, the best signal 
is an acoplanar pair of W 's reconstructed from a four-jet final state, since the potentially 
most serious backgro1lnd from e+e- ---+ W +W - is absent and the remaining background fro m 
e+e- ---+ W +W - Z has only a small cross section . In t.his case, the detection of the chargino is 
straightforward. 

In the following , therefore, we wilJ focus our attention On t he case where the two-body 
decay is kinematically forbidden. Considering the background from W -pair productions and 
two-photon processes, the best channel , in this case, is again t he four-jet mode. However , we 
will try to use the final state where one of the chargino decays hadronicaUy: Xl ---+ qijx~ , while 
t he other decays leptonically: Xl ---+ 1- j)X~ , since the com binatorial am bigui ty is absent in this 
mode and , therefore , the determinations of t. he chargino and the LSP masses a re easy. 

Notice t.hat t he background from W -pair productions can be effect ively removed by requiring 
that the inva riant mass of the two-jet system and that of t he lepton and the reconstructed 
neutrino are inconsisten t with the W -pair hypothesis, while the two-photon processes can be 
eliminated by requiring an energetic isolated lepton. The remaining W-pair contamination can 
be further reduced by cuts on the polar angles of t he isolated lepton and t he two-jet sy ' tern 
and a cut on the acoplanarity. 

The signature t.o look for is then two jets and a single energetic isolated lepton wit h a 
large missing transverse momentum or a large acoplanarity, for which the W -pair hypothesis is 
disfavored, provided that the mass difference b..m =M -± - Mx-o is sufficiently large to produce

X l 1 

the energetic isolated lepton. As already shown in Fig. 2.24, thi mass difference is large enough 
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Figure 2.25: An example of the acoplanarity distribution for the two-jet + lepton final states 
from the lighter chargino pair productions in the case of ma = 400 GeV, M2 = 400 GeV, 
iJ. = 250 GeV, and tan,6 = + 2. The Monte Carlo data correspond to an integrated luminosity 

1of 10 fb - at ..JS = 500 GeV. The hatched histogram is the signal events , while the open 
histogram is the background from W -pair productions. 

for detection in most of the parameter space. The remaining question is whether this is large 
enough for the separation from the potential background processes su h as two-photon processes 
or W-pair productions. 

Fig. 2.25 is an example of the acoplanarity distribution of the two-jet + lepton final states 
from the chargino decays for an integrated luminosity of 10 fb - 1 (20 days) at ..JS = 500 GeV. 
Also shown is the W -pair background (open histogram). Both the signal and the background 
are with all the cuts except for the one on the acoplanarity. The ut at ()acop = 300 provides a 
virtually background-free sample of the chargino pairs with a reasona ble efficiency E ~ 13 %, 
including the bran ,hing fraction of 30 %. 

Chargino Study 
When the chargino signal is detected, the next task is the determination of t.he chargino 

and the LSP masses. For this , we look at the energy distribution of the two-jet systems from 
the chargino decays which is shown in Fig. 2.26. Notice that the distribution depends on t he 
structure of the decay vertex. Nevertheless, the end points of the distribution are determined 
by the chargino and the LSP masses. Therefore the shape of the dis t ribution may provide us 
with additional information on the SUSY parameters. 

The expected statistical errors on !VJx~ and Mx~ are 3.2 GeV and 2.0 GeV, respectively, 
when we fit the distribution to a polynomial. 

The LS P mass together with the lighter chargino mass fixes two out of the t hree pararne~ 
ters (M2 , J.L, and tan ,6 ) in the chargino-neutralino mass matrices, leaving only one parameter 
undetermined. If the LSP is lighter than the observed chargino by a factor of Ow /( 3/ 5)Ci.y, 
then it strongly suggests that they are almost pure wino and bino states. The int eractions of 
the particles are then completely fixed by the supersymmetry, which enables us to estimate 
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Figure 2.26: The energy distribution of the two-jet systems from the lighter chargino decays 
for Monte Carlo data corresponding to an integrated luminosity of 21 fb - 1, where the SUSY 
parameters are the same as with Fig. 2.25. The solid line corresponds to the input masses, 
while the dotted line is the best fit curve from a polynomial fit. 
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Figure 2.27: An example of the polar angle distribution for i- 's from the lighter chargino decays 
compared with the theoreti al predictions for different sets of the SUSY parameters: the solid 
histogram for ma = 400 GeV, M2 = 400 GeV , /1 = 250 GeV, and tan,B = + 2 and the dashed 
histogram for ma = 400 GeV, M2 = 250 GeV, /1 = 250 GeV, and tan,B = +2. Notice that 
the vertical scale for the dashed histogram is arbitrarily adjusted to show the difference in the 
angular dependence. The Monte Carlo data corresponds to an integrated luminosity of 21 [b-1 

and were generated with the same SUSY parameters as with the solid histogram. 
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Figure 2.28: The polarizat.ion dependence of the chargino pair-production cross section for 
mo = 400 GeV, M2 = 400 GeV , J.L = 250 GeV , and tan ,6 = + 2, shown as a function of .,;s. 

the cosmic abundance of the LSP. By requiring that their cont ribution to the cosmic density 
does no t exceed the critical one, we will obtain an upperboun d on the sfermion masses. For 
example, miJ = 100 GeV implies that mj < 350 GeV for degenerate sleptons and squarks, and 
a stronger bound m f < 300 GeV for mi« mi. On the other hand , if the mass ratio of t he LSP 
and the chargino is different from Ctw / (3 / 5)ay, it signals a substantial mixing with higgsino 
states, indicating a light higgsino. For instance, a 10% shift requires the higgsinos to be lighter 
than 10mxo. f'V 

The differential cross section gives us yet another handle to determine the SUSY parameters . 
Fig. 2.27 shows the corresponding polar angle distribution of the [- 's from the Xl decays which 
is compared with the theoretical predict.ions for different sets of the SUSY parameters . The 
polarized electron beam is also a powerful tool to study the nature of the chargino, since, for 
instance, we can switch off t.he t -channel sneutrino diagram by choosing a right-handed elect ron 
beam. The right-handed electron beam, at the same time, kills most of the contribution from 
the wino component, since the W+W- Z and W+W-, vertices come from the W+W-W3 vertex 
which vanishes for the right-handed beam in the massless Z limit . Therefore, the right-handed 
beam allows us to study the higgsino component separately. Fig. 2.28 shows t he pola rization 
dependence of the chargino pair-production cross section for ma = 400 GeV , M2 = 400 GeV, 
J.L = 250 GeV, and tan,6 = + 2. The threshold shape is essentially controlled by t he S-wave 
phase space factor (31, indicating that the chargino in thi case is higgsino-rich and the t -channel 
snentrino exchange contribution is small. 

Combining this information together with that from t he S USY Higgs studies, we can learn a 
lot about the SUSY parameters from a single charged SUSY particle by virtue of the cleanness 
of JLC experiments. 

2.4.3 Sleptons 

General Discussions on Sfermion Mass Spectrum 
The discovery of sleptons at JLC-I allows us to thoroughly explore t he supersymmetric 
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mass spectrum. Studies on c, /L, and 7 can be carried out simultaneously, giving much useful 
information on gaugino and scalar masses, and even on J.l. and tan j3. This unique opportunity 
is provided by the followin g mass formulae : 

(2.2) 

By virtue of an accidental can ellation, the mass splitting between IL and Tn uniquely determines 
the wino mass pa rameter M2 and puts a tight constraint on the universal scalar mass m o 
and tan {3. T hese mass formulae also ensure that masses of all the sleptons are close to each 
other , with slight differences among the four groups: (1) (eL' /L D), (2) (eR' /LR ), (3 ) 71, (4) 72 . 
The right-handed ones (2) are always light er t han the left-handed ones (1), whose splitting 
, measures" the gal1gino mass. Anyway, if one of t hese sleptons is found , the chance to discover 
t he oth rs is greatly enhanced. 

Slepton Production 
Sml1- and stau-pair productions take place t hrough e+ e- annihilations into a virt ual pho­

ton or Z and their differential cross sections behave as in2 B. Their total cross sections are 
completely specified by their quantum numbers. The contoms of the cross sections for smu 
and sta u pairs a t vis = 500 GeV are plotted in Fig. 2.29 in the m o- M'2 pla ne. Notice that the 
contours resemble those in Fig. 2.21-b ), indicating that sensitivity limit extends up close to the 
production threshold . 

Selectron pair production is more complicated since there exis t t- channel neu tralino ex­
change diagrams which depend strongly on the masses and couplings of the neutralinos. Fig. 2.30 
is similar t o Fig. 2.29 fo r selectron pair productions. The existence of the t- channel diagrams 
also modifies the angular distribution. Fig. 2.31 is an example of the differential cross sections 
for selectron pair productions . 

Sieptoll Decay 
Since the production cross sections for slepton pairs are of reasonable size, if they are 

produced a t all , their detection should be easy when the direct decays into the LSP dominate 
and the mass difference between the target slepton and the LSP is large . This condition is 
satisfied when t he LSP has a sizable component of the bino state. Figs. 2.32-a) and -b ) show 
t he branching fract ions for the direct decays f r super partners of left-handed and right-handed 
muons , respectively, in the mo- M2 plane. T he figures indicat e that the direct mode indeed 
domina tes the /LR decays. F igs. 2.33-a ) and -b ) are t he corresponding contours for t he mass 
differences . Almost ev rywhere in the parameter space, the mass dillerenc s are large enough 
fo r detection . In this case, the signal of siepton pair produ Lions is again an acoplanar Icpton­
pair) similar t o the wino-pair events. However , the two-body decay of sleptons gives a flat 
energy distribution for the final state leptons , which can be easily separated from the three­
body decay of a charged wino. At the t hreshold of sleptons, the final state leptons are almost 
monochromatic. Furthermore, due to t he difference in the threshold behavior of the total cross 
sections, {33 for sleptons and {3 for winos , we are able to distinguish the former from t he latter . 
If the LSP is higgsino-Ijke, t hen the sleptoIls may decay in a completely different manner: 

l -- Lwo. -- lhoho. 
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Figure 2.29: Cross section contours for slepton (f ::j:. e) pair productions in the mo-M"2 plane, 
in the case of fL = 400 GeV and tan,6 = +2 and .;s = 500 GeV: (a) e+e- -+ il!ilL and 
(b) e+e- -+ il""'kFR. The shaded regions are forbidden by our assumption that the LSP is the 
lightest neutralino. 
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Figure 2.30: A imilar plot to Fig. 2.29 for select ron pair productions: (a) e+e- -> eieL, (b) 
e+e- -> e"ke"R, and (c) e+e- -> eie"R + e"keL' 
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Figure 2.31: The differential cross sections for select ron pair productions in t he case of ma = 
70 GeV , M2 = 250 GeV, Jl = 400 GeV, and tan fJ = +2. The three curves correspond to 
e+e- -> eieZ(dash), e+e- -> eke"R(solid), and e+e- -> efek(dot-dashed ), respectively. 
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Figure 2.32: Branchmg fraction contours in t he mo-M'}. plane for (a) ilL and (b) ilR in the case 
of J-l = 400 GeV and tan.6 = + 2. The shaded regions are excluded by our assumption that the 
LSP is the lightest neutralino. 

42 

Vi =500GeV 

JJ. =400GeV 

tanll=+2 

o. 

100 200 300 400 500 600 

M2 	 (GeV) 



1000 


BOO 


600 


400 


...--. 	 200 
:>­
(I)
c.; 
~ 0 

0 

S 	 800 


600 


400 


200 


0 
0 	 100 200 

Figu re 2.33: Mass difference contours in the m o- M1. plane for (a) iLL and (b ) iLR in the case of 
Jl- = 400 GeV and tan ,6 = +2. 

43 

t.anp=+2, ~=400GeV 

lom= 700GeV 

lom-200GeV 

-lOOGeV 

300 	 400 500 600 

M2 	 (GeV) 



This decay results in a spectacular event consisting of a lepton-pair and four jets with an 
invariant mass peak at m(jj) '" mho In this case, the absence ofthe t-channel higgsino exchange 
amplitude provides a good proof that the LSP is indeed higgsino-like. Since the detection of 
this decay mode is straightforward, we will concentrate on the case of a bino-like LSP below. 

Slepton Search 
Figs. 2.34-a) and -b) arc examples of acoplanarity distri hutions for selectron and smuon pair 

productions, respectively, after the accumulation of 10 fb- 1 (20 days) a t ..;s = 350 GeV. Notice 
that the SUSY parameters used here were so chosen that both l~ and lR can be produced at 
..;s = 500 GeV, while mi± < Mx-± to be consistent with our assumption. We can see that 

It J 

the signals can be effectively enhanced over t he background mainly consisting of W pairs, by 
applying a cut on the acoplanarity angle. A detection efficiency of € ;C 50 % is easily achieved 
with a signal to background ratio of S / .8 ;C 1.6 even for smuons. The signal to background 
ratio can be further improved by using a right-handed electron beam, since the production cross 
section [or smuon pairs almost doubles, while the W -pair cross section essentially vanishes, as 
shown in fig. 2.34-c). 

Slepton Study 
Once a slepton is discovered, we can determine the masses of the slepton 
and the LSP from the energy spectrum of the final state leptons more reliably than in the 

chargino case, since we know the shape of the spectrum. Fig. 2.35-a) is the energy distribution of 
muons from smuon decays for an integrated luminosity of 18 fb - 1 with a right-handed electron 
beam. Though the distribution is a little bit different from the expected rectangular shape 
due, primarily, to selection cuts, the lower and the higher edges are sharp enough. These end 
point.s oCthe energy spectTllm determine m it and M -0 ' Fig. 2.35-b) shows the contours obtainedx, 
from the fit to the Monte Carlo data. We can determine the smuon and the LSP masses with 
statistical errors of 1.4 GeV and 1.0 GcV, respectively. 

If the LSP is bino-Iike, then its t-channel exchange also contributes to the selectron pair 
production. JLC's polarized electron beam will, again, playa crucial role here since the t­
channel diagrams exist only for the selectron with the same chirality as the beam electron. 
Fig. 2.36 plots the produ tion cross ection of seJectron pairs as a function of vis for Pol,,- = 
- 1,0, and + 1. Notice that the L-channel exchange contribution comes only from the bino­
compon .nt in the cases of e~eR and eL ek productions. The e~ek production is of particular 
interest, since there is no s-channel contribution , which allows an unambiguous test of the t­
channel contribution. Thus detailed studies of the interference effects combined with the beam 
polarization measure the mass of the LSP exchanged in the t-channel and its coupling to the 
electron. We can check whether the LSP is indeed bina-like in this way. If we vary the energy 
and cross the threshold of eiel, produc tion we may also be able to see the t-channel exchange 
of the second lightest neutralino, presumably the neut ral component of wino. 

Figs. 2.37-a) to -c ) plot the differential cross sections for four different chirality combinations 
of the final state selectrons. We can see that the final state chirality combinations can be 
effectively selected by choosing an appropriate helicity of the electron beam. The magnitudes 
and the shape of the differential cross sections will ten us about the nature of the active 
neutralinos in the l channel. 

We can playa similar game for smuon-pair productions. Fig. 2.38 is a similar plot to Fig. 2.36 
for smuon pair productions. Since the cross section is completely specified by quantum numbers, 
the polarization dependence will confirm that the prodllced particles are actually smuons. When 
the mass splitting of iLL and iLR is small , however, the importance of the beam polarization 
increase , since H greatly helps us separate one from the other. 
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Figure 2.34: Examples of acoplanariiy distributions for (a) selectron pair and (b ) smuon pair 
productions. The Monte Carlo data correspond to an integrated luminosity of 10 fb - 1 at 
yS = 350 GeV wi.th an unpolarized electron beam. The hatch d histograms are for the signal 
events, while the open histograms arc the background from W +W - product ions. The effect of 
the right-handed electron beam is demonstrated in (c). 
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Figure 2.35 : (a) The energy distribution of muons from smuon decays for the same Monte 
Carlo parameters as wi th Fig.2.34 but with a right-handed electron bea m and with a doubled 
statistics. T he solid line is the result of a fit to the Monte Carlo data with mil a nd Mx~ fixed 
at their inpu t values, while the doted line corresponds to the best fit curve, letting these two 
masses move freely. (b) T he contours in t he mV Mx? plane obtained from the fit to the energy 
dist ribution. 
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Figure 2.38: A similar plot to Fig. 2.36 for smuon pair productions . 

Once t he gaugino and the slepton masses are fixed in this way, then we can predic t the 
gluino and squark masses and decide the next energy to go. 

2.5 Tests of SUGRA-GUT Assumptions 

As shown in the previous subsections, JLC-I can discover SUSY particles roughly to t heir 
kinematical limits, with a capability of detailed studies on their masses and decay distributions. 
We demonstrate in this subsection t hat this very capability enables us to test the SUSY-GUT 
and supergravity scenario. Once the lightest charged SUSY particle is found , it will serve 
us a great deal of information about t he SUSY-particle spectrum, and we can set the c. m. 
energy for the next SUSY hunting. Then we will be able t o find series of SUSY particles. T he 
SUSY mass spectrum will put strong constraints on the supergravity parameters, especially 
on M2 (universal gaugino mass) and mo (universal scalar mass). In a lucky situation, we will 
have opportunity to determine all the SUSY-breaking paramet ers in the minimal supergravity, 
(M2, m o, p, tan ,8, A, B ). It is further possible to check whether t he SUSY mass spectrum is 
indeed determined by this small number of parameters. In this way, we will explore physics at 
the Planck scale, since the nature of the SUSY-breaking mechanism is believed to come from 
the supergravity interactions. 

We wiH demonstrate below an example of the SUSY-study strategy, for the case where the 
charged slepton is the first SUSY particle to be discovered. The supergravi ty models predict 
either right-handed charged slepton or chargino will be found first . T he right-handed charged 
slepton masses are expected to be degenerate among generations. 

T he right-handed selectr_on eR has larger production cross section than smu jlR or stau TR 
due to the t -channel bino B-exchange diagram. Aft,er fi rst observations of highly acoplanar 
electron pair events , we will use the right-handed electron beam to suppress the background 
from W-pair production. Then the detection of all three right-handed charged sleptons (eR' jiR, 
and TR ) is relatively easy as shown in the previous subsections. Using the energy distributions 
of final-state charged leptons, we can measure masses of sleptons and the LSP at the percent 
level. Already a.t this point, we can check one of the most importan t assumptions in the minimal 

48 



250 I I I I 

200 a ­
"'""" AX = 1.'\............. 
->

Q) 150 r- ­c.; 
'-' 

1: 
100 .... ­~ 

.... ...... ... .~ 

50 Universal scalar mass ­

"'""" 

I 1 I 1a 
0 50 100 150 200 250 

Mjl'~ (GeV) 
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supergravity, that t he scalar masses are degenerate among generat ions. The universality of the 
masses of eR, jJ,R, and TR will strongly support the hidden-se tor scenario of SUSY-breaking 
(see Fig. 2.39). 

The selectron production is enhanced by the t- channel B -exchange diagram compared to 
t he smu and stau productions which have only s-channel ,- and Z-exchange contributions. 
T hus the selectron production cross sect ion essentially measures the bino mass M l . Since t he 
LSP mass m LSP is already fixed, one ca n test whether the LSP is bino-like or higgsino-like. 
If the cross section is consistent with the t-channel exchange of the LSP, then it is almost a 
pure bino. If the cross section is almost t he same wit h that of smus or staus, then the LSP 
is almost a pure higgsino. In the mixed case, t he mass of the LSP and the CTOSS section put 
two constraints on the neutralino-chargino mass parameters (M2' jl, tan ,6). In any case, it 
is remarka ble t hat we can set an upperbound on the mass of t he light er chargino from mLSP 

alone. Fig. 2.40 shows the upper limit on the lighter chargino mass as a funct ion of the LSP 
mass . For the LSP mass greater t han 30 GeV, t he lighter chargino mass never exceeds twice 
the LSP mass. For a higgsino-like LSP, the lighter chargino (almost a pure charged higgsino) 
lies just above t he LSP. For a bino-like LSP, t he lighter chargino (almost a pure charged wino) 
is roughly twice as heavy as the LSP. 

From the upperbound on the lighter chargino mass obtained from ffiLSP , we will fix the 
c. m. energy for t he chargino search . We have shown that the lighter chargino mainly decays 
into LSP +W, whose detection is easy. Even in a small region of the parameter space where 
it decays into three-body fi nal states, we can discover t he chargino as far as it is heavier than 
t he LSP by 6.m .2:: 0 (5) GeV. We can measure its mass m x± , and its production cross sections 
both for right-handed electron beam O'R(X±) and left -handed beam O'L(X± )' Combining mLSP , 

rnx±' and (]'R(X±), it is possible t o fix all the t hree parameters of the neu tralino-chargino sector 
(M2' jl , tanj3 ), assuming the GUT -condition M1/M 2 = 0.1/ 0.2, if the gaugino-higgsino mixing 
is large (i .e. , M2 ~ 11 ). In this case, the mass of the heavier chargino can be predicted , and 
should lie near above the lighter one. Its discovery at the predic ted mass will confi rm the 
GUT-condition here assumed. In our example case of M2 < J.L, the lighter chargino is almost a 
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Figure 2.40: The upper limit on t he light er chargino mass as a function of the LSP mass. 

pure charged wino. T hen it is not easy t o fix 11 and t an ,8. However even in this case, we can 
test the GUT-condition. T he bino mass M l is roughly mLSP, and the wino mass M2 is roughly 
t he chargino ma.% m x±. Fig. 2.41 shows t he Ll X2 = 1 cont our in the (Mi , M2 ) plane, which 
clearly demonstrates the possibility of a precision test of the SUSY-GUT assumption. 

There is another information we can obt ain from t he study of the lighter chargino. The cross 
section from t he left-handed electron beam O"L(X±) carries the contribution from t he t-channel 
sn eutrino (vd excha nge. The dependence of O"L on miiL is shown in Fig. 2.42. 

Note that miiL is related to the mass of the left-handed charged slepton miL in a model­
independent way, 

for t an ,6 ~ 1. This observation will fix the next c.m. energy to go. 
The left -handed cha rged slept n will be searched first in the process eRe+ --+ eRe!, from 

the t-channel bino-exchange. The discov ry of the left -handed selectron at the predicted mass 
c nfirms t.he SUSY-nature of the sleptons. If lucky, it is even possible to determine tan,8 
from the a bove formula. The important implication of t he measured miL is that we can check 
the universal scalar mass hypothesis in the hidden-sect or scenario of the SUSY- breaking. The 
SUSY-GUT alone predicts 

2m ­
il L 

2m­
In 

(2.4) 

(2.5) 

(2.6) 

where m s and mlO are ma..<;ses common for the 5- and IO-dimensional representations. The 
univ rsal scalar hypothesis suggests m s ~ m lO. Then the diffe rence between left-handed and 
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Figure 2.42: The lighter chargino pair prod uction cross sec tion as a function of the sneutrino 
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right-handed charged slepton masses is determined solely by the gaugino mass 

(2. 7) 

The expected ~X2 = 1 contour in the plane mY - m tR versus M} is shown in Fig. 2.43, with
L 

the prediction of t he universal scalar mass hypothesis . Thus the measurement of m iL will put 
a strong constraint on the supergravity model bUilding. 

Finally, the discovery of other left-handed charged leptons jLL and h will again put con­
straints on the hidden-sector scenario of SUSY- breaking which predicts the mass degeneracy 
among generations. Furthermore, the t-channel neutral wino (WO ) exchange diagram exists for 
the eL-pair production from the left-handed electron beam, which s rves as a cross-check of the 
measured SUSY parameters. 

Though we have concentra ted on the case where the right-handed charged siepton is the first 
to be discovered at JLC-I, the strategy is similar to the case where the lighter chargino is the 
first . The study of the chargino will determine the three parameters of the neutrino-chargino 
sector, and also the sneutrino mass can be measured from udx±). Then we obtain upperbound 
on miL ' and the same analysis as above can be carried out. 

2.6 Top 

Since we all know that top must exist and is no heavier than 200 GeV, top physics is guaranteed 
for JLC-I[46]. The top quark we are going to deal with has many unique features, compared 
to quarks of other flavors. T his is primarily due to its large mass and width. We will examine 
below orne of the new features, which will manifest themselves in the course of detailed top 
studies. 
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2.6.1 Measurements of Top Mass and as(Mz ) 

Here, we will start with the measurement of the top mass . There arc two ways to determine 
the top mass: the first by threshold scan and the other by the invariant mass measurement of 
the 3-jet system from top decays. 

Threshold Scan 
For the threshold scan, there is one very important difference from the charm and bottom 

cases: a heavy top quark has a large width dominated by t -> bW+ decays . The large width 
allows a tt system to form only a limited number of onium states. At first glance, this seems 
rather disappointing but , to the contrary, turns out to be advantageous in many ways. First 
remember that the continuation of mul tipl resonances to the continuum region has always 
been a troublesome process in the traditional onium spectroscopy, since the intermedia te re­
gion suffers from nonperturbative and, therefore , uncontrollable theoretical ambiguities. These 
ambiguities are absent from t he if system because t he large width acts like an infrared cutoff 
and prevents the non-perturbative part of the potential from affecting the threshold calcula tion. 
This implies that the cross section in the whole threshold region can be calculated from first 
principles( QCD ). Experimentally, this new feat ure benefits us significant ly in determinations 
of parameters that enter the threshold cross section: 

The identification of tt events is straightforward and we can easily get an overall detection 
efficiency in excess of 25 % with a signal to background ratio greater than 10. Fig. 2.44-a ) is an 
example of a threshold scan, selecting t[ events in the 6-jet final sta tes, where we have assumed 
11 points with 1 [b-l each. The Monte Carlo data were generated with a~ ( Mz ) = 0. 12 and 
mt = 150 GeV without the contribution from Higgs exchange. When we fit these data points 
to the cross section formula, let ting a., (M z ) and mt move freely, we obtain the cont urs shown 
in Fig. 2.41-b). Even if a~ ( Mz ) is t ot ally unconstrained, we can determine Tnt with a precision 
~mt ~ 0.2 GeV. 

3-Jet lnvariant Mass 
On the other hand, we can also determine mt directly from the 3-jet invarian t mass. 

Fig. 2.45 [47] plots the invariant mass for a 3-jet system which consists of a jet pair corre­
sponding to a W boson candidate and a b-jet candidate chosen from the remaining two jet. 
We can see a clear top quark pea k over a broad background corning from wrong combinations. 
The width of the peak is dominated by detector resolutions. An integrated luminosity of 10 [b-l 

at Js = 500 GeV enables us to achieve a s ta tistical error ~mt ~ 0.1 GeV. When the mea­
surement reaches this precision, we must take a proper account of various systematic errors. It 
should be noted that the theoretical ambiguities due to nonperturbative QCD effects might be 
minimal again because of the large top width acting as an infrared cutoff. Assuming that this 
is actually the case and that the systematic errors in calorimetry can be well controlled, we can 
input t his Tnt information to the t hreshold scan. This may allow us to make a reliable mea­
surement of o.~ (Mz) which is largely free from theoretical ambiguities due to nonperturbative 
QCD, unlike those from jet shape variables. 

The importance of this o.., (Mz ) measurement is enhanced in the SUSY scenario, since, 
there, the a.,(Mz } is the key link bet ween the weak scale and the GUT scale. In this case, 
the significance of the precision Tnt measurements cannot be underestimated, since the top 
mass, which determines the top Yukawa coupling, is an indispensable input parameter for the 
calculations of masses and widths of Higgses and SUSY particles. 
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Figure 2.44: (a) An example of energy scan to determine mt and a~ (Mz ) where each point 
corresponds to 1 fb - 1

. (b) The contour resulting from the fit to the data points. 
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Figure 2.45: Invariant mass distribution for the 3-jet system resulting from l -> bW decays. 

2.6.2 M easurement of Top Width 

The threshold scan a lso allows us t.o measure the top width. Fig. 2.46-a ) compares the same 
Mon te Carlo dat a as used for Fig. 2.44-a) with theoretical expectations for various onium widths. 
Fig. 2.46-b) shows the contour obtained from the fit to the Monte Carlo data, letting the top 
width and the top mass move freely. The expected statistical error is ll lVt bl 2 = 0.1.5 rv 0.20. 
We can improve this by optimizing the energy points and, of course, by increasing statist ics. 
Ivtbl 2 < 1 suggests a fourth generation , while IVtb l2 > 1 signals some exotic decay mode such a.<; 
t -> bH + or 'l -> ix~ . 

2 .6.3 Measurem ent of Top Yukawa Coupling 

The heaviness of the top quark, on the other hand, allows us to direct ly measure the top 
Yukawa coupling. One way to do this is to examine closely the threshold shape . Notice that , 
if it were not for the large top width, the reliable estimation of the QCD contribution would 
become impossible and w uld make hopeless the extraction of the effe 1. of Higgs exchange. 
Figs. 2.47-a ) and -b ) compare the same Monte Carlo data shown in Fig. 2.44-a ) with theoretical 
expectations fo r various M H and f3H( the normalized top Yukawa coupling ). A 2-parameter 
fit to the data yields t he contours shown in Fig. 2.47-c). The expected precision for a standard 
model Higgs of MH = 100 GeV is about ll j3H = 0.2 for tnt = 150 GeV. We can also measure 
the Yukawa coupling using t he process e+e- -> {iR. The precision expected in this ca.<;e is 
comparable to t hat from t he t hreshold scan . 

2 .6.4 Angular A nalyses 

There is yet another new and remarkable property of a heavy top quark: the heavy top will decay 
before forming a top-hadron. T his will, for the first time, enable us to measure the helicities 

55 



of parent quarks via angular analyses of their decay daughters. The helicity measurement will 
provide us with a powerful tool to systematically investigate the top quark's production and 
decay vertices, in particular, when the vertices involve new particles expected in the SUSY 
scenano. 

As a warmup exercise, let us first try to determine the polarization of W 's from top decays. 
Heavy top quarks predominantly decay into longitudinal W bosons which are a good probe 
to investigate the symmetry breaking sector. Therefore, if the symmet ry breaking sector is 
different from that of the standard model , the branching fraction 

R = r(t ~ bWc) 
r(t ~ bWT ) + r (t ~ bWL ) 

might also differ from the standard model prediction. Fig. 2.48-a ) is an example of t he helicity 
angle distribution for jets fTom W decays. The Monte Carlo events, which were generated 
with the standard model coupling, agree well with the standard model prediction . A fit to the 
helici ty angle disl ribution results in the 1-0" bounds shown in Fig. 2.48-b ) as a func tion of mt. 
Given a data sample of lk top events, it is easy to determine the branching frac tion R with a 
statistical error of less than 2 %. 

To see the apability of the top helicity det rmination, we consider here an imaginary case, 
in which t he tbW vertex is righ t-handed , and compare the resultant a ngular distribution with 
that of the left-handed ( the standard model ) case in Fig. 2.49 [48J. The Monte Carlo data 
correspond to 10 fb - 1 with an electron beam polarization of 80 %. The difference is clear. 

2.7 Precision Electroweak Physics 

So far, we have been assuming the existence of a light Higgs boson. In this section , we will 
turn our attention to the case in which no light Higgs boson have been found. As we stressed 
earlier, the absence of light Higgs bosons itself will make a very st rong impact on high energy 
physics, since it impJies the death of low energy supersymmetry and GUT. 

In the absence of the light Higgs boson, we ha ve to learn as much as possible from what we 
have at hand, W, Z, and top. The important lesson at LEP is that precision measurements 
can provide valuable information to guide us in deciding our next step. This virt ue of e+ e­
colliders will persist as we will see below. 

2.7.1 Looking for New Physics in Loops 

In the standard model , the Higgs mass, the W mass, and the top mass a re interrelated t hrough 
radiative corrections as shown in Fig. 2.50 [49]. Therefore, we can estimate the Higgs mass by 
measuring the masses of Wand top. For a precise determination of the W mass, we go down 
to the Z-pole and measure the polarization asymmetry for lepton pair produc tions, t aking 
advantage of a highly polarized electron beam ( Pe > 90 % ) which is available only at linear 
colliders. The polarization asymmetry is directly related to sin2 Ow which, in turn , determines 
Mw . Given the design luminosity of JLC-J, _the error on sin2 Ow will be dominated by the 
error on the beam polarization( see Fig. 2.51 ). If we can control this error down to t he one 
percent level, the error on 8in2 Ow will be about 0.1 %. Including theoretical ambiguities due 
to light quark loop corrections, we expect b.Mw = 21 MeV. The measurements of Mw and mt 
determine the allowed range of the Higgs mass through the relation sh own in Fig. 2.50. Plotted 
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Figure 2.49: The top decay angle dist ributions for (a ) FlL = 0 and F1 R = 1 and (b) FlL = 1 
and FIR = O( Standard Model ). XW is the helicity a ngle of W in the t rest frame and Xl is the 
helicity angle of the lepton in the W rest frame. 
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in Fig. 2.52 are 1-0' contours in the mt- MH plane corresponding to different measurement 
errors on mt: ~mt = 0.5, 5.0, and 10.0 GeV, for M/I = SOO GeV and mt = 150 GeV. This 
figure clearly demonstrates the importance of a precise determination of the top mass. As 
demonstrated in the last section , we can determine the top mass with a precision better than 
0.5 GeV, which means the Higgs mass bound will be essentially controlled by the error on the 
W mass. Fig. 2.S3 indicates the ] - CT bound for the Higgs mass as a function of the input Higgs 
mass. We can see that the JLC experiments will be able to significantly improve the present 
bound on the Higgs mass and will show us th next step to take. 

The analysis presented above is based on the standard model framework. We an generalize 
the analysis with the help of the Sand T parameters, which have been introdu ed by Peskin 
and Takeuchi [Sl] to parametrize loop contributions from new high-mass-scale physics. Sand T 
represent, respectively, the effects of isospin-conserving and isospin-breaking loop contributions 
to weak boson self-energies. Th power of the precision measurements at JLC-T can be best 
demonstrated in the S-T plane as shown in Fig. 2.54. The dotted line is the current limit [Sl] 
obtained from the precision electroweak data at LEP and other low energy data including 
those from deep-inelastic scattering and atomic parity violation experiments. The limit will be 
improved to the dot-dashed line, when the Mw measurement at LEP-Il with ~Mw = 100 MeV 
becomes available. The three solid lines correspond to the JLC-I limits when 6.Mw = 21,50 , 
and 100 MeV, respectively. Notice t hat the JLC-I limits aTe estimated by assuming center 
values at S = T = 0 and a 0.1 % measurement of sin2 Ow and a 0.14 % measurement of 
Rz which is the ratio of the hadronic and the leptonic widths of the Z boson. It should be 
emphasized that the JLC-l limits are free from hadronic and atomic uncertainties inherent in 
the present-day low energy data. When compared with the predictions of technicolor models 
indicated by arrows in the figure, one can see that the JLC-J limits severly 'onstrain the possible 
scenanos. 
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2. 7.2 Self-couplin gs of W, Z , and , 

If the expected mass of t he Higgs boson enters the heavy Higgs regime, the most lik ly scenarios 
will t hen become t hose based on a strongly interacting Higgs sector. In this case, one of the 
most important ques tions to address is whether only the longitudinal components of W and Z 
are composite or bot h of their transverse and longitudinal component are composite. In order 
to answer this question, we need t o scrutinize the self-in teractions of t he vector bosons: W , 
Z , and ,. Though the possible forms of the self-int eractions are rescricted , to some extent, by 
the data available at present [52, 53], the study of th e direct productions of the weak bosons is 
inevitable t o reveal the possible non-ga uge natu re of the weak bosons. 

T he tot al cross sections of the processes involving the weak bosons in the J LC energy region 
are shown in Fig. 2. 55, toget her with t he other standard model processes. In the JLC energy 
region, the weak boson production processes occupy the major part of the e+ - annihilation 
cross section . This is in contrast with the lower energy region such as of TRISTA Nand LEP­
1, where t he dominant annihila tion processes are fermion-pair product ions. The processes, 
e+e- --+ W +W-, e±vW =F , and viJZ include t he t hree-vector-boson coupling, while the processes 
such as e+e- --+ W+ W - Z and vv W +W - include bot h the t hree- and the four-vector-boson 
couplings. Therefore t he study of these processes allows us to test various aspects of the 
self-in teractions among the vector bosons[54]. Such a st udy is discussed below, taking the 
anomalous three-vcctor- boson coupling as an example. 

If there were anomalous pieces in three-vector-boson couplings , CP-conserving t erms for 
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Figure 2.55: The total cross sections of the standard model processes in the JLC energy region. 
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them can be parametrized as 

where 
F"V = ap.F V - av FiL (F = WIV) 

and V stands for either , or Z. At JLC-I, we can study the WW , couplings, using the 
following three processes: e+ e- -+ W +W -, e±vW'f, and vii,. The e±vW'f and vi/, processes 
are sensitive only to the WW, couplings; the e±vW'f process contains the WW Z couplings, 
however, its contribution to the total cross section is negligible. On the other hand, the W +W ­
process is sensitive to both the WW, and the WW Z couplings. 

Fig. 2.56 compares the expected limits on the anomalous WW, couplings obtained from 
these processes for an integrated luminosity of 30 ib- 1 and a beam polarization of 80 %, when 
the self-couplings are those of the standard model. As seen in the figure, the most sensitive is 
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Figure 2.56: The expected 90% confidence level contours representing the sensitivities to the 
anomalous couplings in the plane of /).K.., and A.." when an integrated luminosity of 30 fb - 1 

is accumulated at -IS = 500 GeV with a beam polarization of 80 %. The solid , dashed, and 
dotted curves are the limits obtained from the processes, e+c- -+ e±vW'f, W +W -, and vi/" 
respectively. The dot-dashed curve is that expected at SSC[55]. The vertical cross symbol 
indicates the input values corresponding to the standard model. 

the process e+e- -+ W +W -, because of the severe gauge cancellation among the diagrams. 
Though this process contains both the WW, and the WW Z vertices, the measurements 

of the full differential cros~ section including the W-decay angular distributions , as well as the 
beam polarization dependence , help us disentangle possible anomalou self-couplings. Figs. 2.57­
a) to -d) show the expected limits on various combinations of anomalous couplings for an in­
tegrated luminosity of 30 fb - 1 at ...;s = 500 GeV [50], when we fit the differential cross section 
of the e+e- -+ W +W - process for the Mont Carlo data generated with the standard model 
couplings (~K = A = 0). In the figures, the solid and the dashed lines are those obtained with 
and without the beam polarization asymmetry, respectively, and the dot-dashed lines are the 
limits expected from SSC. Notice that the polarized electron beam plays a cTlJcial role here. 
It should also be emphasized that JLC experiments are indispensable to constrain ~K, though 
SSC can set similarly stringent limits on the A couplings. 
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The higher the energy, t he severer the gauge cancellation becomes. Therefore, we expect 
that the sensitivity to the anomalous couplings is enhanced at higher energies. Fig. 2.58 shows, 
fOT three different energies, t he expected sensitivity of the e+ e- ----+ W +W - process to the 
anomalous WW I couplings. The advantage of the higher energy is clear. Since this energy de­
pendence and the higher luminosity more than compensate the cross sect ion drop, the expected 
JLC limits exceed the precision obtainable at LEP-ll by more than one order of magnitude and 
reach t he expect d size of loop-corrections. The exist ence of a light Higgs boson will nOL, there­
fore, diminish t he importance of the precision measurement of this process, since, then, it will 
open up the possibility to get insight s into physics at higher energy scales through radiative 
corrections. 

2.8 CP Violation on the Z Pole 

In the standard model, CP violation and flavor mixing have the same ongm , the Yukawa 
sector governing the Yukawa interac ti ns of f Tmions with the Higgs boson. When t he Higgs 
field acquires a vacuum expectation value (the electroweak symmetry breaking), the Yukawa 
interactions give rise to the flavor-mixing represented by the Kobayashi-Masukawa matrix. 
Since this mixing matrix has a physical phase, meaning that at least one of i ts components 
is complex, CP violation naturally results . T he underlying principle to determine t he Yukawa 
couplings is, however, completely unknown . The relevant physics is presumably at very high 
energies, of the GUT scale or even of the Planck scale. Moreover, there are many ways to 
violate CP, for instance, a model with two Higgs doublets implies, in general, CP violation 
in its Higgs sector. T he studies of CP violation and mixing are, therefore, not only essential 
to test the standard mod el, but also very important to probe the underlying physics at very 
high energies. In order to sort out many possible mechanisms fOT CP violation, however, we 
defin itely need informat ion on the physi s beyond the standard model. We believe that , when 
SUSY particles are found and st udied in detail at JLC-I, the range of the possibilities will be 
narrowed and the importance of t he studies on CP violation and flavor mixing will be greately 
enhanced. 

In this section, two topics of B- physics, CP-violation of Bd meson in Bd ----+ litIe decay and 
BA-BA mixing, are discussed. There are four advantages to investigating B -physics on t he z­

2 1pole with JLC-J: (1) high luminosity, L > 1.0 X 1033 cm- s- , which is 50 times larger than t hat 
of LEP-I, (2 ) a highly polarized electron beam , which enables the t agging of band bquarks in a 
geometrical way, (3) a large production CTOSS section of B mesons, which is 5 times larger than 
t hat on 1'(45), and (4) the narrow beam, which allows us to install a vertex detector very close 
to the interaction point to detect the B-decay vertices . T he background due to beamstrahlung 
will be manageable on the Z-pole. 

2.8.1 Compatibility with TeV Operation 

The possibility to investigate B physics on the Z- pole with a linear collider was discussed at 
Snowmass '88[56] in comparison with ot her accelerators . It should be emphasized, however , that 
the design concept of the lin ar coll ider discussed t here was quite different from that of JLC-I. 
At that t ime, there was a general belief that high r petition rate (~ kHz) would be necessary 
on t he Z -pole to get high luminosity with a linear collider, so that it would be incompatible 
with a TeV linear collider design assuming a rat her low repetition rate (about 200 Hz ). A 
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(a) Measurment of CP vioration (b) Measurement of B. mixing 
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Figure 2.59: Schematical figures of relation betwe n electron spin and b-quark spin in favorin g 
condition . (a) is for CP violation measurement and (b ) is for B~ mixing. 

recent study at KEK [57], however, shows that a linear colLider optimized for TeV operation 
1033 2can also serve a high-enough luminosity on the Z -pole, L = 2.0 X cm- s - l, without crab­

crossing, provided that its final focus system is properly modified. JLC-I is, therefore, capable 
of producing fruitful results not only in the TeV region but also on the Z -pole . 

2.8.2 Forward-Backward Asymmetry 

A large forward-backward asymmetry caused by the polarization of an electron beam plays 
an essential role (geometrical tagging) in the measurements of both CP violation and B.-B~ 
mixing[58]. When the electron beam is polarized left handed, a b-quark (B meson) prefers to go 
in the forward direction (direction of the electron beam) as shown schematically in Figs.2 .59­
a) and -b) . When we use a 95%-polarized beam [59] and detect the events in the polar ang~e 
region of 0.22 < IcosOI < 0.94, the forward- backward (F-B ) asymmetry is 76% and the wrong­
tag fraciion is 12%. This wrong-tag fraction should be compared with 43.5% expected for an 
unpolarized beam for which the F-8 asymmetry is 13%. CP violation can be measured by 
comparing the decay rates for Bd(Bd) -+ iJ! K. ) in the forward and the backward hemispheres . 
In order to enhance the sensitivity, we measure the decay rate as a function of the decay proper 
time, 

where Xd is a mixing parameter (= 0.7), r is the total decay width , and sin 2¢1 is the CP 
violation parameter. The most probable value of sin 2¢1 is estimated to be [60] 

. 2,1.. 0 37 + 0.54 
SID 'P1 = . - 0.21 

To observe the BA-BA mixing, we measure the decay rate of B.(BA) in the forward (backwa rd) 
hemisphere. Then we fit the oscillation of the decay rate as a function of the decay proper time. 
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To study the detection sensitivity, we made an event-generator which includes the fOTward ­
backward asymmetry with a pola rized electron bea . In our generator, Bd mesons decay 
into iIlI<~ (the signal), or into iIlI<A1[° which is the most serious background. The \}I's decay 
into leptonic channels with a 100% branching raLio (e+e- and 11+11-), instead of Lhe real 
branching ratio of 14%. The K6 mesons decay into 1[+1[- and 1[01[0 with branching ratios 
of 69% and 31%, respectively. Parameters used for the generation ar X d = 0.7 , r = 1/ (13.1 x 
10- 13 sec ), and Icos (h i < 0.94 . 

The \II Ie events are selected as follows. We first look for a pair of opposite sign tracks which 
has an invariant mass within ± 35 MeV around the \II mass and require that at least one track 
is identified as an electroIl or a muon: a track which has a momentum Jarger than 1.5 GeV 
and E / P larger than 0.5 is identified as an electron, while 95% of muons whose momentum 
are larger than 3.5 GeV are randomly selected as identified muons. For an unidentified track, 
no momentum cut is applied . K 6 's are then reconstructed by looking for a pair of oppositely 
charged tracks, each of which has the closest distance to the z-axis larger than 0.04 ern and 
is iden tified neither as an electron nor as a muon. We require the pair to have an invarian t 
mass consistent with that of ](6. Finally, if the pair of the K6 and the \II has an invariant mass 
within ± 50 MeV around the Ed mass , it is identified a.c; Bd . 

Fig.2.60 shows the invariant mass distributions of \II K$ pairs for Bd(iid) -t q, I<~ (solid line) 
and Bd(Bd ) -t \IIK6 1[° (dotted line ), respectively. One can see a clear peak of Bd in the solid 
histogram. On the other hand , the dott d histogram has a broad distribution of invariant 
masses ranging from 3.92 to 5.16 GeV, because of escaping 1[°s. The detection efficiency for 
Bd(Bd) -t iIlK~ is 37.1%, when we take the average in the IcosO I range between 0.22 and 0.94 . 
Since the peak is clearly separated from the broad distribution, we neglect the background 
coming from Bd(Bd ) \]IK&1[° which has an opposite CP to that of Bd(Bd ) -t \II/(&. To-t 

compromise the wrong-tag fraction and statistics, the Bd ( Ed) mesons are required to be detected 
at I cos OI between 0.22 and 0.94. 

We use a maximum likelihood method to get the CP violation parameter sin 2¢1 from the 
distributions of decay proper time and cos O. When the branching ratio for Bd ( Bd ) ~ iII /(~ is 
taken to be 0.03%, the expected sin 2¢ range of 0.16 to 0.91 requires an integrated luminosity 
of (2.7 rv 0.083) X 1040 cm- 2 , in order to confirm the CP violation in the B-meson decay 
at the level of three standard deviations. The required integrated luminosity ·orresponds to 
1.4 rv 0.043 years (we assume 100 days operation per year) of JLC-I operation on the Z pole 
(Fig.2.61 ). If we assume the most probable value (0 .37) of sin 2</Jl, quarter a year is enough to 
measure it. If we do not apply the maximum likelihood method and just usc the integrated 
event ratio of Bd(Bd ) --+ q,I<~ in the forward and backward regions, we need 2.6 times more 
statistics. 

2.8.4 Measurelllent of Bs-Bs Mixing 

We use B6 -t lvD$ as the signal of B~ decay, where l is an electron or a muon to be identified as 
described above, while the D6 has t o be detected through its decay into three charged hadrons 
and neutral particles, if any. There are altogether four charged tracks expected to have finite 
impact parameters. These four tracks are, therefore, required to be more t.han 2C7-away from 
the z-aJcis , where C7 is the impac t parameter resolution of the vertex detector. The three charged 
hadrons have to have an invariant mass less than 2 Ge V to be consistent with the D .. decay. In 
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Figure 2.60: Invariant mass dist ribu tions of 11"+11"-[+[-. T he solid histogram shows 'ljJK~ decay 
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Figure 2.62: The decay proper time distribution for (a) x~ = 10 and (b) X~ = 20. 

addition , we require that the decay point of D~ (the vertex form ed by the three hadron tracks) 
is fa rther away from the interaction point , when compared wit h the decay point of B~ (the 
vertex formed by the lep ton track a nd the combined moment um vector of the three hadron 
tracks). These cuts are very effective to eliminate the background from non- bb jets. 

To calculate the decay proper time from t he decay point, it is necessary to know t he B~ 
momentum. Its event- by-event determination is, however, impossible because of the missing 
neutrino from the Bs decay and the unidentified neutral particles from the D& decay. We, 
therefore, use the average momentum of B~ 's estimated by the Monte Carlo simulation. T his 
approximation is justified , as long as we use a tight sphericity cut. W thus require the event 
to have a sphericity smaller than 0.05. After this fin al cut, the effi ciency for detect ing bb-jets 
is 4%, while t hat for cc-jets (the most serious background) is only 0.2%. T he backgound from 
light quarks is negligible. The resultant bl)..jet sample contains 20% of B~ mesons. 

T he vertex resolut.ion for B~ decay is 90 11m mainly limited by the effect of missing neutral 
particles. Figs .2.62-a) and -b) show that the oscillation of the B~ decay can be clearly observed 
for both of X& = 10 and 20, respectively. The amount of data used for the fitting in Figs .2.62-a) 
and -b) are 2.0 X 106 zO and 4.0 X 106Zo, respectively, which correspond to less than half a day 
a.nd one day of data acquisition with JLC-I on the Z-pole. 

2.9 Heavy Higgs or Strong ly Interact ing W's 

Even if JLC-I does not find any light Higgs bosons a t center-of- mass energies up t o 500 GeV , 
it can predict the Higgs mass through the precision electroweak measurements as described in 

71 



e+--~--------------- w 
w 

w 
e w 

(a) (b) 

Figure 2.63: a ) W-fusion process. b) Rescattering in W- pair creation. 

the previous section. If this is the case, we have to upgrade the machine and increase the beam 
energy accordingly, to detect the Higgs boson. Such a heavy Higgs boson can be searched for 
in the W-fusion process shown in Fig.2.63-a). 

If the predicted Higgs mass exceeds O( 1 Te V), however, it does not necessarily mean t he 
existence of an elementary Higgs boson of this mass. The Higgs mass should be regarded as 
the energy scale of a new strong interaction which is resposnsible fo r t he mass-generation of 
the weak bosons. In this case, we need to understand the underlying dynamics governing the 
new strong interaction. The best probe to investigate it is the longitudinal com ponents of 
the weak bosons, since they are clo ely related to the mass-generation [61] . At J LC , we can 
study the interaction of the longitudinal weak bosons via the W W -rescattering process shown 
in Fig.2.63-b). 

In this section, we describe the heavy Higgs search via t he W-fusion process and t he 
search for a new strong interaction between W bosons via t he W W -rescattering a t J LC with 
Js ~ 1 TeV. 

2.9.1 W-fusion process 

First we discuss the JLC's capability of heavy Higgs search a t yS = 1 TeV and 1.5 TeV via 
the W-fusion process: e+e- -lIeIleW+W -. The background to this process consists of 

e+ e- --- e+e-W +W -, 


--- lIeVeZo Zo , 

--- e- veW+Z o, (e+ lIeW - Z O), 

___ e+e- ZoZo
, 
-> W +W -. 

The exact cross-section calculations of t hese processes are quite complicated , since there are 
many diagrams leading to the same final states. We have carried out t he calculations, using 
the helicity amplitude technique with the help of GRACE/CHAN EL[62]. 

It should be emphasized that, if the Higgs boson mass is greater than 800 GeV, the S-wave 
amplitude for the scaL1.ering of longitudinally polarized gauge bosons violat es unitarity at the 
tree level[63]. To avoid this unitarity violation, we enlarged the width of the Higgs boson by a 
minimal amount in OUT cross section calculations. 

Given these cross sections, we can study the feasibility of heavy Higgs search at JL C. The 
analysis proceeds as follows: we firs t select four-je t events from which W -pair events are selected 
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Figure 2.64: Differential cross sections as a function of WW invarian t mass at (a ) yS = 1 TeV 
and for Higgs masses of 0,400 GeV, 600 GeV, and 700 GeV, and at (b) ..;s = 1.5 TeV and for 
Higgs masses of 0 and 1.0 TeV. 

by reconstrnctingjet-jet invariant m asses. We then look for a resonance or an excess of events in 
the invariant mass distribution of t he so reconstructed W -pairs , by comparing the distribution 
with that expect ed for mHSM = 0 (the massless Higgs case). Figs.2.64-a) and -b) show t he 
differential cross sections at yS = 1.0 a nd 1.5 TeV, respectively, as a funct ion of the W-pair 
mass. 

When t he Higgs mass is grea ter th an 700 GeV, the signal of t he Higgs boson becomes less 
significant compared with t he massless Higgs case. The largest background, before making 
any cuts , comes from e+e- W +W - and e+e- ZoZo (two-photon processes). To reduce the 
background e ents from t hese two processes, we vetoed the events which had high energy 
electrons in the visible a rea. When the electrons go through the beam pipe , the W -pair cannot 
have a large transverse moment um with respect to the beam axis . If it is required t hat t he 
t ransverse momentum of the W-pair should be greater t ha n 70 GeV at yS = 1 TeV (100 GeV 
for 1.5 TeV), and t hat t he events wi th an electron which has an energy greater t han 50 GeV 
and a polar a ngle greater t han 150 mrad are vetoed, about 95% of the two-photon events are 
rej ected. The W-pair production process (e+ e- --+ W +W -) can also be a background source, 
when the electron or positron emits high energy photon(s) due to beamstrahlung or initial state 
ra diation. This background is also reduced by the cut on missing transverse momen tum . For 
furth er reduction of t he W -pai r background, we use the decay angle dis tribution of quarks in 
the W-boson rest frame. The details of the analysis are described elsewhere[64J. 

After all of these cuts , the WW invariant mass distributions shown in Figs.2 .65-a) and -b) 
are expect ed for an integra ted luminosity of 200 fb -1. We can detect the excess due to the 
heavy Higgs boson signal over the background coming from the processes listed above, at the 
level of t hree standard-deviations. 

2.9 .2 R escattering in e+e- -t W+W-

As dem onstrated a bove, the Higgs search at JLC will never fail , if there is an elementary Higgs 
boson at all. Therefore, it s non-observation at JLC will force us to consider that at least 
the longitudinal components of t he weak bosons are some composite objects governed by a 
new strong interaction. If their t ransverse components are also composite , there must exist 
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Figure 2.65: The expect ed dist ribution of W -pair invariant masses fo r an integrated luminosity 
1of 200 fb- at JS=1.0TeV (1.5 TeV). T he data points were calculated with a Higgs mass of 
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some anomalous self-coupling a mong t he weak bosons, which can be observed as discussed in 
subsection 2.7.2. When no such anomalous coupling is observed and the transverse components 
are verified to be gauge-like, t he remailling possibility is that t he weak bosons are gauge bosons 
which acquire their masses from the spontaneous symmet ry breaking induced by a new strong 
interaction. In this subsection, we consider such a case and discuss how to observe the new 
st rong interaction through studies of t he e+e- - W+ W - process. 

There are nine WW helicity combinations for the e+e- - W+ W - process, of which only 
the foUowing three survive at high energies (s »m~): W';:W,,::-, W..:-W+, and Wo+Wo-, where 
suffixes indicate the W helicities. T he new strong int eract ion among the longitudinal weak 
bosons jnduces a rescattering of t he fin al-state Wo+Wo-. The res a ttering gives rise to a P -wave 
phase shift 811(5), since the lowest order amplitude is predominantly in J = 1, and a possible 
form-fact or effec t IF (s )l, in the Wo+ Wo- amplitude: 

T( e+ e- _ Wo+ Wo-) ::::: T(lowe~t)I F ( s) l e i51l(~). 

The amplitudes for the other two helicity com binations , WIW:f' , remain the same and are 
almost real . Here , we assume, conservatively, no techni-p-like resonance (IF(s)1 = 1) and the 
phase shift given by the low energy theorem: 811 = 0.055(0.12) rad. at JS = 1 TeV (1.5 TeV). 
We can observe this phase shift through the interference of the w tW::F and Wo+Wo- amplitudes, 
which is possible after the weak bosons decay into fermion pairs[61]. 

The phase shift appears as a change in the correlation of the azimuthal angles of the final­
st ate fermions . Let ¢(¢) be the azimut hal angle of the final-state fermion from W+(W-), with 
respect to the axis formed by the two W momenta, measured from the production plane (the 
plane spanned by the bea m direction and the W momenta), then the variable sensitive to the 
strong WW final-state interaction is the sine of t he sum of t he two azimuthal angles, sin( ¢ +¢). 

The sensitivity to the phase shift is maximum in the kinem atical region where t he magnitude 
of the Wo+ Wo- amplitude and those of t he w tW::F amplit ude are of the same order. Therefore, 
we require the production a ngle (0 ) ofthe W- to satisfy -1 < cos 0 < 0.5, since the production 
a mplitude for w t W:f peaks at cos 0 = 1 due to the_ t-chan nel neutrino exchange diagram . We 
also impose cuts on the decay polar angles (B and B) of t he final-state fermions: Icos BI < 0.9 
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and Icos el < 0.9, since the decay amplitude of a longitud ina l W boson behaves like sin 19 (e), 
while that of a t ransvers W boson like 1 ± cos19(e) . 

After aJl of these cuts, we obtain t he angular distributions, with and without the rescat tering 
at .jS = 1.5 TeV, plotted in Fig. 2.66-a). T he effective cross section after the cuts is 52 lb . In 
the figure, the cos(2( ¢+¢)) struct ure, corresponding t o the four pea ks , is due to the interference 
between the transverse W bosons , which has nothing to do with the resca ttering. Our signal 
is the sin(¢ + ¢) structure, which results in an asymmetry in the peak heights . 

In order to carry out this analysis , we need to measure all the angles defined above . This 
requires t he full reconstruction of t he fin al s tate. For t his purpose , we select events in which 
one of the W bosons decays leptonically, and the other hadronically. We can then solve the 
kinematics , even if there is a beamstrahlung or bremsstrahlung photon . In addition, since we 
know the charge of the leptonic side, the charm tagglJl g for W+(W-) -+ d(cs ) enables us to 
uniquely assign the charges to the fin a l-state ferm ions. 

The sensitivity to t he phase shift 811 of t his measurement is shown in Fig.2. 66- b). For 
example, for the low-energy-theorem p hase shift at ..;s = 1.5 TeV, about 800 fully reconstructed 
W W events are necessary to confir m the strong rescattering at the 90 % confidence level. T his 
corresponds to an integrated luminosity of about 300 fb -t, if the charm tagging effi ciency is 
100%. 1f a techni-p-like resonance exists in the J = 1 channel, the prospect of seeing t he effect 
becomes brighter[65] . 

T he complete understanding of the new strong interaction becomes possible only after ex­
tensive spect roscopic studies of the W W syst em and proba bly after weak- boson-je t studies to 
investigate the perturbative regime of the underlying dynamics. We believe that , if there is a 
new strong in teraction among the weak bosons, its evidence obtained th rough the studies de­
scribed above will place a solid foundation to promote construction of a new multi-Te V linear 
coiEder. 
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Figure 2.66: (a) The azimuthal angle correlation for e+e- ---+ W +W - at y'S= 1.5 TeV . The solid 
line corresponds to a rescattering phase 811 = 0.1 and the dashed line to no rescattring. The 
data points are fOT 1000 fully reconstructed Monte Carlo events. (b) Sensitivity to the phase. 
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Figure 3.1: Schematical drawing of the JLC detector 

DETECTOR TYPE CONFIGURATION PERFORMANCE 

VTX 
( Vertex 
Detector ) 

Silicon CCD 

Pixel Size; 25 j.1m 
Number of Layers; 2 1ayers 

Layer Po&i.tion ; r=2.5cm & 7.5cm 
Thickness; 500 ~ I layer 
I cos 9 I < 0.95 

Position Resolution; 0" =7.2 j.1m 

Impact Parameter Resolution 0 [}.lm]; 
2 2 2. 3o = 11.4 + (28.8/p) I SIn {) 

CDC 
( Centra l Drift 
Cbamba") 

Small-cell 
Jet Chamber 

Radius; r =0.3 - 2.3 m 

Length ; I =4.6 m 

Number of Sampling = 100 

I cos e I < 0.70 ( full sampling ) 

I cos e I < 0.95 ( 20 sampljngs ) 

Position Resolution; 
Ox = 100 ~ (f axial wire) 
Oz =2 mm (I stereo wire) 

Momentum Resolution; 
OPt /PI = l.1xlO -4 Pt CD 0.1% 
aPt I PI =5 x 10-5Pt CD 0.1 % 

( with vertex constrain! ) 

CAL 

Lead + Plastic 
Scintillator 
Sandwitch 

( Compensated ) 

EM part ; thickness =29 Xo 
cell size = W cm x 1 Oem 

HAD part ; thickness =5.6 M> 
cell size =20cm x 20em 

Si Pad ; pad size = lem x l em 
I cos e I < 0.99 

Energy Resolution; 
O"E I vE = 15% I VE (!) 1%(e&y) 

oEI vE = 4D% / vE Ell 2% (hadron) 

Si Pad Posi tion Resolution; 0" =3 mm 

Si Pad em Rejection = 1/50 

MUON Single Cell 
Drift Chamber 

Number of Superlaycrs 

I cos {) I < 0.99 

; 6 Position Resolution; 0" =500 11m 

Pt> 3.5 GeV (barrel) 

'*' All momentum and energy are expressed in [GeV ]. 

Table 3.1: Parameters and performances of the JLC detector 
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of each detector component . All the tracking devices and the calorimeter are placed inside the 
2-Tesla superconducting solenoid to achieve a good hermeticity. 

Vertex detector (VTX) : The vertex detector consists of 2 layers of Si-CCD arrays 
that can accomodate background tracks and "( 's due to e+ e- pairs created by beamstrahlung 
photons. The first and the second layers are placed at r =2.5cm and r=7.5cm, respectively, and 
the expected impact parameter resolution is 30 J.tm ( 90°, p= lGeV Ic). 

Central drift chamber (CDC) : T he cent ral tracking detector is a small-cell jet chamber. 
T he inner and outer radii are 30cm and 230cm, respectively, and 100 points are sampled with 
a spatial resolution of 100J.tm. To use maximally the charged track information, we require 
two-track separation ca pa bility of Imm . The resolution in the z-coordinate is designed to be 
less than 2mm at the front face of the calorimeter to achieve a good track-cluster matching. 

Calorim eter (CAL ) : T he calorimeter is of a lead-scintillator sandwich type that has an 
equal response to electromagnetic and hadron showers. The calorimeter is longitudinally seg­
mented into three sec tions: the fine sampling elect romagnetic shower section of 29 X o thickness 
CECAL), Si-pads to detect elec t romagnetic pre-showers located after the first 4.3 X o of ECAL, 
and a hadron section of 5.6 interaction lengths (HCAL). The barrel and the endcap calorimeters 
consist of 2500 and 1250 tower modules, each pointing to the interaction region. 

Muon det ector (Muon) : The muon detector consists of six super-layers of single cell 
drift chambers. Since it only provides muon identification, a modest spatial resolution of 500 
11m is required. The threshold momentum for muon identification is 3.5 GeVIe due to the large 
energy loss in the calorimeter. 

The interaction region is qui te different from those we have expeTienced at the storage 
ring experiments. To get a stable collision of nanometer-size beams, we have to control the 
final quadrupole magnets with comparable accuracy. In this detector design , the Q-magnets 
of bo th electron and positron sides are fixed in the same cylinder made of CFRP to cancel 
common mode vibrations. Inside the cylinder, the magnet positions are monit ored by laser 
interferometers whose signals are fed back to piezo transducers for precision active alignment. 

Background arising from beam-bea m interact ions has been systematically studied for bo th 
QED and QCD processes. The beam mask configuration shown in Fig. 3.2 is designed to 
effectively shield the most troublesome soft photons from e+e- pairs created by beam-beam 
interactions. 

3.2 Vertex Detector 

3.2.1 Requirements for the Vertex Detector 

The vert.ex detector (VTX) measures the track positions of charged particles very precisely near 
the interaction point . The major role of the VTX is to reconstruct the secondary and tertiary 
decay vertices from Band D meson decays, to tag b- or c-quark jets. The b~quark jet tagging is 
of essential importance, particularly in the search for the intermediate mass Higgs (mH '" 100 
GeV), as discussed in section 2.2. The VTX should have a spatial (or impact parameter) 
resolution good enough to get a high rejection ratio for light quark j ts , while keeping a good 
efficiency for b-quark jets. 

The VTX also plays an impor tant role in t.he momentum measurements of charged particles. 
Since the VTX has much better spatial resolution than the central drift chamber (CDC) , it 
pu ts a strong constraint on the track fitting and improves the momentum resolution by a factor 
of two. The effect of the VTX constraint will be discussed in detail in section 3.3. 
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Figure 3.2: Layout of the interacLion region 

As the energy increases, particles in the jets become mote and more collimated . Since the 
VTX is located close to the interaction point , the track density in the VTX is quite high. For 
unambiguous track reconstruction, the detector should be able to measure two-dimensional 
points rather Lhan their projections. Therefore, pixel detectors should be used for the VTX. 

3.2.2 Configuration 

Th VTX consists of two concentric layers of silicon pixel detectors made of charge coupled 
devices (CCDs) . The impact parameter resolution can be written as 

where p is the momentum of the charged particle in GeVIe, rin and rou l are the radii of the 
inner and outer layers, X .. is the thickness of the inner layer (including the beam pipe) in 
radiation lengths, and (J is the resolution of the vertex detector. The first term comes from 
measurement error and the second term from multiple scattering. This equation tells us that 
we should put the inner layer as close to interaction point as possible and outer layer as far as 
possible. However there are e eral constraints on the radii. First of all, the radius of the inner 
layer should be large enough to avoid the background [rom low-energy e+ e- pairs created by 
beam-beam interactions (see section 3.7). As for the radius of the outher layer, we should take 
into account the cost of the VTX which increases Q( r;"t while the gain in resolution is little. In 
addition, the precise supporting and alignment of the VTX becomes more difficult for a larger 
size, and the resolution might get worse, if Tout is too large. Therefore the present design adopt 
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Figure 3.3: Impact parameter resolution as functions of momentnm p an cos O. 

the following parameters. The inner and the outer layers are at Tin = 2.5 em and T01J.t = 7.5 cm. 
It covers the angular region of IcosO I < 0.95. The total lengths in the z-direction are ±7.6 cm 
for the inner layer and ± 22.8 em for the outer layer. The pixel size is 25 J.LID x 25 J.Lm, which 
corresponds to a spatial resolution of 7.2 j.lm. If the center-of-gravity method works, we can 
get still better resolution. The total area of the eeos is '" 2400 cm2 , and the tot.aI number of 
pixels is '" 4 X lOB . For these parameters, the impact parameter resolution becomes 

The impact parameter resolution 6 is plotted as functions of cos () for several momenta in fig. 3.3. 

3.2.3 Operation of CCD Detectors 

The eeDs will be operated close to room temperature (i . e. > DOC) . In general , operating 
eeDs at room temperature causes large dark currents (dark current increases exponentially as 
temperature goes up ) and hence a large shot noise which is a serious problem in the detection of 
minimum ionizing particles (m.i.p. ). Furthermore , the non-uniformity of dark currents causes a 
non-flatness of t he output baseline. These problems, however, can be avoided by the following 
methods: 

1. 	Since the shot noise is a st.atistical fluctuation of the integmted charge coming from dark 
currents (ex: N), this can be reduced by a quick readout. 

2. 	 If the signal charge is large enough , an increase in the noise does not matter so much. 
This can be achieved by making the depletion region thicker than the present CCDs used 
for video cameras. 

At JLC-I, beam bunch trains make crossings at intervals of 6.7 IDS (150 Hz) . Each ee is read 
out during this period almost continuously. By reading out continuously, each pixel ill the same 
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vertical line accumulates the same amount of charge due to dark currents , and the pattern of 
the baseline non-flatness is the same for every horizontal line. Therefore, the non-flatness can 
be corrected easily by subt racting the pattern of non-flatness which is stored in a analog shift 
register. If a dark current of 5 nA / cm2 is assumed, the average shot noise becomes about 40 
electrons. This number is comparable to other noise sources. 

The thickness of the depletion region can be extended to '" 30JLID using high resistivity 
(rv 1 H2cm) silicon wafers without a serious increase in dark currents due to defects in t he 
crystal. In this case, more than 2000 electrons can be obtained for a m.i.p. track. If defect free 
silicon wafers with higher resistivity become available in the future , we can get CCDs with a 
still thicker depletion region. 

The area of each CCD ha.<; to be small enough to be read out in 6.7 ms. If t he same rate as 
for the present CCDs for video cameras is a.<;sumed , rv 0.4 cm2 can be read out in this period. 
Since the total area of the VTX is '" 2400 cm2, t he number of readou t channels is 6 x 103 • 

Collected charge from each pixel is shifted to the output node and read out through on-chip 
FETs. The output signal is processed through a correlated double sampling (CDS) circuit to 
eliminate reset noise, corrected for the non-flatness of the ba.<;eline, and digitized by a flas h 
ADC. The ADC data and pixel address are stored in the memory, if t he ADC counts exceed a 
certain threshold. 

3.2.4 Expected Performance 

There are two approaches of selecting b-quark jets using the VTX. One method is to select b 
jets exclusively by identifying the successive decay ver tices of Band D mesons. T he other way 
is to select heavy flavor jets by requiring t hat a certain number of t racks have a finite impact 
parameter (heavy flavor tagging). The latter method is , compared with the former one , ea.<;ier 
and more efficient, though it is impossible to separate c- and b-quark jets clearly. 

We have made a simulation of the heavy flavor tagging by impact parameter method, 
assuming the VTX described above. Two-jet events e+e-(vis = 90 GeV) -+ uii, ss, ce, bb 
are generated and charged particle tracks are smeared according t o t he resolution of the vertex 
detector. In order to tag the heavy flavor jet, we search for tracks which do not originate from 
the interaction point (I.P. ). If ajet ha.<; more than two (or three) charged t racks wi t h an impact 
parameter in the three-dimensional space b which satisfies bier> ereut, where er is the impact 
parameter resolution expected from t he momentum and angle , the jet is regarded a.<; a heavy 
flavor jet. If the invariant m a.<;s of the two tracks is consis ten t with the ma.<;s of t he K s , those 
tracks are rejected. Fig. 3.4 shows distributions of the normalized impact parameter for the 
charged particles from the primary vertex (I. P. ) and for the secondary and tertiary vert ic s (B 
or D decay) . Tagging efficiency is plotted in fi g. 3.5 for S-, c-, and b-quark jets as fu nctions 
of ercut . The tagging efficiency for b-quark jets is 78% (63 % ) if at least two (three) tracks are 
required to have impact parameters bi er> 2.5. For a light quark jet, if we require at least two 
(three ) tracks with bi er> 2.5, the tagging efficiency is ~ 0.5% (0 .25% ), which means the light 
quark jets can be suppressed by a factor of 200 (400). It should be not ed t hat the effi ciency for 
the c-quark jet is much lower than the b-quark jet due to its shorter decay length and we can 
expect a suppression of the c-quark jets to some extent. If one tries to discriminate b-quark jets 
from c-quark jets more distinctively, more cuts, which could reduce the efficiency, are necessary. 
For a suppression of the W -pair background in H -+ bb, however , heavy flavor tagging works 
well enough because the decay mode W -+ cb, which can not be suppressed enough by t he 
heavy flavor tagging, has a very small branching ratio (Web l '" 0.05). If we take the product 
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jets which is not plo tt d here is almost same as that for s jets. 
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of efficiencies for two jets and t he branching ratio, the suppression ratio for the background 
process W - qq' becomes '" 1.2 (0 .27) x 10- 3 for the case of 2: 2 (3) tracks double tag , while the 
efficiency for the signal process (H - bl) ) is '" 62 (39)% . In the case of the intermediate mass 
Higgs search through the process e+ e- - HZ , with H - bl) and Z - 1+ 1- or vv, the main 
background comes from e+e- - ZZ - l+Z- (vv )qij. This background cannot be suppressed as 
much as in the case of W pair background because the process including Z - bb, which has a 
sizable branching ratio, has the same topology as the signal process. However, we don't need 
such stringent light quark suppression as in t he case of W pair background because the cross 
section is not as large as the W pair production. If we requite a t least one jet to be identified as 
a b-quark jet with 2: 2 (3) tracks having large impact parameter, the background is suppressed 
to 31 % (24% ), with a tagging efficiency of 95% (86% ). 

3 .2.5 Background Considerations 

As discussed in section 3. 7.6, t he beam background in li near collider experiments is quite dif­
ferent from that of storage ring experiments. The main background to detectors consists of 
photons emitted from the fron t surface of t he final quadrupole magnet , which is bombarded by 
electron-posi t ron pairs created by beam-beam interactions. These electrons/positrons t hem­
selves could be the background near the beam line as described in section 3. 7.6. The spectrum 
of the background photons shows a broad peak around 200 ke V and a sharp annihilation peak 
at 0.5 MeV. 

A large number of the background photons flow out from the aperture of the t ungsten mask. 
The inner layer of the VTX is exposed to direct hits from the photons and t he outer layer is 
hit by photons scattered by inner materials including the beam pipe. If w assume th at both 
the inner and outer layers are exposed to the photons directly as a worst case, the number of 
pixels hit by the background photons is 

Nbg = NpVp.U, 

where Np is the number of pixels (<1 x 108) , Vp is sensitive volume of a pixel (= 25 x 25 x 50 f.lm 3 

if the effective thickness is 50 f.lm ), ). is the linear attenuation coeffi cient for photons in silicon 
(0 .3/ cm at 200 keV), and J is the intensity of t he photon flux per unit area . The number of 
electrons/ positrons hitting the final quadrupole magnet is estimated to be '" 5 X 106, and the 
number of back-scattered photons per electron / positron is '" 1. Since the VTX is about 2 m 
away fro m the photon source (the front surface of t he final quadrupole magnet ), the intensity 
of photons at the VTX is I = 5 X 106 X (2?r X 2002)-1 20. Putting those numbers into thefV 

equation, we get Nbg = 75, which is negligibly small compared with the background due to the 
direct hits by the electron / positron tracks. 

3.3 Central Tracking Device 

The central tracking device plays a crucial role, in particular, in Higgs studies , where we 
have assu med an ultimate momentum resolution and one-to-one matching of a calorimeter 
hit to a charged t rack in the central tracker. In addition , the cen tral tracker has to survive 
the exp cted backgrounds from beam-beam int eractions. We will demonstrate below tha t a 
small jet-cell type cylindrical drift chamber (CDC) can realize the required performance within 
the presently available det ector technology. Brief discussions on electronics followed by cost 
estimat ion will be also given in this section . 
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3.3.1 	 Design Criteria 

Momentum Resolution 

The most stringent constraint on momentum resolution comes from the required missing mass 
resolution for lepton pairs from decays of ZO bosons produced in the process e+e- ~ ZOh. In 
order that the measurement error might be negligible compared with the beam energy spread, 
the momentum resolution should be better than 0.4 % for a 50 GeV track. This requirement 
on the momentum resolu tion sets the design goal for the resolution of the reciprocal transverse 
momentum I\, = I/PT. If this goal is achieved, the momentum resolution is good enough for 
the charge separation of even 5 TeV leptons. 

The I\, resolution is given by O"~ = (0"::,ea~)2 + (0"~S)2, where the first term in the right-hand 
side is from coordinate measurement errors while the second term from multiple scattering in 
the chamber gas: 

O"::,ea~ ~ (~~1) J~!~ 

O"~s ~ ( ~~) ) 170(:J . I\, 
with Q = 333.56 ( cm . T· GeV - 1 

), C = 0.0141 ( GeV ), L = lever arm length (cm), B 
magnetic field (T), (:J = thickness in r adiation length, and n = the number of sampling 
points. We have, for instance, 

( O"PT)2 = (1.1 X 10- 4 • PT [GeV])2 + (1.5 x 10- 3) 2 
P'l' 

for L = 200 cm, B = 2 T, o"z = 100 pm, n = 100, and ( X / X o) = 1.1 % when C02­
isobutane(90/10) is used as the chamber gas. The effect of the constant term (mUltiple scat­
tering) is less than 15 % on 0"1( for PT ~ 20 Ge V in this case. T his example is already very close 
to our design goal. 

In order to see how the interaction point (IP) constraint or the extra-coordinate information 
improves the moment.um resolution, we have to take proper accounts of the multiple scatter­
ing. We will focus our attention on th , detector configuration shown in Fig.3.6. The radiation 
lengths of the relevant materials are listed in Ta ble 3.2. The IP constraint improves t.he mo­
mentum resolution by approximately a factor of two even in the presence of multiple scattering. 
If we include the Si vertex detector into track fitting, coordinate information from the Si vertex 
detector is equivalent to the use of the IP constraint. 

Taking these into account, we fix the detector parameters as follows:B = 2 T, Tin = 30 em, 
TO'Ut = 230 em, n = 100, and U z = 100 }Lm. Figs.3.7-a) and -b) show the polar angle dependence 
of the momentum resolution without and with the IP constraint, respectively. With the IP 
constraint, the momentum resolution obtainable wit.h this set of detector parameters satisfies 
the design requirement from Higgs studies. 

Cluster Track Matching 

In order to get an ultimate resolution for jet invariant mass, the essential point is one-to­
one matching of a calorimeter cluster and a charged track in the CDC. Since the calorimeter 
will exploit a Si pad detector of 1 x 1 cm2 

, our goal is to keep the track extrapolation error 
reasonably below this size. The position resolution in the azimuthal direction automatically 
satisfies this requirement when we demand the momentum resolution required from Higgs 
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Figure 3.6: The configuration of t racking devic s. 

studies. Therefore, our main concern is the z-resolution a t t he front face of the electromagnetic 
section of the calorimeter. The calorimeter front face is at r = 250 em and there is no massive 
material but the CDC's outer cylinder made of CFRP (0.5 em ) between the CDC and the barrel 
calorimeter. 

An error matrix calculation showed that the effect of multiple scattering quickly disappears 
when t he momentum exceeds 5 GeV and that a z-resolution of 1 mm or better can be achieved 
at the calorimeter front face, if seven stereo layers with O"z = 1 mm are available. 

Material 

Be 2.8 
Si 10 .7 
CFRP 3.0 
Air(latm ) 0.0035 
COdC4H lO (90j l O) 0.0055 

a ble 3.2: A list of materials and their radiation thickness per unit length. 
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Figure 3.7: up /p2 as a fu nction of the cosine of the polar angle: (a) withou t and (b ) with t he 
IP constraint. The different curves correspond to differen t momenta: p = 1, 5, 10, 20, 50, 100, 
and 250 GeV . 

2-Track Separation 

A limited capability of two-track separation (two-hit separation) is one of t.he most. impor­
t.ant effect s to deteriorate the measured track quality. The frac tion of missing hits for decay 
da ughters from a single W boson whose momentum is 250 GeV was investigated. The cell size 
is assumed to be 10 em (the maximum drift length is 5 em). The effect of Left/ Right am biguity 
is also taken into account . If the two hi ts separated by 1 m m ea h other can be distinguished , 
only fi ve percent of the hi ts are missed a t the innermost layer and one percent at the outermost 
layer. A two-hit separation capability of 1 mm ca n be achiev d by our CDC design. After 100 
nsec ( quivalent to a 1 mm drift ) from the arrival of the fi rs t electron , the pulse height become 
about one half of the peak so it is easy to separate two hits whose dis tance is greater than 1 
mm . 

Self To determination 

Since t he JL C beam has a multi- bunch s t ructure, each hit has its own To depending on 
which bunch makes the hit. T he C C should have self-To determination capability. T he To 
determination can be done as follows: the drift dist ances are given as a function of one hun dred 

X2discrete values of To's. After track fi nding, the 1 '0 is determined to give a min imum in 
circle-fit of the h ack. To meet the requirement of a spatial resolu tion of 100 pm with a drift 
velocity of 10 Il-m/nsec, the timing resolution should be 10 ns fo r each hi t . Thus one can expect 
a 1.0 ns timing resolution for one track which has 100 hit points. Adjacent beam bunches 
locate 2.8 standard-deviation away from the bunch which has an event. The track-based To 
det ermination can be done easily. 
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Figure 3.8: The basic cell structure. 

Backgrounds 

i) Soft photon background 
The primary background electrons and positrons are produced through coherent and inco­

herent QED proc"sses. They hit the wall of the ma.<;k and produce a lot of photons as the 
secondary background [l J. The energy spectrum of these photons has a broad peak near 100 
keY and a narrow steep peak at SOOkeY from annhilation. The total number of the primary 
electrons produced at a beam crossing and hitting on the outer surface of tile mask is at most 
104 at center-or-mass energy of 500 / rmGeV. Since the conversion ratio of the primary electron 
to the secondary photon is about one, 104 photons come into the CDC volume. 2.5 photons 
are scattered off in each 1cm sampling thickness by the chamber gas and 1.3 photons from 
wires in one superlayer. The expected background hit per sense wire is 0.06 at the innermost 
layer and less than 0.01 at the outermost layer. The tracking can be done under these photon 
backgrounds. 

ii) Mini -jet background 
It is pointed out that two-photon induced hadronic events, so caned «mini-jets" , can be a 

background at the JLC[2]. At a center-of-mass energy of 500 GeV, the mean value of total 
energy of mini-jet within the CDC acceptance is expected to be 2.5 GeV and charged multi­
plicity is about fivc [3]. The number of mini-jets whose transverse momentum is greater than 
] GeV is estimated to be 1 "'" 20 jets at one beam crossing for c-band case. Since the CDC can 
distinguish the tracks from different bunches, the mini-jet camlOt be a problem. Even if the 
mini-jet ratio is, as the worst case, ten jets a beam crossing, the probability that at least one 
mini-jet overlapping the real event in the same bunch is 9.6%. 

3.3.2 Chamber Geometry and Cell Structure 

As shown in the previous subsection a small cell type cylindrical jet chamber can realize 
the required performance. Details of the CDC structure are given in t his subsection . 

The super layer structure allows to find a track segment as a vector hit in each super layer. 
The number of super layers is calculated from the thickness of one super layer (8 em), the 
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thickness of gap between adjacent super layers (5 em), and the lever arm length (200 em). The 
gap between super layers is determined by the stereo angle . We can get 1.5 super layers in t he 
CDC: 8 axial layers and 7 stereo layers. Stereo angle is set to be ]00 mrad to give (7z = 1 mm 
per superlayer. 

The basic cell structure is shown in Fig.3.8. One jet-cell has 7 sense wires of 30pm¢ tungsten. 
Maximum drift length is Scm. They are strung with 8mm spacing and are applied + 2.5kV. 
The outermost two wires and innermost two wires are dummy sense wires and their voltage 
is l.8kV. Between sense wires,a potential wire is strung and is grounded. The grid wires are 
placed at 5mm away from the sense wire plane. Their voltage is set to be -0.5kV. The grid wires 
allow us to make good equi-drift time shape and to minimize a sence wire displacement due 
to electric force from adjacent layers. All wires except for the active sense wires are 150pmt;b 
alminum wires to reduce total wire tension. Sense wire planes are staggered not to align any 
two sense wire planes on the same radial line. 

Using an electric field calculation program, we studied the basic charactaristics of this wire 
configuration with chamber gas of CO2-isobutane(90:10). The Lorentz angle of this gas is 
about 15 degrees. Fig.3.9 shows the equi-drift time map. The calculation shows that about ten 
electrons arrive at the sense wire within a first time bin whose width is 5 nsec. This suggests 
that if the threshold is set at a few electrons, the required timing resolution (lOOns) can be 
achieved. 

ince the CDC is 4.6 m long in z-direction, gravitational sagging is not negligi ble. To 
minimize total sagging from gravitational and electro-static forces, we set the tension of sense 
wires at 145 gw and that of otller wires at .500 gw to equalize the gravitational sagging of 
all the wires (250 J.Lm ). The displacement of sense wires from their nominal positions due to 
elec t ro-static force is calculated to be from 25 to 54 pm assuming massless wires in the multi-cell 
configuration. The accuracy in machining of the chamber endplate is 10 ILm. 

The total number of jet-cells is 1200 and the total number of wires is 115000. The total 
wire tension is 50 tons, which is tolerable for the following mechanical structure. To support 
the total wire tension, the outer cylinder is made of CFRP of 5 mm thickness and end-plates 
are made of aluminum of 25 mm thickness. When the end-plates are supported by the outer 
cylinder only, the displacement at the inner edge of the end-plate is estimated to be 8 mm. 

3.3.3 Readout Electronics 

The central tracking device should have good spatial resolution and two-track separation ca­
pability in a multi-hit environment. Also fairly good resolution on the charges of the ionization 
pulses is required to have rough z-coordinate information by the charge division method. 

To meet these requirements, slow repetetion rate of the JLC (rv 200 Hz ) allows the usc of 
waveform sampler (Flash ADC), which logs the whole time developernent of the drilt chamber 
signal. The chamber signal will be readout from the both ends of sense wires. 

Output from amplifiers will be fed to Flash ADC's with 12 bits for energy bin and 1024 
time bins clocked at the raie of 200 MHz , i.e. total time window of 5 ps with a time slice of 
5 ns. The conceptual block diagram is shown in fig.3.10 . 

Making use of the full information on the waveform, accurate determination of the arrival 
time is possible by the double threshold leading edge method[4]. The time resolution will be 
a fraction of the time slice of the sampling, hence the contribution on the spatial resolution of 
rv 20pm from the elect ronics systyem is expected in our case. By sampling the whole waveform, 
we can also get the drift time and the charge of the the multiple hits, even if we have the later 
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Figure 3.9 : Equi-drift time map. 

one overlapped wit h the t ail of the first pulse. This is essent ial t o t he effi cient tracking in the 
multi-hit environment . 

3.4 Calorimeter 

3.4.1 Design Criteria 

Our primary purpose at the first s tage of the JLC experiment is to detect the intermediate mass 
Higgs boson if it exists. Such a Higgs boson should be produced by ZO associated processes 
at J LC energies, and can be mos t clearly det ected when t he ZO boson is identified through its 
leptonic decay into electrons or muons . Although the branchi ng fractions of these decay modes 
sum up to only 7%, t he good momen tum resolution of charged leptons measured by the CDC 
is of grea t help in identifying the Higgs boson as a recoiling system of these lepton pairs. Other 
decay modes of the Z O boson have larger branching fract ions: quark pair decays have about 70 
% branching fraction a nd neutrino modes have about 20 %. If we can make use of these decay 
modes , the intermediate mass Higgs boson can be discovered eve v if the luminosity of the J LC 
is not as large as expected. 

In the absence of charged lepton pairs in the final state of the ZO H O process, the mass of 
the Higgs boson should be solely reconstructed from the invariant mass of the dijet with b­
quark flavors. With the help of b- fl avor tagging by the vertex detector, background events from 
W +W - pair product ion process can be greall y suppressed and practically can be ignored. The 
most significant background for the hadronic detection of the intermediate mass Higgs boson 
come from t he ZOZ O pair production process, resulting in four hadronic jet or two hadronic 

94 



Preamp POSlamp 

Flash 
ADC 

DalaMe 
mory 

Figure 3.10: Schematic diagram of waveform sampling. 

jet final states. Especially good jet-invariant mass resolution is required in order to separate 
reconstTllcted Higgs bosons from background ZO bosons in this mass region of t he Higgs. 

Detector induced effects on t he dijet invariant mass resolution include: 

• calorimeter segmentation , 

• calorimeter energy resolution and 

• nonlinearity of t he hadron calorimeter. 

The calorimeter segmentation is closely related to the position resolution of reconst ructed 
hadronic and electromagnetic clusters and to the separation of two detected clusters. If we 
can measure the position of the hadronic clusters precisely, a nd separate two nearby hadronic 
clusters inside hadl'Onic jets, then charged particles detected in the central tracking chamber 
can be correctly connected to these clusters. Precisely measured momenta of these particles by 
the CDC will greatly improve the invariant mass resolution of the dijet. 

We have studied the dijet invariant mass resolution of our detector. We assumed a calorime­
ter based on interspersed scintillator pla tes and P b absorber plates. Its inner surface is located 
at 2.5 m in radiusand is about 6 m long. T he first 40 layers fo rm the electromagnetic calorimeter 
(ECAL) and t he remaining layers form the hadronic calorimeter (HCAL). 1n order to measure 
shower position precisely, Si pads of 1 x lcm2 are put into ECAL at a depth of 4.3 radiation 
length, which provide a posi tion measurement of about 3 mm resolution. Each calorimeter 
wedge contains four ECAL towers of a bout 10 x 10cm2 at t he inner surface of the barrel part 
and one HCAL tower f about 20 x 20cm2 at its innermost surface. The energy resolutions of 
these modules are assumed t o be: 

15%/v'E (J) 1 % for ECAL and 

40%/vE (J) 2% for HCAL. 

95 



ZB 

11' - 300 GeV. mil - 110 GeV 
t1 - 4.0 GeV 

-

100 

o 

~ 
°110 

Figure 3.11: Jet mass resolution for Higgs 

In Fig. 3.11, we present the result of a calculation of the dijet mass resolution for our 
model calorimeter. We can get reasonably good jet mass resolution with the assumed det ctor. 
A design of the calorimeter which can achieve the assumed performance is described in the 
following subsections. 

3.4.2 Detector Configuration 

In order to achieve good hadron energy resolution, a compensated lead/ plastic scintilla tor(PMMA ) 
sandwich calorimeter scheme is adopted. It consists of a fin e-sampling ECAL of 29 radiation 
lengths, a coarse-sampling HeAL of 5.6 interaction lengths , and a silicon pad det ector located 
behind the nrst 4.3Xo of the ECAL. The schematic view of the calorimeter assembly is shown in 
Fig. 3.1. The whole calorimeter is placed inside the solenoid to achieve good energy resolution 
and hermeticity. It has a tower structure and each tower nearly points to the interaction point. 

The ECAL consists of 40 layers of 4mm thick lead plates and 40 layers of Imm t hick PMMA 
plates. Its thickness is chosen to contain 250 GeV electron shower. According to simulationsI5!, 
this configuration is expected to give a stochastic term for the energy resolution of 

(3.1) 


for EM showers, where a constant term of 1% is assumed. Beam test results by ZEU SI6! and 
SPACA07) also support this estimation for the stochastic term, while the constant t erm of 1% 
is a bit of a challenge. The segment size is IOcm x IOcm, which is too big to calculate t he 
shower center posi tion from the energy deposit distribution over different segments. Instead, a 
silicon pad detector is installed. This is described later. T he particle densities of reactions are 
thin enough to avoid multiple neutral pa rticles coming into one segment . 

The HCAL consists of 8mm thick lead plates and 2mm thick PMMA plates . Th total 
thickness is 120cm (5.6 interaction length) which is limited by the available space and by 
mechanical strength. The ECAL and HCAL give 6.5 interaction lengths in total, which is thick 
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enough to contain 98 % of a 20GeV pion 's energy and 95% of a 200GeV pion's energy. This 
configuration is expected to achieve an energy resolution of 

(/E/ E = 40%/VE EB 2% (3.2 ) 

for hadrons , extrapolated from the result s of SPACA071. The segment size is 20cm x 20cm 
and one segment contains 75% of the energy of a 10GeV pion shower when it is injected at the 
cent r of the segment[61. 

Photons from the scintillator are collected by wave length shifter plates (WLS) located on 
both sides of the scintillator plates of the HCAL, and at one side of those of ECAL. Position 
dependence of the light output is corrected using t he silicon pad information. The WLS's extend 
to the bottom of the tower, and photo-diodes are attached at the ends to read out the photons. 
About 2000 photo-elect rons are expected to be obtained as an output of the photo-diode for 
a 1GeV shower. The noise level of the preamp is about 700 electrons (FWHM) equivalent 
if typical photo-diodes are used, which corresponds to about 300MeV. T his noise level is a 
little too high, and APD's or forth -coming devices like VLPC or image intensifier+ CCD may 
be needed l91 . In order to avoid the WLS walls pointing to the interaction point , the tower 
projection has a little offset in both the eand ¢ directions. 

A silicon pad detector (Si-pad ) is located after the first 4.3Xo of the ECAL. A pad size of lcm 
x 1em is presently assumed, and this achieves a position resolution of about 3mm. This good 
position resolution is necessary for track-cluster matching. Excellen t two-cluster recognition 
can also be achieved , and these help to identify particles and to assign the correct energy to 
photons when photons overlap charged particles. The pads give a signal of 16000 electrons for 
minimum ionizing particles, and can separate e, I-l and 11" in combinat ion with ECAL and HCAL 
energy information . The syst em is expected t achieve a pion rejection factor of about 1/50 
for an electron efficiency of 90%[81. 

3.4.3 Mechanical Structure 

Calorimeter towers are assembled to the whole det ector as shown in Fig. 3.1. The barrel part 
has an inner radius of 2.5m, t he outer radius of 4.0m, and the length of 6m, and it consists of 
2500 towers. Each tower weighs about 600kg, and t he total weight of t he barrel part is about 
1500 tons. T his weight is supported by a half-cylinder with negligible deform a tion as shown in 
Fig. 3.12. The t owers are first attached to a ring, and the rings are then placed on the support 
cylinder. During the tower construction, it stands vertically while lead and scintillator plates 
are s tacked. In order to attach the towers to a ring, the towers must have a self-supporting 
structure so that we can lay them horizontally to attach them to the ring stTucture. This can 
be achieved by mounting each component in a box made of 2mm thick stainless steel as shown 
in Fig. 3.13. This simple structure can hold the weight of 600kg wi t h a maximum displacement 
of ] mm at the front face of the tower even when t he tower is held horizontally and fixed at 
the bot tom end only. After attaching them to the ring, each ring is put on the supporting 
cylinder, slidden inward , and fixed a t the design location. The half-cylinder is made of IOcm 
thick stainless steel and is supported by the iron structure. The solenoid is divided into three 
pieces as shown in Fig. 3.1 t o support the cylinder not only at both ends but also at two 
additional points between the ends. This four-point support has a maximum deformation of 
only lOlLm at the center of the cylinder, while a s veral millimeter deformation is introduced if 

the cylinder is supported only at both ends. 
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Figure 3.14: Layout of DAQ system 

Each endcap calorimeter assembly has an outer radius of 4m, an inner radius of 0.35m, and 
a thickness of 1.5m. It has a tower structure similar t o the barrel part. Each endcap calorimeter 
consists of about 1250 towers and weighs about 640 tons. 

3.4.4 Electronics 

Photons from the scintillators a re collected by WL 's and are read out by photo-diodes beca use 
the whole calorimeter is placed in the magnetic field. Low noise preamps are located in each 
tower . The capacitances of both the photo-diodes and the Si-pads are abOl]t 80pF, which gives 
a noise level of'" 700 electrons (FWH M). T he dynamic range of the ignal is from '" 100 MeV 
( well below the MIP signal on ECAL ) to '" 250Ge V ( Bhabha electron energy at v'S = 

0.5TeV ), which can be measured with a s tandard bi-linear 12bit ADC. The number of channels 
for ECAL and HCAL is only 20k and 5k, respectively. Thus t he calorimeter signals are easily 
delivered to the electronics hut, amplifi ed, and read out with a conventional FASTBUS ADC 
system as shown in Fig. 3.14. 

The Si-pad detector has 2 x 106 channels in total , and to read out these signals is not 
trivial. To lay down two million ca bles from the detector to the electronics hut is not a practical 
solution . Thus we will instaH an analog multiplex r in each t ower and transmit 400 channels of 
data serially to the electronics hut. T hese data are pedestal- suppressed by compaction modules 
and read out t hrough FASTBUS. 
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3.5 Muon Detector 

3.5.1 Design Criteria 

The requirements for the muon detector are rather simple because it need not measure the 
momentum of muons, it simply needs to tag muons. 

Since the CDC has very good momentum res01ulion, the muon momentum is known very 
precisely once a matching between a CDC track and muon detector hits is successfully made. 
For this purpose, many position measurements along the muon track are essential, while the 
resolution of each position measurement is not so important . Timing measurements are also 
needed to reject cosmic ray muons. Modest timing resolution can reject cosmic ray muons 
effectively since the duty factor of the data taking is very low. 

Muons are usually the cleanest signal in a search for new particles, and we must minimize 
the region which is not sensitive to muons. 

3.5.2 Detector Configuration 

The muon detector consists of six super-layers of single-cell drift chambers and one layer of 
plastic scintillation counter as shown in Fig 3.15. 

In the case of the barrel part , the innermost and outermost super-layers are located inside 
and outside of the flux return yoke, respectively, and have four layers with xx'yy' wire config­
uration to measure both ¢ and z coordinates. The remaining four super-layers are interleaved 
between the yokes and have two layers with an xx' configuration to measure the ¢ location 
only. Each layer consists of a single-cell drift chamber with a cell size of IOcm x 5cm and a 
wire length of 10m. A wire support is located at the middle of the wire to reduce the wire sag. 
Using 100pm ¢ tungsten wire with 600g wire tension introduces a sag of '" 450 pm, and this 
dominates the position resolution of the chamber. 

The endcap muon detector has a super-layer configuration similar to the barrel part except 
that two interleaved super-layers hav<:. an xx' con figuration while the other two hav yy' . The 
wire lengths differ according to the location and the length of the longest wire is 15m, which 
needs two mid-supports. 

The total number of channels is 7700 for the barrel part and 2400 for each endcap part. 
These can easily be sent to the electronics hut and read out with conventional TDC's. 

3.5.3 Expected Performance 

The position resolution of each interleaved layer is about ", 500 pm, which is dominated by the 
wire sag. Once the z-coordinatc of the hit is det.ermined, the resolution can be improved by 
making a wire-sag correction. However, 500pm resolution is good enough to identify muons. 
The innermost and outermost super-layers can achieve much better position resolution by 
themselves because they have both z and ¢ measurements. 

Muons must have a momentum of at least 3.5Ge V / c to be identified as a muon by the muon 
detector. This is due to the large energy loss of '" 2GeV by the calorimeter. 

The polar angle coverage of 1cosO 1< 0.99 is acrueved without any insensitive region. A 
detection efficiency better then 99 % can be achieved over this polar angle range. 

The effect of the background muons from the beam line has not yet been studied in detail , 
but we expect that magnets can effectively sweep out these background muons as will be 
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Figure 3.15: Layout of the muon detector. 

described in section 4.7. 

3.6 Superconducting Solenoid Magnet 

3.6.1 General Characteristics 

We require that the superconducting solenoid magnet is placed outside the calorimeter to 
achieve good hermeticity. The solenoid magnet has a structure shown in Fig. 3.16 and param­
eters listed in Table 3.3 . The bore diameter is 9 m and the overall length is 10 Ill . To simplify 
the assembly procedure and also to provide a rigid support for the carolimeter, we divide the 
magnet into three parts. Each part is 2.6 m in length and is equipped with its own separate 
cryostat. The central part and both of the end parts consist, respectively, of 257 and 278 turns 
of double layer coaxial coil windings . This configuration i to compensate the field drop along 
the beam axis . 

The superconducting magnet requires a relatively thick iron yoke to ensure the 2 Tesla 
uniform field in the central tracking region. In order to keep the maximum field in the iron 
yoke below 2 Tesla, we need a total amount of 11,500 tons of iron. The flux line distribution 
is shown in Fig. 3.17, where the magnetic field uniformity in the tracking region is better than 
± 0.6 % of the central field. 

The overall inductance of the magnet is 5.5 H. Consequently, the total stored energy is 
1.1 GJ, when the magnet is operated at 20 kA to produce the 2 tesla central field. 
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Figure 3.16: Confi guration of t he solenoid magnet 

Coil bore diameter 9 (m) 
Total length 10 (m) 
Inner diameter of the cryostat 8.5 (m) 
Outer diameter of the cryostat 9.9 (m) 
Number of modules 3 
Operation current (2Tesla) 20,000 (A) 
Inductance 5.5 (H) 
Stored energy 1.1 (GJ) 
Refrigerat ion load at 4. 2K 330 (W) 
Weight of t he conductor of each module 52 (tons) 
Total weight of the conductor 151 (tons) 
Weight of one piece of the coil 120 (tons) 
Magnet weight without iron 720 (tons) 
Conductor length of each module 8.0 (km) 
Total conductor lengt h 24 (km) 
Total weight of the magnet with iron 12,000 (tons) 

Table 3.3: Parameters of the superconducting solenoid 
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Figure 3.17: Flux line distribution 
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Figure 3.18: Cryostat of t he solenoid 

3.6.2 Cooling System 

There are two reliable cooling methods: the conventional pool boiling and the cooling by the 
flow of two-phase h lium that has a larg heat capacity owing to the latent hea t at the low 
temperature. The JLC detector magnet needs a.pproximately ] 5,000 liters of liquid helium , 
when cooled by a pool boiling system. Such a large volume of liquid helium cannot be brought 
back to its circulator, when the magnet gets quenched. We are forced to release the resultant 
helium gas to the atmosphere. The duct syst.em to make it possible is impractical, since the 
experimental hall is expected to be in deep underground. Therefore, it is absolutely necessary 
to reduce the amount of the liquid helium in view of safety. 

This can be achieved by a direct cooling system employing the flow of two-phase helium 
through a cooling path in the conductor. The required amount of the liquid helium in this 
system is about 500 lit rs, which is 1/ 30 of th at required by a pool boiling system. 

The cryostat for this magnet is shown in Fig. 3.18. The cryostat is a vacuum chamber with 
superinsulation. The two shields covering the coil are kept at 20 K and 80 K , respectively, by 
the helium gas from the refrigerator. The 20 K shield is essential to help further reduce the 
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Figure 3.19: Cross sect ion of t he superconductor 

Dimensions 50 x 18 (mm2 ) 


Length of one piece 800 (m ) 

Diameter of the cooling path 14 (mm ) 

Critical current at 4.2K in 2Tesla 50,000 (A) 

Superconductor Nb-Ti 

Ni-Ti:Cu 1:2 

Nb-Ti:Cu overall 1:36 

Number of filaments 10200 

Diameter of filament 50 (/lm ) 

Stabilizer Cu 


Table 3.4: Parameters of the superconductor 

helium amount by controlling the pressure drop to less than 0.2 kgjcm2
. 

The total heat load at 4.2 K is estimated to be 330 W. Therefore , a medium class refrigerator 
with a cooling power of 500 W (coTTesponding to electric power consumption of 500 kW) is 
enough to operate the magnet. 

3.6.3 Superconductor 

The coil is made of a Nb-Ti j Cu multifilamentary superconducting composite. The CujSC 
ratio is chosen to be 2.0 for easy mechanical handling. A cross-sectional view of t he conductor 
is given in Fig. 3.19 and the main parameters of the superconductor are listed in Tabl 3.4. 
The operation curren t and the temperature are 20 kA and 5.0 K, assuming that the helium 
pressure at the inlet is 0.3 kg j cm2 and t he local temperature rise is 0.5 K. On the other hand, 
the critical current of the conductor is 40 kA at 5.0 K in a 3 Tesla field (50 kA at 4.2 K in 
the same field ). The stabilizer of the conductor is made of Cu and the current density of this 
Cu part is 25 A j mm2 when the magnet gets quenched. TMs current density is low enough t o 
keep the local maximum temperature rise less than 80K, so that t he magnet is safe from local 
mechanical stress. 
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3.6.4 Energy Extraction 

The stored energy has to be safely extracted, on encounter with a quench. In our magnet design, 
all of the three modules are connected to a single dump resistor of 0.1 n, which absorbs all of 
their stored energy, even when only one of them gets quenched. This ia to avoid unbalanced 
force between the coils and the iron yoke. The maximum voltage at the energy extraction is 
2 k V bet.ween the current leads. 

3.7 Background and Masking System 

3.7.1 Introduction 

Three types of background problems have to be considered for the experiment at JLC-I. They 
are (a) high energy muons that are produced through electromagnetic interactions between the 
incoming beam and collimating materials in the upstream collimation ection, (b) synchrotron 
radiations emitted by the beam when it trav rses through the beam line magnet.s, particularly 
the fin al focus lens , and (c ) e+ e- pairs created in beam-beam collision at interaction point (JP). 

Collision parameters are optimized to minimize these backgrounds while a luminosity is 
kept to be maximal value. The masking system in the interaction region is carefully designed 
to minimize such e+ e- pair background and synchrotron radiation photons. We developed a 
design where the photons would not enter the ac tive detector volume unless they are emitted by 
electrons / positrons beyond transverse offsets of ± 6uz or ± 35uy which are the nominal values 
of our collimation scheme. Here the u'" and CTy denote the size of the design emittance beam. 
In this calculation the beam is assumed to have a bi-Gaussian transverse distribution up to 
± 3uz (y), followed by a 1 %flat tail beyond it . 

Should synchrotron radiation backgrounds turn out be unacceptably large in the real life, 
two possibilities have to be examined: (1) the core emittance of the beam is too large, or (2) 
the lateral tail spread of the beam is too large. In case of (1 ), if the emittance cannot be 
rapidly improved, t.he experiment may be run by increasing {3", thus by reducing the lateral 
spread of synchrotron radiations at IP. In case of (2 ), if the reduction of beam tails turns out 
to be difficult , we need to resort to some beam collimation. It should be pointed out that the 
causes (1) and (2) are likely to occur (if they do) simultaneously. Hence the counter measures 
will have to be a combination of emittance improvement, optics retuning, beam tail reduction, 
beam collimation and others. 

With beam collimation with metallic slits we create a possibility of high energy muon 
productions. Such muons can travel along the downstream beam line and penetrate the detector 
longitudinally, leaving huge energy deposit.s in the calorimeter and elsewhere. They can cause 
serious problems in the trigger and data analysis. The flux of muons depends on the tightness 
of the collimation as well as presence of downstream beam line components. For this reason an 
excessive beam collimation could turn out to be coun ter-productive. It should be used with a 
care, to reduce production of secondary tails off the collimation materials as wen as to avoid 
an emit.tance growth due to collimator wake fields. 

In subsequent sections we describe our strategies on how to handle those backgrounds. 
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3.7.2 Muons 

1t is difficult to estimate how many muons will be created in the collimation section since we do 
not know the mechanism to create a beam tail. Of course there is no muon background problem 
with no tail, i. e. gaussian beam. Total number of muons(NI' ) per electron are calculated as a 
function of incident electron energy(E,, ) by MUON89[10] code and it is approximately expressed 
as, 

NI' = 3.9(2.3).10 - 4 • E,,(GeV )/ 250 for Ell > 2(5)GeV. (3.3 ) 

The muons may be created as many as 2.8(1.7) . 106 because of N p. . 72 (bunches/ train ) . 
10 lD (e/s / bunch)· 10- 2(1% tail ). Typical scattering angle of muon ({}p.) is m p. / Ep., i.e. (}p. = 1 
mrad for EI' = 100 GeV. Since a distance between a collimator and IP is about 1 km, these 
muons are spread over detector. Low energy muons(Ep. < a few GeV ) can be easily absorbed 
in concrete of 10 m thickness. In order to control them JLC-I has a collimation section in the 
final focus system. It comprises a collimator(30 radiation length) , a muon attenuator[ll] and 
"big bending" magnet( '" 15 mrad ). 

The penetrating probability after a collimator is mainly come from an edge scattering and i t 
has been calculated to be 10- 4 by R Nelson [13]. Our collimation scheme employs "twice" colli­
mation, that is, the beam is collimated twice at least in its phase space(x, Xl, y , yl and energy). 
Therefore no sizable tail is expected downstream the collimation section. The probability of 
repopulation in a tail is also estimated to be 1O-7/n2 per lkm beam line with the va uum of 
10- 10 torr, where n is the position (nlJ;z:(y)) ofthe repopulation , provided that the repopulation 
is due to Coulomb scattering between electron / positron and residual gas ion (CO )[14]. In our 
case of ± 6lJ;z: of the collimation and about 1km between the collimation and IP, the probability 
is less than 3· 10- 9• The corresponding number of particles in the tails is 3· 103/ train at most 
, which is acceptable. The detailed description of t he collimation section is foun d in "Final 
Focus System" oHms proposal. It should be stressed that high vacuum « 10- 10 torr) is highly 
desired in final focus system in order to avoid scatterings of tail particles a t QC l pole tips 
etc. as well as synchrotron radiations. 

The principle idea of muon attenuation is to confine muons inside iron pipe which has two 
axial magnetic fields of 1 Tesla in opposite directions corresponding to J.t+ 's and J.t - 's, then 
simultaneously absorb muons [12]. The length of the muon attenuator is mainly determined 
by muon ranges and it is about 100 m at most, where muon range in iron is 56(98) m for 
E1L=100(200) GeV[15]. With this scheme there is expected to be negligibly small number of 
mnons a t IP. 

3.7.3 Synchrotron Radiations 

A. Last Bending Magne t 
Since the last bending magnet is located at 117.4 m from IP and its total bending angle 

is 0.55 mrad, synchrotron radiations are horizontally spread up to 6.4 em at IP. The critical 
energy is about 1 MeV and the intensity is almost same as the beam intensity (O(1012)/train). 
As a half aperture of final quadrupole magnet QCl is 0.67 cm, it is necessary to shield t he 
synchrotron radiations. For this purpose a mask is installed at 61 m from the last bending 
magnet, near QC3. The mask can be made by 21cm long tungsten which corresponds t o 20A 
( 2· 10- 9 attenuation ) for a rew MeV photons. Since its minimum (half) aperture i 0.3 em 

106 



---1012 

,..-... 1010>C) 

~ 
0- 108

@­

~ 106 
r.I'l 

0... ~ 
0 

..c: 104 
0.. 

'+-< 
0 

=#: 
102 

10° 

Vertical profile 

- Horizontal profile 

0 2 4 6 8 10 

Distance from beam axis (mm) 

Figure 3.20: Profile of synchrotron radiat ion per train crossing from QC4-QCl at the front face 
of QCl seen from IP,i.e. 2.5m upst ream from IP for E beam = 250GeV . 

in horizontal and ve rtical directions, which correspond to 22CTz and 264CTy , respectively, there 
is no emittance growth due t o a wake fie ld by t he mask. There is no secondary particles (e±'s 
and 1l±'S) created a t the mask because no beam tail can hit it . With this mask the synchrotron 
radiation is well coHimat d to 1 cm at IP. 

B . Quadrupole Magnets 

There are only 4 quadru pole magnets, QCl - QC4, in a straight section between the last 
bending magnet and IP. Among them QC2 is the largest radia tion source . Here we do not 
consider any m a."lk since a doublet of final quadrupole magnets (QCl and QC2) is so near IP 
that there is no way to s top back-scattered synchrotron radiations from the mask. T he conl rol 
of synchrotron radiations from the quadrupole magnets is uniquely provided by the optics of 
the fi nal focus system . The optics is carefully determined in order to have a large bore (1.34 cm 
¢) of QC1, which is enough for the synchrotron radiations to go through wi thout scattering for 
the beam collimated at ±6CTz , ±35CTy . T he tail of the synchrotron radiations is also produced 
by the tail of bea m. Figure 3.20 shows the lateral spread of radiations from QC3,QC4,QC2 
and QCl itself in front face of QCl, i.e. 2.5 m upst ream of IP. Tolerable number of photons is 
0 (107) for x,y > 0.67cm in this figure, which may hit the "iron" pole of QCl and back-scatter 
int o IP. As discussed in the previous section t here must be tails up to 104 photons beyond sharp 
cuts of the lateral spreads in Fig.3.20. We show Fig.3 .21 to see how t he radiations go through 
QCl . In Fig.3.21 cross sectional views of rad iations are shown at the ent rance and t he exit of 
QCl. T he two off-axis profil es are th se of the rad iations with exit beam (afte r collision) since 
a crossing angle is 8 m rad at E beam =250GeV a nd QCl is 2.4 m long , wherca.c; the profile at 
the cent er is that of focusing beam (before collision). Therefore there is no serious background 
problem of the synchrotron radiations . 
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Figure 3.21: Cross sectional views of incoming and outgoing synchrotron radiations , which are 
shown as ellipses, at the entrance and exit of QCl, for Ebeam = 250GeV, where the crossing angle 
of two beams is 8 mrad. QCl is located at 2.5m upstream from IP, and its half aperture and 
length are 6.7mm and 204m, respectively. Its coils are indicated by crosses boxes. Disrupted 
beams after collision are also plotted by dots. 
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e+e- pairs aTe created in coherent [16] and incoherent processes at linear colliders. The coherent 
process is the beamstrahlung photon conversion by a strongly collective magnetic field produccd 
by the opposing beam. Its probability depends mainly on a beamstrahlung parameter(1' ). Since 
the condition of T 1 corresponds to a threshold for a photon of beam energy to convert intoI'V 

an e+ e- pair in the magnetic field and the pair creation with l' < 1 is exponentially suppressed 
as exp( -16 / 8T) , coherent pairs is only relevant at a linear collider with Y 2:: 1. For JLC- I the 
number of coherent pairs are negligibly small because of T = 0.093(0.19) a t Ebeam= 150(250 ) 
GeV. On the contrary, the incoherent process comprising (a ) BW (Breit-Wheeler ): II -t e+e-, 
(b )BH (Bethe- Heitler): ,e± -t e±e+e-, and (c)LL (Landau- LifshiLs): e+ e- -t e+e-e+e- has 
no such energy threshold and it is proportional to luminosity, where I is a beamstrahlung 
photon, and its number is about one per a beam particle fo r JLC-J. Their typical cross sections 
are (a}BW: 1.9 .1Q - 27cm2, (b )BH: 2.2 .1Q- 25cm2 and (c)LL: 4.5 .1O- 26cm2 at Ebeam= 250 GeV. 

1As luminosity per bunch crossing is very high, which is 1.0· 1030cm - 2bunch - at Ebeam= 250 
GeV, enormous number of pairs are created at each collision, then they may kill an experimen t. 

The backgrounds of the pairs can be classified in two ways, i. e. (i) primary and (11 ) secondary 
background. The former comprises pairs which directly enter a detector region, then overlap a 
physics signal. The most affective region of a detector is for a vertex detector because of the 
small transverse momenta of the pairs. The latter comprises secondary particles,i.e. neutrons 
and photons, which are crcated in a collision between the pairs and a pole tip of QCl. The 
number ofneutrons(N .. ) is proportional t o the total deposit energy of the pairs CEEe), 'i. e. N.. rv 

0.13 · EEe, while the number of photons(N.., } is proportional to the total number of the pairs 
(ENe), i. e. N.., rv ENe. To quantitatively estimate these backgrounds we simulate the pairs by 
ABEL. For the generation of the pairs ABEL takes account of inheren t scattering angles of the 
pairs, which can be larger than their characteristic angles of mel Ee, a geometric reduction due to 
smaller beam spot size (especially in vertical direction) than the typical impact parameters and 
an effect of strong external field . In ABEL t he pairs are kicked by the strong electromagnetic 
field produced by the opposing beam, then they can acquire larger transverse momenta than 
the inheren t one •. The final scattering angle (ee) is the sum of the inherent angle (e~) and kick 
angle (ekicJ.:) . The detailed description of this simulation is found elsewhere[17]. 

Figure 3.22 shows a scatter plot of the pairs in a plane of the final scattering angle (horizontal 
axis) and the transverse momentum (vertical axis ). A sharp boundary is clearly seen in this 
figure , which corresponds to the maximum kick angle of the pairs ( B~ << ekicd, and the pairs are 
seen to be also largely scat tered beyond this boundary ( B~ > > Bkick )' The pairs in very forward 
angular region (Be < 0.15 ) hit QC1 etc. , then the secondary photons are back-scattered. For 
further study of the primary backgronnd we plot the pairs of Be > 0.15 ( outside of a mask which 
is described in next section ) as a function of their tra nsverse momenta in Fig.3.23. The results 
are listed in Tab.3.5 for all cases of JLC-l at Ebeam=150 arId 250 GeV together with machine 
parameters relevant to background study. From EEe's in Tab.3.5 the total number of neu t rons 
is 0 (106) per train crossing. Typical energy deposi t of a neut ron is estimated to be about 
0.1 MeV, which is normalized to electron energy, with a detection efficiency of < 50% in our 
calorimeters[18]. Assuming the neutrons spread uniformly over 20k channel calorimeter, energy 
deposH per channel is a few MeV, Le. 106 • O.l (MeV) . 0.5( eff .)/(2. ] 04} . T he other detector is 
less sensitive to neutrons. Therefore the neutrons cause no serious problem. Possible problems 
of secondary photons and backgrounds in a vertex det ector will be discussed in subsequent 
sections. 
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Table 3.5: Characteristics of JLC-I 

Ebeam (GeV) 150 150 150 250 250 250 
Band S C X S C X 

L (cm- 2sec-1) x 1033 3.5 6. 6 3.2 4.8 11. 6.3 
L (cm-2bunch - 1

) x 1029 15.3 6.1 2.4 17.5 10. 4. 7 
rep. rate (Hz) 50 150 150 50 150 150 

number of bunches 46 72 90 55 72 90 
bunch separation 5.6ns 2.8ns l.4ns 5.6ns 2.8ns l .4n 
Ne±/bunch xlO lO 1.56 1.0 0.63 1.30 1.0 0.63 

U z (nm ) 335. 335. 335. 301. 260. 260. 
uy (nm) 3.92 3.92 3.92 3.04 3.04 3.04 
U z (Jlm) BO. BO. B5. BO. 80. 67. 
{3z (mm) 10. 10. 10. 10. 10. 10. 
(3y (Jlm) 100 . 100. 100. 100. 100. 100. 

Dz 0.21 0. 13 0.090 0. 13 0.13 0.071 
Dy 18.0 11.5 7.7 13.0 11 .5 6.1 

disruption angle: Bo (mrad) 0.88 0. 57 0.35 0.49 0.44 0.27 
crossing angle: <Pc (mrad ) 11.0 10.4 9.0 7.3 8.0 7.2 

(T ) 0.14 0.093 0.059 0. 23 0.19 0.15 
T maz 0.47 0.32 0.19 0.78 0. 70 0.51 

energy loss (8) (%) 7.0 3.5 1.7 9.0 7.0 4.0 

n.., 1.7 1.1 0. 74 1.6 1.4 0.91 
A 1.3 0.95 0.74 1.0 0.93 0.66 

1.65 x ptmaz (MeV ) 
at B =0.15 26.9 17.2 10.3 22.9 1B .2 13.2 
Rma~k (em) 9.0 5.7 3.5 7.7 6. 1 4.4 
Lma4k (m) 0.60 0.38 0.23 0. 51 0.41 0.29 

TJma~k(LQ = 2.5m) x 10- 4 6.0 1.9 0.60 3.9 2.2 1.0 
total energy deposi ts(GeV ) 

and e's/ bunch 
'L,Ee( no Be cut) X 105 1.8 0.60 0.17 5.8 3.0 0.91 
'L,Ne( II ) X 104 6.2 2.0 0.62 7.0 3.9 1.3 
'L,Ee(Be> .005} x 104 13. 4.0 0.55 II. 5.8 1.3 
'L,Ne( /I ) X 104 5.4 1. 7 0.49 5.1 2.8 0.96 
'L, Ee(Be> .050) X 102 5.4 4.9 0.94 21. 9.2 2. 2 
'L,Ne( II ) X 103 8.0 5.7 1.0 11. 9.4 3.2 

number of hits(e's ) / buneh 
in 1eosOe l < 0.9 

r = 2 em 429.4 117.8 63.1 350.2 100.4 81.6 
(188.5) (21.1 ) (5.8 ) (69.8) (34.4) (11.1) 

r = 5 em 76.8 7.3 124. 51.7 21.7 23.3 
(14. 6) (4.7) (2.8 ) (10.9) (6 .8 ) (2.9) 

r = 30 em 2.3 1.1 O. 1.4 0. 3 0.3 
(1.0) (0.5) (0) (0 .75) (0.2) (0.2 ) 
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Figure 3.22: Pairs simulated by ABEL on a plane of PI and ()e at Ebeam= 250GeV for JLC-I(c­
ba.nd). 

3.7.5 M asking Systelll 

Our masking system is schematically shown in Fig.3. 24. A mask is employed in order to 
shield against t he large amoun t of the secondary photons. The probability for the 0 (107) 

photons/ train (see Tab.3.5) to escape from the mask, Tfma~'., should be less than 10-3 , which is 
geometrically determined by t he front apert ure of t he mask. Most of the escaped photons hit 
the ma.<;k surface on the opposite side, then they enter the detector region. Tn addition the mask 
must have enough thickness to absorb t he photons) t hat is , its attenuation coefficient should 
be less than 10- 5 for 0.5MeV photons which corresponds to a 5cm thick tungsten. We require 
that the acceptable number of photons in the detector region is 0 (102 ) per train crossing. As 
we fix the angular region of the mask as 0.15 < ()ma~k < 0.2, it remains to determine only one 
parameter to fully specify the geom etry of the mask. We take the half aperture of the mask, 
Rma~k in Fig.3.24, for this parameter. Rma~k can be linearly related to a diamet er of circular 
trajectory of a charged track in a solenoidal magnetic field (B), i .e. R ma.• k = pr,a~ / O.15B and 
B= 2Tesla. We determine RmGu k for t he pairs, which comprise a shoulder in Fig.3. 23, to loop 
inside the mask . There is another important constraint from the solid angle seen by the photons 
back-scattered at QCl, i.e. Tfma~k = R?na~k/ 4 ( LQ - Lma~k)2 < 1 X 10- 3

, where L m lUk and LQ are 
the dist ances of t he mask and the final focus quadrupole magnet from the interaction point(IP ), 
respectively(Fig.3.24 ). The location ofthe final focus quadrupole magnet has been set to be 2.5 
m from IP for the synchrot ron radiations to go through QCl without scattering as mentioned in 
the previous section. The optimized values of R m ru k , LmaAk and Tfm allk are also listed in Tab.3.5 . 
With this masking system , the total number of charged particles hitting the outer surface of 
the mask is less than 103 / train (72 bunches) as shown in Fig.3. 23. 
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Figure 3.24: A masking system at the interaction region 
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3.7.6 Background at the Vertex Detector 

In 	general we can use a beampipe of small rad ius, e.g. R pipe 1crn , at IP because of norv 

fear of synchrotron radiation as discussed in the previous section . Therefore, a vertex detector 
can be placed very close to the beam line. In order t o estimate the background in the vertex 
det ector, the number of hit points , which t he pairs make by traversing the surface of t he 
cylinder of radius Rvtz and length Zvtz = Rvtz/ tan Bvtz around t he collision point, are plotted 
as a function of Rvtz at / cosBvtz /=0.707 and 0.9 in Fig.3.25(a),(b). Here we assume the 
helix trajectories of the pairs in the solenoidal magnetic fi eld of 2 Tesla and we allow for the 
pairs to register mult iple hit points withou t any interaction . The number of hits decreases 
rapidly as Rvtz increases. The hit nu mbers per bunch crossing are 117.8(21.1) and 100.4(34.4) 
at R vtz = 2cm, / cosBvtz /=0.9 for JLC-I(c-band) Ebeam= 150 and 250GeV, respectively, where 
values in parenthesis are the number of particles which make hits. The hit numbers have 
to be multiplied by 72 for a real background estimation because there are 72 bunches/train. 
This background apparently prevents us from using a gas cham ber as the vertex detector in 
Rvtz <10cm. Our CCD (pixel ) device is the best detector. The vertex detector also suffers from 
the secondary photons. Since the number of these photons is on the order of 103 per train 
crossing, the corresponding hit number in the vert ex detector is always less than those of the 
pairs with a few % of the conversion probability of the photons. 

3.8 The Underlying Hadronic B ackground 

The two-photon hadronic background is one of the most important issues in the future e+ e­
linear collider experiments, since which might spoil the clean experimental environment other­
wise available. The higher the energy, the severer the problem becomes because of the following 
reasons. 

1. 	 Since the bremsstra hlung photon intensity increases with energy as In( y's/me ), the cross 
section of a two-photon process increases as, a ex: (In s/me? In addition, according to 
the DG model[24]' the minijet production rate increases as a ex: (y's)14. Therefore, for 
example, the cross section of t he minijet production increases by about a factor of 20, 
when we go up from the TRISTAN energy region to that of JLC-I . 

2. 	 There are, in addi tion, beamst rahlung photons, whose contribution to the minijet events 
is compara ble to or even larger than that of the bremsstrahlung photons. 

3. At 	linear coUiders, the beam size is signifi cantly smaller than that of the present circular 
c Hiders and the luminosity per beam crossing is much larger. It is 0.1 mb- 1 per beam 
bunch crossing a t TRISTAN, while it is 66 rnb - 1 at JLC-I. Since there are about 100 
bunches per RF pulse of wid th 100 to 300 nsec, t he effective luminosity for the detector 
increases further , if it cannot distinguish signals from different bunches. 

In the following, we estimate t he rate of the hadronic background at JLC-I and show that 
the rate is low enough to achieve a clean experimental environment, if t he detector has a good 
timing resolution as described in the previous sections. 
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3.8.1 The Model 

We calculate the cross section for the two-photon hadron productions, using the DG model[19] 
and t he VDM modeL The cross sections are given by 

(Y = f fe- f-y fe +/-/jdxldx2, 

where the two-photon cross section (j depends on models: 

(j = A + B / W n , 

with A = 240 nb and B = 270 nb·GeV for the VDM model , and 

- r 2 ( 2 ) dO- ~ 
(Y = iF D-y/p(Q ,x3) D-y/p Q , X4 _dX3dx4dcosB , 

PT ,,.,,'" d cos B 

for the DG m odel. fe±f-y is a I density functi on inside e±, D-y/p is a parton ( photon, gluon, 
OT quark ) density fun ction inside I, and d dir 0' represents the differential cross sections of 

cos 

su bprocesses. 0 is t he scattering angle of t he su bprocess in the CM system. Xl and X2 are 
photon energies scaled by beam energy, and X 3 and X4 ate parton energies scaled by the original 
photon energy. As the energy scale, we took Q2 = 5/4, where S = X1 X2 X 3 X 4S and s = 4E~eam' 

As f e±f-y, we use t he Equivalent Photon Approxim ation funct ion for the bremsstrahlung 
photons and the analytical formula derived by K. Yokoyaand P. Chen[26] for the beamstrahlung 
photons. The details can be found in [25]. 

It was reported tha t, in t he TRISTAN energy region , the sum ofthe DG model and t he VD M 
model well describes the two-photon hadron product ion data wi thout electron-tag, when PT,min 

of the DG model is 1.6 GeV[20, 21]. The ext rapola tion oft he models to higher energies , however, 
suffers from some ambiguities. T he parton density functions inside the photon , especially t he 
low x behaviors , still need experimen tal determinations. J. R. Forshaw and J. K. ~ torrow 
pointed out that the eikonalization would reduce the minijet cross section by abou t a factor of 
5 at .;s = 500 Ge V [23], though its proper treatment is not clear. Since our calcula tion does 
not include the eikonalization ,the background estim ate present d below is conserva tive. 

3.8.2 The Background Yield 

T he calculated background rates are summarized in Table 3.6. The total minijet cross sections 
at vis = 300 and 500 GeV obtained from the DG model are shown in Fig. 3.26, as a function 
of PT,min , for the bremsstrahlung photons and t he beamstrahlung photons corresponding to the 
three machine parameters shown in Table 4.1. 

As seen in t he figu re and the table, t he main source of the background is the beamstrahlung 
photons, except for the X-band J LC at vis = 300 Ge V. The background rate at t he lower 
frequency machine is larger t han that of the higher frequency machine because th e number 
of beamstra hlung photons is larger in the lower frequency machine due to larger number of 
particles/ bunch. In the table , the number of m inijet events is estimated using P T,min = 1.6 GeV. 
1f we use PT,min = 2 GeV as suggested by the preliminary TOPAZ results [22]' the number of 
minijet events will be reduced by about a factor of 3. Tn any case, the rate expected from the 
VDM model is larger than that of the DG model at JLC-J. The actual rate is the sum of the 
DG model and the VDM model. The number of background events per RF pulse is grea ter 
than one, which is reduced when the detector car separate signals from differ nt bunches as 
described in the previous sections. In t his case, t he probability to have a background event in a 
signal event is about 2% to 25%, depending on the beam energy and the machine parameters. 
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Figure 3.26: T he total minijet cross section integrated from PT,min to the maximum at (a) 
Js = 300 and (b ) Js = 500 GeV, as a fu nct ion of PT,min, using the DG parameterization. The 
s lid, dashed, and dotted curves show the cross sections due to the beamstrahlung photons 
of S-, C-, and X-band designs , respectively. The dot-dashed curves show those due to the 
bremsstrah lung photons. 

E beam (GeV ) Js = 300 GeV Js = 500 GeV 
RF frequency S band C band X band S band C band X band 

# particles / bunch ( x 1010 ) 1.73 1. 11 0.70 1.45 1.10 0.70 
Bunch spacing (nsee ) 5.6 2.8 1.4 5.6 2.8 1.4 
Repetition rate (Hz ) 50 150 150 50 150 150 

# bunches/pulse 46 72 90 55 72 90 
# of beamstrahlung p hotons 1.80 1.19 0.80 1.62 1.44 0.95 

1Luminosity / pulse (j.Lb- / pulse ) 62 39 23 88 64 42 

by the DG mod el 
U(PT > 1.6 GeV ) (JI b) 0.032 0.013 0.007 0.079 0.062 0.028 

Ubeam 0.027 0.0076 0.0017 0.068 0.051 0.017 
# events / pulse 2.0 0.51 0.16 7.0 4.0 1.2 
# events/ bunch 0.043 0.0071 0.0018 0.13 0.056 0.013 

P clean 0.958 0.993 0.998 0.88 0.946 0.987 
b y t h e VDM nlOd el 

u(WI'I' > 2 GeV) (J-Lb) 0.15 0.081 0.051 0.18 0.16 0.11 
Ubeam 0.11 0.048 0.018 0.10 0.082 0.034 

# events/pulse 9.1 3.2 1.2 15 10 4.6 
# events/bunch 0.20 0.022 0.013 0.28 0.14 0.05 

Pclean 0.819 0.978 0.987 0.756 0.869 0.951 

Table 3.6: The summary of the background event rates. Ubeam is the background cross section 
due to the collision between beamst rahlung photons. Pc1ean is a probability to have an event 
without background: Pc1ean = e- <n > where < n > is the average number of background events. 
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Figure 3.27: The energy deposit of a minijet event in the cen tral region as a funct ion of t he 
maximum I cos 81 . T he solid curve and the dashed curve are t he simulation results for the DG 
m odel using the independent fragmentat ion and t he string fragment ation , respectively. The 
dotted curve is for t he VDM model. The beam energy is 150 GeV . 

3.8.3 E ffect on Physics Analyses 

T he energy deposit of a min ijet event to the detector is estimated by Monte CaIro simulations. 
In the simulation with the DG model, the spectator partons in t he resolved process are produced 
along the beam axis , and subsequently hadronized t oget her with the hard-scatt ered pa rtons by 
the independent fragmentat ion or t he string fragmenta tion. In the cas of lhe VDM model, 
two quarks are genera ted with t he angular distribution of d CT / dPT = e-4p} and hadronized by 
the string fragmentation. According to the simulations, a DG-model event produces about five 
charged tracks on the avergae in the region 1cos el < 0.866. The sum of t he energy deposit to 
the central region of the detector is shown in Fig. 3.27, as a funct ion of the m aximum cose. 
From the figure , we conclude that the energy deposit, for example, in the region of 1 cos el < 0.9 
is 6 , 5, and 2 GeV for t he DG with t he independent fragmentation, t ho DG with the string 
fragmentation , and the VDM model, respectively. If we sum up t hese num bers weighted by 
the proba bility t o have background events, the average energy deposi t t o the detector region of 
Icos OI < 0.9 is less than about 0.6 GeV at..fS = 300 GeV, which is about 0.2 % of the center 
of mass energy. Therefore, the effect of t he background should be negligi ble. 

As an example of the effect of the minijet background on physics analyses, we show, in 
Fig. 3.28, the invariant mass distribu tion of t he two jets for the process e+e- ~ ZO HO, when 
one minijet event of the DG-type overlaps every signal event. Although the m easured width of 
the Higgs signal increases from 3.9 GeV to 5.3 GeV, we can still see a clear Higgs signal over 
the background from the e+ e- ~ Z Z process. Note t hat t he minijet background yield assumed 
in Fig. 3.28 is at least 20 times larger than our pessimistic estima te. 

In conclusion, t he hadronic background at JLC-I will not spoil the cleanness of the e+e­
collisions, if t he detector can separate signals from different bunches. Even if t he background 
rate is 20 t imes larger t han t hat expected from the DG model , we can observe a clear Higgs 
signal , if the Higgs is in the region accessible by JLC-J. 

117 



ZH + mI.nI Jet 

Y - SOO GeV. m. - 110 GeV 

tI - 5.• GeV 

-

100 

o 

~ 

Figure 3.28: The invariant mass of the two-jet system for the process e+ e- _ ZO H O in a 
4-jet mode, when one minijet event overlaps every signal event, at -.fS = 300 Ge V and when 
MH = 110 GeV. The integrated luminosity is 25 pb- 1 and other conditions are the same as 
those used in Fig. 3.11. 

3.9 Data Acquisition and Trigger 

3.9.1 Channel Count and Read-out Scheme 

The total number of channels and a typical data size of each detector pa rt are summarized 
in t his section. A brief summary of the trigger scheme is also given. 

Vertex Detector 

T he vertex detector consists of 6k pads of CCD's which have 64k pix 1's each. The number 
of channels is 4 x 108 channels in total. To separate a minimum-ionizing particle signal from 
thermal noise , a five (7 cut from the thermal noize peak is enough. The number of hits caused 
by thermal noize is estimated to be 12k hits. T he num ber of hits of the background tracks 
generated by beamstrahlung photons and so on is estimated to be 5 k hits based on the Tauchi's 
background study. T he number of hits of signal tracks is negli gible. The typical number of hi ts 
per beam cTossing is 17k channels which corresponds t o 68 kbyte of data size. The induced 
signals in the pixel's are fed to Flash ADC's serially and stored in the data memories. 

Central Drift Cham.ber 

The total number of read-ou t wires of the CDC is 1.7 x 104 wires (both sides of 8.4 x 103 

sense wires ). T he signal shape is recorded by 200 MHz flash ADC's in 5 J1sec. T he total number 
of channels is 1.7 x 107 . The number of hits by soft-photons coming fTom the beam mask in 
front of the final Q-magnet is estimated to be 8 x 102 hits per beam crossing. T he number of 
hits from mini-jet background is 2 x 104 for the worst case. The number of tracks from, for 
example, W-pair production , which decay hadronically, is about forty. Thus the number of hits 
per event is 8 x 103 . If we smple the data during 500 J1sec around the signal, one hit has 100 
bins each. The typical event size of one hadronic event is 12 Mbyt e. 
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Calorimeter 

The calorimet er consists of 5 x 103 towers of a electromagnetic (ECAL) and hadronic (HCAL ) 
calorimeter. Since each tower has one HeAL module , four ECAL modules, and 400 Si pads, 
the calorimeter has 2 x 106 ch annels in total. T he parallel data from 400 Si pads are multiplexed 
and are serially fed to a ADC. The typical channel counts for a hadronic event is 7.5 x 103, 

which corresponds to 30 kbyte. 

M uon D et ector 

The muon detector consists of six super-layers of single-cell drift cha m bers and one layer of 
plastic scintillation counters. The total nu mber of channels is 7700 channels for the barrel part 
and 2400 channels for each end cap part. In total the data size of the muon detector is 40kbyte. 
The typical data size for one beam-crossing depends on the muon ba kground from th final 
focus pa rt. Muons will be swept away by toroidal magnets set along a beam line. At a ny rate, 
the dat a size from the mu n detector is negligible compared wi t h other detector parts. 

3.9 .2 Trigger P hilosophy 

We do not have any first-level triggers. In each beam crossing, all data will be stored in 
memories. A trigger decision will be done based on fas t- tracking information and calorimeter 
inform ation before th · next beam crossing which comes 5 msec later . The CDC and CAL are 
divided into several segments azimuthally including overlap regions. High speed workstations 
will perform fast-tracking a nd energy clustering within each segment . A masteT computer will 
combine t racking and clustering information from each detector-segment and make a decision 
to store t he data into mass storage or not. The trigger criteria may be easily defined by editing 
a table. The events which only have the mini-jets are rejected at this stage. The t rigger rate is 
expected to be several Hz, t hus, there are no problems with data t ransfer a nd mass storage. 
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Subsystem Channel Count typical data size 
total I one event (byte) 

Vertex detector 
thermal noise 12k 48k 

BG track Sk 20k 
signal track - -

Subtotal 400M 17k 68k 

Central tracker 
soft photon 80k O.32M 

mini jet 2M 8.0M 
jet track 800k 3.2M 
Subtotal 17M 2.9M 12M 

Calorimeter 
20kEM 1.2k 4.8k 

HD Sk O.3k 1.2k 
Si 2M 6k 24k 

Subtotal 2M 7.Sk 30k 

Muon det ctor 
barrel 7.7k - -

endcap 2.4k - -

Subtotal 10k - -

Total II 405M I 3M I 12M byte I 

Table 3.7: Channel count requirement. 
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Chapter 4 

Accelerator 

4.1 B eam Parameters 

The major target of J LC has been the center-of-mass energy range of ..jS= 1 to 1.5 Te V and 
the luminosity around] xl034/ cm2 /sec since ]986 when an intensive R&D started. To achieve 
this goal with a reasonable total length of 25 to 30 km, we have been thinking of the X- band 
frequency with multiple bunch operation. In the latest parameter s t which was reported in 
Le91 , the number of particles per bunch , IV, is about 2x 1010 and the number of bun ches per 
RF pulse, m b is 20. The recent demand of part icle physics , however, puts more emphasis on 
the relatively low energy range ..jS= 300 to 500 Ge V and on arlier start of the experiment 
around the year 2000. 

It is possible t hat, if we consider t hese new requirements independently of the previous ones, 
somewhat different machine might be an optimum . With an observat ion of the present status 
of R&D at KEK, in particular if we desire early construction, it seems that the possibility of 
the frequency range lower t han t he X-band should also be pursued . Here , we will consider three 
frequencies, S-band (2856MHz), C-band (5712MHz) and X-band (1l424MHz). 

The parameter set given in t he following is not t he one st udied fully. [t is intended only to 
serve as the starting point of t he design study. It is not int ended to decide which frequency 
is the best . Some parameters a re conservative at one frequency but more ambitious at other 
frequ encies. Also, t he parameters given here are not necessarily consistent with t hose refer red 
to in the later chapters. Let us li t up the condit ions which the parameter set should sa tisfy. 

Global parameters 

We assume t he active length (the sum of the lengths of the accelerating structures) should be 
less than 10 km per beam. T his will limit the total collider length t a bout 25 kIn , including t he 
linac focusing elements and t he fi nal focus system. This requirement comes from the avai lability 
of the land. (For the S-band at 500 GeV we relax t his condition slightly because otherwise it 
can only be met by unrealistical ly reducing t he number of cavities t be fed by one klystron, 
which would be qui te costly.) 

The wall-plug power has to be less than about 200 MW. The above two requirements set an 
upper limit on the center-of-mass energy. It will be roughly Vs= 0.5, 1.0, and 1.5 Te V for the 
S-, C-, and X-band options, respectively, though t he latter t wo call for considerable innovation 
in the klystron technologies. Here, however, we shall discuss up to 500 GeV only. We set the 
upper limit of the repetition rate to be 150 Hz. 
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We set the upper limit for the number of part icles per RF pulse to be 8 x 1011, which is 
determined by the possible production rate of the positron by an extension of the conventional 
method. (This limit can be overcome by raising the repetition rate of the positron production 
linac or by constructing two linacs but these are not practical.) 

There is a vast variety of dis tributing these particles into bunches. Judging from the recent 
studies of the detuned cavities , we should think of putting more bunches into an RF pulse than 
the previous value, i .e ., 20 bunches. About 100 bunches seem to be possible from the view 
point of linac beam dynamics and the design of the damping ring. Moreover, Shintake has 
recently proposed a new-type damped cavity making use of the choke mode. Wit h this cavity 
many-bunch operations will be quite promising. 

We assume that the distance between bunches is 16 buckets for any frequency band. The 
x-band study has been done with this distance and it turned out that a frequency spread of 
the TMI mode as large as 13% is needed to avoid the multi-bunch beam breakup. A distance 
shorter than 16 buckets is not practical. So long as we adopt detuned st ruct ures , 16 buckets 
seem to be the lower limit. On the other hand, it might be possible to have longer distance. It 
consumes some more power and calls for a larger da mping ring but is better for multi-bunch 
energy compensation, the background problem , and the multi-bunch crossing instability. 

Main Linac 

From the view point of luminosity, a short bunch is preferred because it a llows a small beta 
function at the collision poin t and because it relaxes t he luminosity reduction due t o the crossing 
angle . From the study of the bunch compressor , we set the lower bound of the bunch length 
to be 80J.lm. A shorter bunch causes tighter tolerances in the compressor. (Also [rom t he 
compressor requirement, we set the injection energy to the main linac to be 20GeV. ) 

The parameters involving the cavity structure, such as t he attenuation parameter and t he 
iris aperture, are fixed after some beam dyna mics and hard-ware consideration . 

The energy spread due to the hort range wake is compensated by shift ing the bunches off 
the RF crest. We impose t he condition that the resulting peak-to-peak energy spread should 
be less than 1.5% . Also , we assume that the inter-bunch energy spread due t o the transient 
beam loading can be compensated . When the input pulse shape to t he structure is rect angular 
such as the pulse from SLED II, the energy difference can be compensated almost perfectly by 
injecting the beam into cavities with various timings of partial fill. If we have , fo r example, 
20 cavities whose timing can be controlled independently, t he resulting ene:rgy spread can be 
compensated down 1.0 the level of 0.1 %. For the S-band , for which SLED II is not practical , 
the compensation is possible with SLED pulse by using cavities with a small frequency shift. 
These compensation schemes put a sharp upper bound on "I1Tt/tb where "11 is t he single-bunch 
extraction efficiency, Tt the filling time and t b t he bunch spacing. Aft r t hese compensation, 
the net accelerating gradient in the structure becomes considera bly smaller than the nominal 
(unloaded ) accelerating gradient . We require the reduction to be smaller than 30% . If this is 
too large) the tolerance of t he charge per pulse would become very t ight . 

Final focus and the interaction point 

As for t he luminosity, smaller beta functions at t he collision point are better because t he 
beamst rahlung is not a serious limiting fac tor in t his energy range. ( We define the upper 
bound of the average energy loss by beamstrahiung bB S ~ 10%.) A design study of t he fi nal 
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focus ystem has concluded that j3z ~ 10mm and j3y ~O.lmm are possible within reasonable 
tolerances. 

We assume a hor'zontal crossing with a crossing angle larger than 5mrad . This is needed in 
order to let the exhaust beams go outside t he fi eld region of the last quadrupole magnet. The 
bunches coming late are deflected by the exhaust bunches (multi-bunch crossing instability ). 
We require the amplitude blowup factor by this instability to be less than 2. Actually, this 
requirement calls for a crossing angle larger than 5mrad and, therefore , t he luminosity is some­
what reduced by t he geometric reduction factor and by the reduction of the pinch enhancement 
factor. The so-ca.lled cra b crossing can cure this problem. T he luminosity would become larger 
by a fa tor of 1.5 to 2 but we do not take this option here. 

With the consideration above, we determined the parameters which makes the luminosity 
as high as possible and listed them in Table 4.1. (We also included possible parameters at the 
Zo energy for C- band nIy.) 

The luminosity only is , however , not a good parameter to be optimi7. d . In fact, there are 
many different soLutions which give nearly t he same lu minosity (e.g., different combinations of 
Nand mb ). Also, we prefer a smaller beam energy spread in some experiments, which ch anges 
the optimization considerably. The table here gives only one possible set for each frequency. To 
decide which solution of which frequency is the best, we need many steps of iteration betw en 
the global design and those of each part. 

4.2 E lectron and Positron Sources 

4.2.1 Electron source 

Introduction 

The electron source of JLC-l must be able to produce 55 "-' 90 intense electron bunches sep­
a rated by a spacing depending on RF band selection( 1.4 ns for X-, 2.8 ns for C- , and 5.6 ns 
for S-band ) with a repeti t ion ra te of 50 or 150 Hz as illustrated , chernatically in Fig. 4.1. 
Each bunch consists of 0.7,,-, 1.5 x 1010 electrons. The resultant total num ber o[ electrons is 
6 "-' 8 x 10 H / RF pulse. The number of electrons in each bunch must be controlled to better 
than ± 0.5 % and its emittance must be sman enough to be accepted in the pre-damping ring 
as described in Sec. 4.3 . 

To meet t hese requirements , we take the following two approaches: one is to push, to the 
limit, t he conventional technology using a pulsed thermionic gun combined with a grid pulse 
generator a nd sub-harmonic bunchers( SHB ), and the other is to develop an RF gun with a 
laser-triggered photocathode. 

Effort is also m ade to develop a highly polarized electron SOUTce which will be discussed in 
Sec. 4.2.2. 

T hernllonic Gun 

a) Single and double bun ch generation : As the first step of the development program , 
single- and double- bUIl ch beams were studied to confirm the feasibility of achieving the required 
numb r of electrons per bunch. In this study, we used fas t pulse generators to produce grid 
pulses t.o drive the t hermionic cathode. T he put e generators were originally built by Kentech 
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Table 4.1: Parameters at ECM =300 and 500 GeV 

Frequency 
Beam Energy 
Number of Particles per bunch 
Number of blUlches per pulse 
Bunch spacing 
Repetition frequency 
Normalized emittance at damping ring 

R.m .s. bunch length 
Nominal accelerating gradient 
Effective gradient in cavities 
Active length of main linac per beam 
Total number of betatron oscillation 
Length of a cavity unit 
Number of cavity units per beam 
Iris radius/Wave length 
Cavity filling time 
Attenuation parameter 

frj 

E 
N 
ffib 

tb 

frep 

(;" 
(;y 

<7z 
Go 
Gej j 

Lac 

l e al! 

a / A 
Tj 
T 

Total average power into cavities for two linacs 
Wall-plug power for two linacs 

I-' Assumed efficiency from AC to RF 
t-..:l 
0) 	 Peak power per cavity 

Single- bunch extraction efficiency 
Phase shift from the crest 
Single-bunch energy slope due to wake 
Energy slope for BNS damping 
Number of particles per blUlch at IP 
Beta function at IP 

Rms beam size at IP 

Crossing angle 
Beam diagonal angle 
Disruption parameter 

Number of beamstrahlung photons 
Maximum Upsilon 
Energy loss by beamstrahllUlg 
Geometrical luminosity reduction factor 
Pinch enhancement factor 
Luminosity 

Ppeak 

1)1 

<Pr j 
(<7zd€/dz) 

N° 
!3; 
!3; 
<7" 

<7 y 

r!>cr03J 

(7z/~z 
D", 
Dy 
n-y 

'fma ", 

bBS 

HD 
L 

GHz 
GeV 
1010 

nsec 
Hz 
rad.m 
rad.m 

/-lm 

MeV/m 
MeV/m 
km 

m 

nsec 

MW 
MW 
% 
MW 
% 
deg 
% 
% 
1010 

mm 

/-lm 

nm 
nm 
rnrad 
rnrad 

% 

1033 /cm2 /s 

S-band C-band X-band C-band 
2.856 5.712 11.424 5.712 
150 250 150 250 150 250 45 .6 
1.73 1.45 1.11 1.10 0.70 0 .70 1.11 
46 55 72 72 90 90 72 
5.6 5.6 2 .8 2.8 1.4 1.4 2.8 
50 50 150 150 150 150 150 
3x10-6 3X10-6 3XlO-6 3x10-6 3xlO-6 3 x 10-6 3 X 10-6 

3xlO-8 3x 10-8 3x10-8 3x10-8 3x10-8 3x10-8 3X10-8 

80 80 80 80 85 67 80 
22.0 22.0 40.0 40 .0 40.0 40.0 40.0 
16.3 18.4 28.2 27.8 28.0 28.0 28.5 
8 .0 12 .5 4.6 8.3 5.0 8 .5 0.90 
200. 258. 116 . 171. 125. 176. 33.5 
3.6 3 .6 1.7 1.7 1.22 1.22 1.7 
2220 3470 2720 4860 4100 6930 530 
0.12 0.12 0.13 0.13 0.18 0.18 0.13 
837 837 297 297 75 75 297 
0.57 0.57 0.57 0.57 0.40 0.40 0 .57 
14 20 25 46 11 20 5.0 
70 100 115 210 75 135 23 
20 20 22 22 15 15 22 
52 52 60 60 50 50 60 
0.84 0.70 1.13 1.13 2.00 2.00 1.13 
28.0 11.0 21.9 23.9 24.0 24 .0 21.6 
-0 .72 0.57 -0.84 -0.90 -1.22 -1.22 -0.54 
-0 .008 -0.007 -0.06 -0.06 -0.16 -0 .16 -0.06 
1.56 1.30 1.00 1.00 0.63 0.63 1.00 
10. 10. 10. 10. 10. 10. 10. 
100. 100. 100. 100. 100. 100. 150. 
335 301 335 260 335 260 608 
3.92 3.04 3.92 3.04 3.92 3.04 8 .70 
11.0 7.3 10.4 8.0 9 .0 7.2 15.1 
4.2 3.8 4.2 3 .2 4.0 3 .9 7.6 
0 .21 0.13 0.13 0.13 0.090 0 .0070 0.135 
18.0 13.0 11.5 11.5 7.7 6.0 9.41 
1.80 1.62 1.19 1.44 0.80 0.95 0.71 
0.37 0.58 0 .24 0.51 0 .15 0.39 0.041 
8.2 10.0 3.9 8.1 1.8 4.5 0 .46 
0 .57 0.68 0.60 0 .60 0.63 0.70 0.69 
1.58 1.60 1.50 1.50 1.71 1.72 1.80 
3.1 4.4 5.9 9.7 3.5 6.3 2.0 
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Figure 4. 1: Schematic drawing of the electron and positron beam. 
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Figure 4.2: Output of the fast avalanche pulse generator (100 V /div, 500 ps/div). 
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Figure 4. 3: Wave shape of double bunch beam, accelerating voltage: 170 kV, heater voltage: 
6.0 V, net drive voltage: 260 V 

Ins truments Ltd, which employ avalanche t ransistor pulse generator technology. A typical pulse 
shape is shown in Fig. 4.2. The peak pulse ampli tude and t he width were'" 500 V and 500 
ps. The double grid pulses required for double-bunch generat ion were formed by using two 
avalanche pulse generators, triggered at different timings, and delivering their out put pulses to 
an RF combiner. The peak amplitude and t he width of each pulse from t he RF combiner were 
'" 300 V and 500 ps, respectively. The reduction of the amplit ude was due to the power loss in 
the R F combiner. Fig. 4.3 shows a typical double-bunch beam from t he Y-646 cathode driven 
by the dOll bIe grid pulses, where t he accelerating voltage was 170 k V, t he heater vol tage 6.0 V, 
and t he net drive voltage 260 V. The peak current of each bunch was 4.3 A which corresponds 
to 1 X 1010 electrons/ bunch. Although this value already reached the required single-bunch 
intensity, generation of more t han several bunches is difficult wit h this pulse generation system 
because of the power loss in the RF combiner. 

b) Multi-bunch generation : A new mu lti-pulse generator under development uses a fast 
ECL circuit and an RF amplifier to generate more than 20 pulses per t rain. Fig. 4.4 shows its 
schematic diagram. The EeL clock is 476 MHz synchronized to the RF of the linac. Required 
number of pul es a re successfully formed by counting and gating the RF signals in the circuit, 
as shown in Fig. 4.5 (a ). T he R F power amplifier is required to have an output power of ",10 kW 
and a gain of 60 dB to provide sufficient ly large pulses to drive t he gun. T he band width of such 
a high gain RF amplifier is not large enough to amplify t his pulse train with no distortion, as 
shown in Fig. 4.5(b) for a 1 W tes t RF amplifier. The distortion can be cured by a compensat ion 
signal from the wave form shapero Since there is no foreseen technological problem with high 
power RF amplification, we are confiden t that this new scheme will meet the J LC requirements. 
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Figure 4.4: Schematic drawin g of multi-pulse generator. 
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Figure 4.5: (a ) Output of t he fas t EeL circuit (50 mV j div, 5 ns j div ) and (b) Output of the 
t st RF amplifier (1.5 V j div , 5 ns j div ) 
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c) Test Facility : The thermionic gun described above has been installed into the first stage 
acce]~rator test facility shown in Fig. 4.6 , which includes three SHBs( 119/ 238/ 476 MHz ), 
two smgle-cell pre~bunchers , and a traveling wave S~band buncher followed by a high gradient 
S~band accelerating structure. The test facility made possible systematic studies of the electron 
source system and proved its capability of stably delivering at least 1 x 1010 electrons/ bunch to 
the injector linac. This source system will be used for single-bunch studies of various compo­
nents in the full Accelerator Test Facility( ATF ) including a chain of a 1.5 GeV injector linac , 
a low-emittance damping ring , and a bunch compressor. 

240kY Prebunche, 0.6 mSHB SHB SHB Quadrupole Anall~.rThermionic Accelerating11 UMHz 238MHz 476MHz Magnet Magnatgun Bunch., Structur. 

IP 

Figure 4.6: Layout of the Accelerator Test Facility. 

RF Gun 

An RF gun using a laser-triggered photocathode has many advantages in generating a low 
emittance and high curren t pulsed beam. The RF gun directly generates a bunched beam 
by illuminating, with laser pulses, a photocathode installed in an RF cavity. The RF field 
accelerates the bunch in synchronization with the laser pulses as illustrated in Fig. 4.7. T he 

Master Oscllator 
Synlhesyzer 
2856 MHz 

2856 MHz .> 89.25 MHz 

RF Power Inpul 

Laser Light 

Second Wallelelngtn : 532 nm 
Harmonic t----------' 
Generalor Enrgy In a burst: 20 mJ 

Figure 4.7: A schematic drawing of t he RF gun. 

accelerating gradient achievable with the RF field is higher t han that of a DC or pulsed field 
of the conventional gun , so that it is possible to generate an extremely low emittance and high 
current beam. Since the photocathode is triggered with a pulsed laser , the required pulsed beam 
can be produced only using a mod e-locked Jaser system and an opt.ical system. Furthermore, 
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compared to the thermionic gun, higher current density is achievable. Motivated by these good 
characteristics, we are devoting a great deal of effort to the development of a RF gun system 
which meets the requirements for JLC-I. 

a) Prototype RF Gun : Fig. 4.8 shows the experimental facility constructed to study the 
feasibility of the RF gun. The facility consists of a prototype RF gun with a photocathode in 
a simple half-cell S-band pillbox-type cavity, a beam transport leading to a curren t monitor, a 
mode-locked Nd:YAG laser system, and a high power and low level RF systems. 

I-----.......~Ught 
Fast Gate dra 


Figure 4.8: An experimental arrangement of the prototype RF gun. 

Photocathode : We have chosen the Sb-alkali( Cs ) photocathode, whcih is expected to 
have a high quantum efficiency( Q.E . ) for a laser wavelength around 500 nm and is easy to 
fabricate. 

Cavity : In the present experiment, a simple pill-box type cavi ty is cho en to study the 
beam dynamics in the RF gun at a high accelera ting gradient. The cavity has been processed 
up to the accelerating gradient of 50 MY1m prior to the experiment . During t he experiment at 
40 MY 1m, no RF breakdown was observed and the vacuum pressure in the cavity was around 
1 X 10- 9 Torr. 

Phase Stability : In the RF gun, the phase between laser pulses and the RF fields must 
be synchronized precisely. As shown in Fig. 4.7, the master oscillator is an S-band synthesizer. 
Its output is simply scaled down to 89.25 MHz to trigger the laser and , in this way, phase jitter 
can be reduced 1.0 less than 10 ps. 

Laser : A block diagram of the laser system is given in Fig. 1.9. The oscillator is a CW 
mode-locked Nd:YAG laser with the wavelength of 1064 nm, a power level of 4 W , and the 
frequency of 178.5 MHz which corresponds to the pulse spacing of 5.6 ns. The width of each 
pulse is about 100 ps at the outPllt of the oscillator, and is compressed to about 10 ps with 
an optical pulse compressor composed of an optical fiber and a pair of grating. A pu]se train 

131 



Wave length 1064 run 
Pulse s pac ing 5 . 6 ns 

111111'5; 111111 
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AJO Modulator I.. 0.5-1 fJ.S _I 
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Waveform Shaper 

AMP2 1--""1-rEJE~XPE:Jr---~ 
OM 

450 ~---. OUT 10 RF gun 

[ EXP J-1 AMP3 ~ EXP ~M Wavelength 532 nm 

Figure 4.9 : A block diagram of the laser system and a picture of a laser pulse. 

of 0.5'"'-' 1 IlS in width is obtained from the CW laser pulse with a wave form sha per and then 
amplified. Finally, the wavelength is converted to 532 nm with a second harmonics generator( 
KD*P ) and t he laser light is guided to the photoca thode in the cavity with the mirror system . 
T he energy of the one micro-pulse is 0. 1 '" 0.15 mJ. 

b) P rototype Tests and Perspectives : Firstly, t he photocathode is activated in the 
preparation chamber and then inserted t o t he cavity to tune t he resonant frequency at 2856 
MHz. The laser is "fi red and the pulse shape of th e beam current is observed by the wall current 
monitor. Fig. 4.10 shows that the beam has t he bunch spacing of 5.6 ns, which is precisely 
the mode locked frequency of the laser system. The number of electrons contained in a pulse 
was estimated to be 2. 3 x 1010 and the number of bunches in one RF pulse was 90",180. The 
maximum beam energy was measured wit h a magnetic spectrometer to be 900 keY at the 
gradient of 40 MV j m. These experimental results almost satisfy the required performance for 
JLC-l. The remaining problems are now confi ned t o the improvements of (1) the quantum 
efficiency and life time of the Cs3Sb photocathode and (2) the stability and lif t ime of the 
laser syst em. The cathode life is determined by t he desorpt ion of Cs and t he contamination 
by bad gases such as H20 and CO. T he improvement of t he vacuum system is under way, as 
well as t he development of new methods to supply Cs continuously to t he cathode during the 
operation . The flash lamp of the laser system should be replaced by t he laser diode to improve 
both t he stability a.nd life time. 
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Figure 4.10: Output pulse from t he RF gun measured by a wall current monitor . 

4.2 .2 P olarized Electron Source 

In circular e+e- colJiders, t he beams spontaneously polarize vertically due to the spin-flip syn­
chrotron radiation. It calls for tremendous efforts , however , to rotate the spin to the longitudinal 
direction without serious depolarizat ion. One of the advantages of the linear coUiders is that it 
is relatively easy t o collide longitudinally polarized beams once polarized particle sources are 
given. Polarized positron sources a re not easy to obtain but a polarization of one of the beams 
can a lready bring a bout rich physics outputs. 

We have made an effort to develop a highly polarized electron source using a GaAs pho­
tocathode illuminated by circularly polarized laser light. As is well known , t he polarization 
obtainable with conventional bul k GaAs has an intrinsic upper limit of 50 % due to the sym­
met rical s t ructure of the crystal. To overcome this limit, we have be n studying t wo types of 
cat hodes, an AlGaAs-GaAs superlatt ice and a strained GaAs. 

In order t o develop such GaAs sources, we proceeded wit h t he following two RI D works, 
a) photocathode development toward t he 100 % polarization, 
b) construction of an operational gun which meets the requirements from the JLC injection 
linac. 

P h otocatho de Development 

We have achieved the polarization of 71 % and 86% by developing t he newly designed photo­
cat hodes , GaAs- AIGaAs superlattice and lattice-mismatched strained GaAs , respecti vely[ l, 2]. 
SLAC group has also achieved 71% from strained InGaAs[3]. T hese achievements were the 
break- t hrough to overcome the 50 % polarization limitation of the t raditional GaAs source. 

The strained GaAs photocathode was made by growing a Ga As epilayer on a lat tice mis­
matched GaPzAs1- z buffer substrate with a MOCVD apparatus. The structure of prepared 
samples is simple as shown in Table 4.2. The polarization( ESP ) and quantum fficie ncy( QE 
) obs rved for the first successful strained Ga As photocathode are plot t ed in Fig. 4. 11 , as a 
function of laser wavelength . T he clear polarization peak at ,\ ~ 860 nm is t he evidence for 
the single excitat ion from the upper heavy-hole band of the strained GaAs. With t his sam­
ple , the world highest ES P of 86 % was achieved , which was the fi rst proof of t he principle 
to obtain more-than-50 % polarization . However, t here st ill remains another problem , tha t is 
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Table 4.2: Parameters of strained GaAs cathode 

Zn-doped GaAs (t -;::::,A , p -;::::, 5 x 1018cm-3) 
Zn-doped GaPX AS1 _ 

X 
(x -;::::, 0.17) 

(t-;::::, 2p,m, p-;::::, 5 x ] 018cm­ 3) 
Zn-doped GaAs Subtrate 

(t-;::::, 350p,m, p-;::::, 5 x 1018cm -3) 
Orientat ion : (1 0 0) 

the relatively poor QE for the new cathodes. For example, the QE was 0.02 % for th e above 
sample at A -;::::, 860 nm, where the maximum ESP of 86 % was observed , while a QE more than 
3 % is possible for the bulk GaAs photocathode. We ha e been trying to improve the quantum 
efficiency and have achieved so far a more-than-D.l % QE at 80 % ESP. 

The other photocathode of GaAs-AIGaAs superlat t ice(SL) was fabricated by a MBE ap­
paratus. In Fig. 4.12 , the maximum ESPs for 4 samples are plotted as a fun ction of the SL 
thicknesses , 0.05, 0.1, 0.4 p,m [4]. The clear thickness-dependence of ESP confirmed that the 
depolarizat ion process inside the SL plays a dominant role to degrade the ESP of conduction 
electrons before they can escape to the vacuum. We also studied the dopant-concentration 
dependence of the EPS and the QE. It was found that reduced doping was able to lower the 
spin relaxation in the interior of the superlattice and improve both the EP S and the QE[5]. 
The best photocathode so far achived gave the 0.2% QE at the 71.2% ESP. 

Design and Construction of an Operational Gun 

The level of required performance for JLC-J is much higher t han those of the previously em­
ployed, although the GaAs source was already operated at several laboratories for high energy 
experiments. It is especially true for the performance under high voltage( 100 'V 200 kY ) and 
the photocathode performance under high power laser irradiat ion ( 30 'V 100 kW peak power ). 

In order to investigate the above two problems, proto-type guns were construct d both at 
KEK and Nagoya University. The polarized electron source system build at KEK is shown in 
Fig. 4.13, where the polarization measuring system, a Wien filter , and a Mott analyzer are also 
included. 

The mechanical construction bas been completed and test operation is in progress at mod­
erate high voltage with a moderate power Ti:Sapphire tunable laser system. The vacuum has 
no problem, already reaching the base pressure of 2 x 10- 10 Torr( total pressure ), and the 
initial high voltage up to 100 kY sees no serious dark current. A photocurrent has already been 
extracted and studies of photocathode performance will start soon. The gun will then be tested 
with a newly upgraded high-voltage and laser system , which meets the conditions required by 
the JLC-I injection linac. The first acceleration of polarized electrons at KEK is scheduled in 
(2 'V 3) years at t he ATF which is under construction. 

Acceleration of the polarized beam 

Once a polarized source is given, what is needed next is to maintain t he higb polarization during 
the acceleraton and to rotate the spin to the longitudinal direction at the collision point. 
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Figure 4.11: Polarization and quantum effi ciency for strained GaAs versus laser wave length. 

T he spin in the damping rings has to be vertical. Otherwise, the beam is immediately 
depolarized by the precession-frequency spread due to the energy spread. Spin rotators before 
damping rings fo r this purpose can easily be designed, since a high beam quality is not required 
at t his stage. T he depolarization in t he ring is t hen negligible unless t.he precession resonates 
with the revolut ion frequency or with the betatron frequencies . Since the , pin tune (number 

2of precessions during one tum) is simply given by the b am energy divided by E T =mc / a = 
440 MeV, where m is the rest mass and a the coefficient of the anomalous magnetic moment, 
the resonances can be avoided by choosing the beam energy to be 440 MeV times a half odd 
integer. In fact, our design energy 1.98 GeV was selected in this way. This is the safes t choice 
but one need not strictly obey this rule be ause t he resonance widths are expected t o be very 
small. 

In t he main linac, the spin must be in the horizontal plane and point towards a definite 
direction which is determined by the bending angle in the final focus system and by the beam 
energy after the linac. Thus, we need a spin rotator somewhere between t he damping ring and 
the main linac. 
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Figure 4.12: Pola rization for GaAs-AIGaAs as a function of the uperlattice t hickness. 

If a horizontal polarization can survive in the second bunch compressor , the best location 
for the spin rotation will be between the fi rst com pressor and the pre-linac because the spin 
manipulat ion is easier at lower energies. The second compressor consists of a cavity (frequency 
It= 11.4 GHz, peak voltage Vl = 534 MY) and an arc with the bending angle 180 degrees (includ­
ing the sign), followed by another cavity and a chicane scheme (see Sec. 4.4). The depolarization 
in the chicane is negligible because the net bending angle is zero. The particle energy in the 
first arc is given by 

(4.1 ) 


where Eo=20 Gc Y is the average energy, t::. E and z the energy deviation and the longitudina l 
position of the relevant particle at t he exit. of t he pre-linac, and U z the rms bunch length. The 
precession angle in the first arc is given by 7rE IEr . By assuming a uniform distribution for tlE 
over ±tlEm a z = ± O.57% x Eo and a Gaussian dist ribution for z, one fi nds the red uct ion factor 
of the horizontal polarization to be 

(4 .2) 

Thus, the depolarization in the second compressor is signifi cant if t he polarization is in t he 
horizontal plane. Therefore , the spin has t o be vertical in the second compressor and must be 
rotated before injection to the main linac. The rot a tor to t his end has not yet been designed but 
is believed to be feasible . It inevitably contains eit her solenoids or vertical bends. Therefore, 
the increase of the vertical emittance has to be studied carefully. 

Since t he tra jectory in the linac is almost straight , t he depolarization t here is negligible. 
The depolarization in the fin al focus system can come from the horizontal bends but is very 
small « 0.2%). 
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Figure 4.13: An apparatus of polarized electron source. 

FinaJly, the depolarization during the collision has t o be examined [6]. In our energy region , 
where I. , the ratio of the cri tical energy of the beamstrahlung to the beam energy, is less t han 
unity, t.he depolarization due to precession in the beam-beam field is estimated to be 0.006n~, 
where n.., is the number of photons per electron. Since n.., does not exceed 1.8 (see Sec. 4.1), 
this depolarization is less than 2%. 

At high energies , there is another mechanism of depolariza tion, namely, the spin-flip syn­
chrotron radiation. The depolarizat ion can be estimated by 2n..,F(T ), where F (T ) is the ratio 
of spin-flip to non-flip transition rates. In our region of 300 GeV to 500 GeV, the average of T 
('" Y 7naz/ 2.4 ) ranges betceen 0.06 and 0.25 , and F between 6 xl O-4 and 4 X 10- 3 . Thus, the 
depolarization due to the spin-flip is at most 1.5%. When Y is much smaller than unity, F is 
approximat ed by (7/ 24 )y2. Therefore, t he spin-flip depolarization is totally negligiblc in the 
Z o .reg1On. 

Note that these values of the beam-beam depolarization are those through the whole process 
of t he collision. The average depolarization during the collision will be about one quarter 
to one third of them . Also Hot e that the a bove estimates have some ambiguity due to the 
disruption and the unknown detail of t he bunch shape before collision. If an accurate va lue of 
the polari zation is needed, one has to measure the polarizations before and a fter t he collision, 
from which one can evaluate the average polarizat ion duri ng the collision possibly wi th an 
accuracy better than ",1 %. 
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4.2.3 Positron Source 

The JLC-I positron source should be able to produce an intense positron beam of 7 I'V 15 X 109 

particles per bunch and 55 90 bunches per RF-pulse, as shown in table 4.3, so that ourrv 

goal for positron production was set to 8 x 1011 positrons per RF-pulse. In this subsection, 
we will show how to achieve this goal with t he conventional positron production method, 
which exploits electromagnetic cascade showers initiated by high-energy electrons injected on 
a converter target . Since the thermal st ress limits the total acceptable energy by the converter 
target, we cannot simply increase the number of electrons or the incident energy or bot h, t o 
meet the .lLC-I requirement. We also need to increase the positron capturc efficiency as high 
as possible, by introducing a pre-damping ring which has a large transverse acceptance. The 
design of such a positron source involves a complicated optimization of various paramet rs , 
which necessitat es systematic simulation st udies. We first define the problem more explicity 
and t hen describe the solution obtained from the simulation st udies. 

Table 4.3: Positron source relat d parameters of JLC-I (Tentat ive) 
The center of mass energy[GeV] 300 500 
Number of particles per bunch 6.3 X 109 6.7 X 109 

Number of bunches per rf-pulse 98 102 
Repetition rate [Hz] 150 150 
Bunch spacing [ns] 2.8 2.8 

Statement of the Problem 

The positrons emerging from the production target a re captured and accelerated to the pre­
damping. The number of positrons N+ accepted by the pre-damping ring is rough ly propor­
tional to the nergy E __ and the number N _ of incident elect rons , 

(4.3) 

where 'fJ is the positron production and capture efficiency. T he thermal stress limit p on the 
energy density of the incident electrons was obtained at SLC[7, 8] as 

p = N_~_ ~ 2.0 x 1012GeV / mm2, ( 4 .4) 
7r U 

where u is the rms beam radius. The efficiency 'fJ is roughly proportional t o the accepted 
normalized emit tance E of the pre-damping ring and t he beam transport syst em, and inversely 
proportional t o the rms beam radius , 

E 
'fJ ex: - . ( 4.5) 

u 

Therefore, the number of positrons accepted by the pre-damping ring satisfys 

(4.6) 

when we operate the target at its thermal strcss limit . Since p cannot be increased dras tically 
with a conventional metal target, we need to increase € and u. We can increase u as long as 
the beam power given by Eq. 4.4 is manageable. As for E, we should increase the tranverse 
acceptance of the transport system including a s -band bnac, so as to match t hat of the pre­
damping ring, which has an acceptable normalized emittance of 0. 027 rad . m. 
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Positron Production System 

A schematic diagram of the JLC-l positron-production system is given in Fig. 4.14. The phase-

Target 
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Figure 4.14: A schematic diagram of the positron source for the JLC. 

space transformer section, called an adiabatic device [9], just after the target is to accomplish 
a large radial and energy acceptance. It produces a slowly varying magnetic field along the 
beam axis, with a flux concentrator[lOJ. The positrons emerging from the phase-space trans­
former section are accelerated up to 100 Me V in the accelerat ing sections surrounded by a long 
solenoidal magnet . They are then transported to a 1.98 Ge V linac leading to the pre-damping 
ring. In the optimization of various parameters of t he positron source system I we have used 
the EGS4 [10] for shower sim ulations and the Runge-Kll tt a method for the tracking through the 
phase-space transformer and the accelerating sections. 

Injected Electron Beam : Figure 4.15 gives the simulated positron intensity and the re­
quired beam power on the target as a func tion of the incident beam radius. If we set the rms 
beam radius to 1.2 mm, 9 x 10lt electrons per RF-pulse can be injected at an incident energy 
of 10 GeV , resulting in more t han 1 x 1012 positrons j RF-pulse. Our goal is to produce 8 x 1011 
positronsjRF-pulse which requires 5.4 x lOll ele trons. This intensity corresponds to a beam 
power of 130 kW on the target , which is 4.5 times higher than t.hat of SLC. 

Target Section : W-Re is a suitable material for the converter target because of its high 
melting point and good fabrication property. Figure 4.16 gives the simulated positron intensity 
at the interaction poin t and t he rms beam radius at the exit of the target as a function of target 
thickness for the incident electron energy of 10 GeV. The positron intensity increases linearly 
with the converter thickness up to 6 radiation lengths(X o}, so that the 6 X o appears optimum. 

Phase-space Transformer Section : Positrons emerging from the target have large trans­
verse momenta of around 3 MeV jc and, therefore, sh ould be t ransformed in phase-space by 
an adiabatic device, to be acceptable for downstream accelerating sections. The longit udinal 
component of the magnetic field in the adiabatic d vice is given by 

Bi 
B Z = 1 + fLZ ' 	 ( 4.7) 

where Bi is the initial magnetic field at the t arget exit and fL is a constant depending on the 
device . Figure 4.17 shows the simulated positron intensity as a. function of Bi. It appears 
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Figure 4.15: The simulated positron intensity and t he required beam power on the target as a 
function of the incident beam radius. 
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at the exit of target as a function of target thickness for the incident electron energy of 10 GeV. 
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Figure 4. 17: The simulated positron intensity as a function of the initial magnetic field Bi and 
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Figure 4.18 : Simulated positron intensities as funct ions of the accelerating gradient, the iris 
diameter at t he exit, and the incident electron beam radius. 
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t hat Bi = 8 T is a good compromise between the attainable positron intensity and engineering 
problems to be solved. Given this magnetic field, we get the highest positron intensity when J-L 

in Eq. ( 4.7) is 50 m - t . 

Accelerating Sections with Solenoidal Field : The energies of t he positrons accepted by 
the phase-space transformer section have a large spread of abou t 4 Me V, causing a slip in phase 
during the subsequent acceleration. Furthermore, a finite transverse momentum results in an 
additional phase slip, since the helical motion has a longer path lengt h than that of straight 
motion down the axis. Therefore, the accelerating sections should provide a high accelerat ing 
gradient, as well as a large aperture desirable in view of the efficiency. Figure 4.18 gives the 
simulation result , which shows that we can achieve a high positron intensity by enlarging the 
incident beam radius and the iris diameter. We set the accelera ting gradient at 30 MeV1m and 
the iris diameter at 26 mm. Consequently, t he positrons acquire an energy of 90 MeV after 
the acceleration with two sections of a 1.5 m-Iong constant gradient accelerating structure in a 
solenoidal field of 0.8 T , 

1.98 GeV P r einjector Linac : The 90 MeV positrons are accelerated up to 1.98 GeV 
by a s-band preinjector linac and are transported to the pre-damping ring. The linac has an 
accelerating gradient of 30 MeV 1m provided by series of 3 m-Iong constant gradient accelerating 
structures with an iris aperture of 26 mm. In order to achieve a large transverse accep tance 
which matches that of the pre-damping ring, the linac should be equipped with 9 FODOs 
around the first accelerating structure and 3 6 more around the subsequent structures.rv 

Consequent ly, the system realizes the transverse acceptance of 0.027 rad . m and an energy 
acceptance of ±1 %. 

Pre-Damping Ring 

Main parameters of the pre-damping ring are given in Table 4.4, where the large transverse 

Table 4.4: Main parameters of the JLC pre-damping ring 
Energy [GeV] 1.98 
Transverse acceptance [rad . m] 0.027 
Extraction normalized emittance [rad. m] 0.001 
Energy acceptance [%] ± 1 
Damping t ime [ms] 3 
RF frequen cy [GHz] 0.714 
Repetition rate [Hz] 150 

acceptance f 0.027 radm should be not d. Figure 4. 19 gives the simulated positron intensity as 
a function of t he transverse accept ance at t he downstream end of the accelerating sections with 
solenoidal field , for different values of energy acceptance. Clearly, the t ransverse acceptance is 
more important than energy acceptance. At the design t ransverse acceptance of 0.027 radm, 
8 x 1011 posit rons per RF-pulse will be obtained at the interaction point. 

It has been shown that the conventional posi tron-production scheme shown in fig 4. 14 can 
meet the JLC-I requirement of 8 x 1011 positrons / R F-pulse. Main parameters of t he JLC-I 
positron source are summarized in Table 4.5. T he validity of the conceptual design presented 
above will be confirmed a t the ATF now under construction. 
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Figure 4.19 : The simulated positron intensity as a fun tion of the t ransverse acceptance at the 
downstream end of the acceleratillg sections with solenoidal fi eld , for different values of energy 
acceptance. 

Table 4.5: Main parameters of the JLC posi tron source Injected Electron Beam 
Injected Electron Beam 
Energy [GeV] 10 
Intensity [ / rf-pulse] 5.4 X lOll 
rms beam radius [mm] 1.2 
Beam power [k W] 130 
Target Section 
Material 
Thickness [mm] 2

W - Re 
1 (6 Radiation length ) 

Phase-space Tra nsformer Section 
Initial magnetic fie ld [T J 8 

engt h [m m] 180 
Accelerat ing Section W ith Solenoids 
Accelerat ing frequen cy [MHz] 2856 
Repet.ition rate [Hz] 150 
Accelerating gradient [MeV/ m] 30 
Structure length [m] 1.5 ( x2 ) 
Iris diameter at the exit [mm] 26 
Constant solenoidal fi eld [T ] 0.8 
Beam Transport To P re-damping Ring 
Transverse acceptance [rad . m] 
Energy accepta nce [%] 

0.027 
±1 
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4.3 Damping Ring 

4.3.1 Introduction 

The fu ndamental role of the damping ring is to produce a low emitt.ance beam within the 
repetition time of the collider system. The key issues are the damping t ime and the equilibrium 
emi ttances. The basic requirements to t he damping rings for the three frequency options are 
summarized in Tab. 4.6. The small ratio of the vertical to horizontal emittances makes it easy 
to design the final focus system and relaxes the beam-beam effect at t he collision point. The 
value 1 % is beJieved to be achivable in t he damping ring with the present technology. 

Table 4.6: Requirements to the damping rings for the JLC-L 

Items S-band C-band X-band 
particles per bunch [x 1010J 1.75 1.11 0.65 
bunches per train 55 72 90 
bunch spacing [nsecJ 5.6 2.8 1.4 
normalized emittance r t:z [x 1O-6radmJ 3.0 3.0 3.0 
normalized emittance rEy[ x 10-8radmJ 3.0 3.0 3.0 
repetition rate [Hz] 50 150 150 

The beam energy of the damping ring is not the primary issue; it is a parameter to be 
optimized in the damping ring design. Generally speaking, a lower energy is better for the 
emittance but a higher one is preferred fo r t he damping time. After some optimization processes 
taking int account the various effects such as the bunch lengthening, particle collision within 
a bunch (intrabeam scattering), we have decided the energy to be 1.98 GeV. (This fractional 
value comes from the requirement for the polarized beam. See Sec. 4.2.2.) 

The emittance of the extracted beam is given by 

(4.8) 

where ti is the emittance of the injected beam, f.eq t he equilibrium emittance including the 
effects of intrabeam scattering, T the horizontal or vertical damping time, and t the time the 
bunch stays in t he ring. We assume the injected beam emittance of rEi = 5 X 1O-5radm, which 
is produced by the RF gun for the electron beam and by t he pre-damping ring for the positron 
beam. The pre-dam ping ring was designed to accept the positron beam with the normalized 
emittance 3.0 x 1O- 3radm (rms) and t he energy spread 1%. Its circumference is rv 110m and 
the damping times Tz = Ty ~rv 4msec [13]. T hus the vertical emittance needs to be decreased 
by three orders of magnit ude. Damping th e bunch for five vert ical damping times will reduce 
the first term of above equation by four orders of magn itude. The requirement on t he vertical 
equilibrium emittance is then 

rEy ,eq ~ 2.7 X 1O-8radm. ( 4.9) 

The required damping times are det rmined from the desired repetition rate (50Hz or 
150Hz), the number of damping times per bunch (5) and the number of trains stored in the 
ring a t once (Nt); 
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Tz,Ty:'S NdUrep x 5) ( 4.10) 

We assume that the rise and faU times of the kickers be less than 60nsec. Such kickers have 
been already developed. T he flat-t op lengt h is in the range of", 100 to '" 300 nsec . Thus the 
trains m ust be separated by at least 60nsec. Obviously, the circumference of t he ring ( L~ing) 

c,atisfies the followin g inequality. 

L ring 2: C( N btb + 60nsec)N t , (4.11 ) 

where Nb is number of bunches per pulse and tb t he bunch spacing. Since Nbtb 2: 60 nsec, the 
ring circumference is almost determined by Nt Nbtb. 

The damping time is directly proportional to (}B/,3, where (}B is the local bending radius. 
On t he other hand , the normalized emi t tance is inversely proportional to (}B /,3. In order to 
reduce both the dam ping time and the normalized emittance at the same t ime, we have decided 
to int roduce long wiggler sections in a zero-dispersion region . We also selected a racetrack shape 
t o minimize the space for the dispersion suppression and matching. 

Since t he equilibrium emittance can be reduced by decreasing the dispersion in the bendin g 
magnets or the stren gth of t he bends , we selected a combined runction FOBO cell far the arc. 
The combined function bend has a s trong defocussing fi eld and is positioned at the center of a 
cell in order to minimize the dispersion t here . 

T he ra tio of the im pedance threshold to t he equilibrium normalized emit tance, (Z/ n )t/, fzo, 
is inversely proportional t o t he celllength [15]. We need a 1.12m drift space in each cell. This 
length allows a space for sextupole magnets, steering magnets, and position monitors . 

Let us consider the scaling formulas including the effects of dam ping wigglers. After ap­
proximations applicable t o our case, we find 

Teff ex: (}w2/Lw , (4.12 ) 

where Teff = T / Nt, (}w and Lw are the bending radius and the length of the wiggler. If Tefl is 
given (= 1.0msec), the impedance threshold goes as 

(Z /n)t ex: rP(}w/Lw ex: ()2/(}w, (4.13 ) 

where () represents the bending angle per cell. Moreover , if (Z/n)t is given (=O. 3D) , the 
equilibrium normalized emittance behaves as 

2 
,fzO ex: L cell(}w/ (}o ex: (}w/ (}o, (4. 14) 

where (}o is the bending radius of the main magnet . ConveTsely, if ,fzO is fi xed (=3.0 x 1O- 6radm ) 
instead of (Z / n )t, 

(Z / n)t ex: (}o/ (}w· (4.15) 

By decreasing t he main bending fi eld , one can reduce the emittance without ma king the 
im pedance requirement tighter, although the cell becomes longer. Therefare 1 it is desirable 
to ma ximize the wiggler fi elds and minimize the normal bending field. In the next section we 
present a design which meets a ll t he requirements described above. We can decrease both the 
dam ping time and t he normalized emittance by increasing t he wiggler length. This feature is 
one of the characteristics of our design. [16] 
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4.3.2 Lattice and Optics 

The dam ping rings are designed for the three frequency options, using the same component s 
as those developed for t he Accelerator Test Facility (AT F ) at KEK. [17] We describe he:e the 
detail only of t he C- band option and present a table to compare the three options . The 
configuration of the ring is illustrated in Fig. 4.20. T he ring has a circumference of 320.b'm 

Table 4.7: Parameters of the damping rings 

Main Linac Frequency S-band C-band X-band 
Synchrotron Radiation per turn [MeV] 0.367 0.99 0.71 
Harmonic Number 530 764 660 
Total Current [m Al 410 478 405 
Circumference [m] 222.5 320.8 277.1 
Num ber of Train/; 2 4 4 
Number of Bunches per Trai n 55 72 90 
Number of Particles per Bunch [1010] 1.73 1.11 0.65 
Longit udinal Impedance Threshold [n] 0.145 0.316 0.594 
Repetition Rate [Hz] 50 150 150 
Momentum Compaction 0.00098 0.00126 0.00140 
Natural Emittance [nradm] 0.512 0.569 0.618 
Horizontal Damping Time [msec] 6.13 3.54 4.04 
Vertical Damping Time [msec] 8.01 4.30 5.20 
BWlch Length [mm] 4.5(4.8) 4.9 (5.0) 4.9(5.0) 
RF Voltage (O.714GHz) [MV] 1.1 2.1 1.9 
Energy Spread [10 ­ 4 ] 8.6 (9.09) 9.1 (9.29) 9.14(9.24) 
Touschek Lifeti me [sec] 41 70 130 
Emit tance with Intra-beam [10- 1°] 6.73 6.4 1 6.18 
Horizontal Phase Advance per Cell [degree] 120 90 92 
K2 val ues of SF and SD 33.4 ,- 45.9 25.9 ,-33.4 26.3 ,-33.6 
Necessary Total Power [MYA] 5 9 7 

and a superperiodicity of two. The optical functions (32 and (3y and the dispersion function 
TJz for a half of the ring are plot ted in Fig. 4.21. The damping times are Tz = 3.54msec and 
Ty = 4. 30msec. This allows each train t o stay in t he ring for 6.2 vertical damping times when 
operated at 150Hz. The intrabeam scattering contribution to the emittance is about] 3% of 
the equilibrium emittance. 

Each arc consists of 30 combined-function FOBO cells. The bending angle is 6.00°, and 
t he normalized gradient of the quadrupole magnets is 4.17m - 2. With t he magnet aperture 
r=1. 6cm, which is 2mm larger than th e beam pipe, the pole t ip field of the quadrupoles is 
4.4.k.G. The magnet con:figulation in a cell is plott ed with t he lat tice functions in Fig. 4.22 . 

The design of the wiggler is crucial in our design . It has the effective field 1.88T, the period 
Aw = 40. 0cm, and the total length 133m with t he packin g factor 0. 36. The configuration of t he 
wiggler section is shown in F ig. 4.23 . We use 58 wigglers. A high field quality is required since 
the non-linear fields can reduce the dynamic aperture and cause a beam loss at the injection . 
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Figure 4.20: Schematic layout of the J LC damping ring. 
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Figure 4.2]: Lattice parameters of half of the damping ring. 
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Figure 4. 22: Lattice parameters of a single normal cell. 
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4. 3 .3 Dynamic Aperture and A lignm ent Tolerances 

Since the damped beam has a much smaller dimension than t he injected beam, the requirement 
of the dynamic aperture comes from the size of the lat ter. Three t imes the rms size will be 
enough in ord r to avoid a significant beam loss. We will measure the dynamic aperture in 
terms of the horizontal equilibrium beam size ao. Since t he injected emittan e is larger than 
the equilibrium emittance by a factor 50/3, three sigmas of t he inject d beam size corr spond 
to 13ao (rv1.5mm). The planned beam pipe in t he arcs has a 13.5mm inner radius r rv22ao· 

We correct the chromaticity with only two families of sextupoles in t he arcs . The integrated 
sextupole strengths are: K2SF = 25.9m-2 and K 2SD = - 33.4m- 2. The results from the 
computer code SAD indicate that the dynamic aperture is more than 80ao without nonlinear 
fields of wigglers. It will decrease when errors and the wiggler nonlinear field a re included . 
However, the tracking simulations made with a sinusoidal nonlinear field show tha t the aperture 
is still more than 40ao. A result of tracking over 1000 turns using SAD is pi tted in Fig. 4.24 . 
We find that the tolerance of the magnet misalignment and the monitor set t ing error is 30pm 
vertically and 50PID horizontally and those of rotation and of the field error arc 0.5rnrad a nd 
0.1%, respectively. 

~ Without non-linear effects of wiggler 

100 ~ With sinusoidal wiggler field 
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Figure 4.24: Dynamic aperture . 

4.3.4 Sing le Bunch Instability 

The short-range longitudinal wake causes t he bunch lengthening. It was observed in the damp­
ing ring of the Stanford Linear Collider(SLC) [18]. T his phenomenon restricts the performance 
of the damping ring operated at a high current. The relevant wake fie lds are generat ed at dis­
continuities of th e vacuum chamber. Almost all the vacuum components of the JLC-I damping 
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The transverse instabilities can be suppressed by the damped cavity and the bunch-to- bunch 
tune spread within each train. The requirements are estimated by a tracking simulation as 

(Rj Q)Q '" 106 (n j m) for each transverse mode, 
3~lI '" 1 X 10- , 

where ~lI is peak-t.o-peak betatron tune difference within a train. These values also agree with 
analytic results for uniformly distributed bunches with the same total current assuming that 
bunches in a train are decoupled because of different tunes. These requirements to the RF 
cavities can be satisfied as will be described later and the t une spread can be obtained by an 
RF quadrupole. 

4.3.6 Injection and Extraction 

Injection 

Three septum magnets successively defl ect the beam injected from the RF gun or from the 
pre-damping ring by ] 10, 132, and 44mrad . The beam is further deflected by about 4.5mrad 
by a kicker magnet to match the closed orbit of the ring. The injection error will be smaller 
than O.lmm. To keep the beam loading of the cavity in the damping ring a lmost constant, the 
RF bucket which has been occupied by the just extracted bunch must be filled immediately by 
an injected bunch. So, the beam extraction point, the injection point , and the cavity section 
must be located in the ring in this order. 

Extraction 

The stabilization of the b am extracted from the damping ring is extremely important. The 
jitter has to be less than one tenth of the beam size. 

The beam to be extracted is deflected by about 4.65mrad by a kicker magnet into the first 
septum magnet . T he three septum magnets successively deflect the beam by 44, 132, and 110 
mrad. For the septum magnets, DC magnets are chosen , because pulsed ones will introd uce 
larger jitters. The pnlse-to-pulse reproducibility in the total defl ection angle (286mrad ) is better 
than ± 3 x 10- 5. 

Assuming ,Bz ~ 10m, the jitter tolerance on t he kicker is estimated to be 5 x 10-4 [15]. In 
order to achieve this tolerance, we need to use a doubJe kicker system, separated by a phase 
advance of Jr, to cancel the jitter. The first kicker will be placed in t he damping ring and the 
second kicker in the extraction line, thus reducing the jitter into the range 10-4 to 5 X 10- 4. 

Fig. 4.25 shows a design orbit trajectory for injection and extraction. 

4.3.7 Magnet System 

Conceptual designs have been made for damping wigglers, combined fu nction bends, quadrupole 
and sextupole magnets. The magnet specifications were determined with consideration for t he 
availa ble space and t he cost of the magnets and power supplies. It is necessary to be able to 
separate upper and lower parts of quadrupoles, sext upoles, and wigglers for the installation of 
the vacuum chamber. For magnetic field and alignment reproducibility, these magnets should 
have some precise knock-pins. This reproducibility may affect t he a lignment accuracy of the 
damping ring. 

The low emittance and fast damping require high-field, short-pitched wigglers. These condi­
tions conflict each other, because a high field needs much space for coils or permanent magnets. 
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4.3.10 Vacuum system 

The main purpose of the damping ring is to get a low emittance beam. The vacuum system must 
be designed to achieve such pressure t hat does not disturb the beam emittance through beam­
gas scattering. Scattering effect has been evaluated by several persons [25, 26, 27]. Allowing a 
vertical emittance growth of 10%, we need an average pres ure of the ring below 6 x 10- 6 (Pa). 
The gas desorption in an electron storage ring is dominantly induced by the irradiation of 
synchrotron radiation (SR). The density of the SR photons at the chamber wall will reach 

10192 X and 1 x 1019 photons / m/ s in the wiggler and arc sections, respectively. We assume 
that the photo-desorption rate of the chamber is 1 x 10- 5 molecules per photon. Then we must 
achieve the pumping speed of 140 and 70 l/ s / m for two sections respectively. Basic design 
concepts of the vacuum system are as follows. 

1. 	 Make all vacuum chambers by t he extrusion of aluminum alloy. They will be baked to 
150 DC for 24 hours before assembly at the beam line, but will not be baked in situ. 

2. 	 Connect vacuum chambers by clamp-chain flan ges and bellows. The chambers will not 
be weld in situ due to the limitation of the connection space. 

3. 	 Localize the synchrotron radia tion by using photon absorbers , especially in the arc section . 
It has a merit that we can minimize the area of high gas desorption . 

4. 	 The general cross section of the beam duct is a circle of 27 mm in diameter, except for 
cavities and absorbers. The wiggler chamber has a race-track shape, 15 mm high x 
47 mm wide. These chambers must be connected to form a smooth transition keeping 
the impedance contribution low. 

5. 	 Use two types of bellows with race-track and circular apertures t hat match the chamber's. 
Insert the RF shield into the bellows and gate valves. 

6. 	 Install a cold-cathode gauge to each cell to monitor the pressure ofthe ring. The addition al 
information will be obtained by monitoring the ion-pump currents. 

Most of the above components are similar to those in preparation for the ATF damping rin g 
and , therefore, will be t sted soon. 

Vacuum Chambers 

The cross sectional view of the wiggler chamber is shown in Fig. 4. 27 (a). The beam duct 
has cooling channels on both horizontal sides. Along the beam duct , two side channels for 
non-evaporable getter (NEG) pumps are installed. They are connected with the beam duc t 
through slots that a re created in the space bet ween the cooling channel and the outer chamber 
wall. Three pumping ports are provided on the inner side of the ring to install ion pumps, 
some vacuum gauges and the roughing pump systems. T he cross section of a bending chamber 
is shown in Fig. 4.27 (b) . The bending magnet is a combined type and the gap between the 
magnet poles is open to th outside of the ring . We will add an antechamber to the beam 
chamber to localize the area irradiated by SR photons. Ion pumps and NEG pumps will be 
installed near the photon absorber to evacuate the out-gas effectively. With the beam current 
of 450 rnA (C-band design ), the maximum linear power density along the beam duct becomes 
1.5 kW/ m for both the wiggler and a rc sections. These chambers are cooled down by water. 
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Figure 4.27: Cross sectional views of chambers (a) for the wiggler magnet (b) for the bending 
magnet. 
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In the antecbamber, the maximum temperature at the surface of the copper photon absorber 
will reach 100 ce. The first antechamber of the bending section must absorb the power from 
wigglers, and thus the maximum temperature of the absorber will become several hundred 
degrees. Therefore, these photons are let out of the ring like SR rings do. 

A prototype of 3m vacuum chamber was tested and we obtained much information to 
improve the production technique of the vacuum chamber. We are planning the design of 
aJmost perfect RF contact for bellows and of cooling system for the reduction of the number of 
absorbers . 

Pumping scheme 

The roughing pump system is connected to vacuum chambers by manuaJly operated vaJves. 
The system consists of an oil-free t urbomolecular pump with magnetic bearings and a rotary 
pump. The pump will be mounted on a cart and disconnected from the vacuum chamber during 
operation except for the NEG pump activation . Sputter ion pumps (SIPs) will be mainly used 
in the ring. They will be placed just before the photon absorber to effectively evacuate desorbed 
gases. The SIPs will be of 60 li s nominal pumping speed for straight chambers and 100 lis 
for antechambers. Linear NEG ribbons will be installed in two side channels of the wiggler 
chamber. It effectively evacuates the desorbed gases along the bea m duct. Additional lumped 
NEG modules will be installed in the normal cell to support the SIPs. 
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4.4 Bunch Compressor 

4.4.1 Introduction 

A higher luminosity can be obtained with a given beam emittance by making the bet a function 
at the collision point smaller but , if the beta fun ction becomes a bout t he same as the bunch 
length, one cannot increase the luminosity any more. Thus , a short bunch is needed for higher 
luminosity. It also helps to minimize the adverse effect of short-range wake field in the main 
linac. The proposed beam parameters of JLC-I (Sec. 4.1) require the bunch length ranging from 
80 J-LID to 150 J.Lffi in the main linacs. T he bunch lengt h in t he 1.98 GeV damping ring (DR) 
is about 5 mm and the energy spread is 0.93 X 10-3. Thus a compression of bunch length by 
a factor of 63 is required. Due to t he emittance preservation in longit udinal phase space, this 
process causes an increase of the energy spread by the same fac tor, which cannot be accepted 
by the main linac and by the compressor itself. It is therefore necessary to have a system 
composed of two compressors between which an intermediat e linac (pre-linac ) accelerates the 
beam to recover the relative energy spread wit hin bearable values . 

In the following sections, the number of particles in a bunch (N ) and the number of bunches 
in a train (mb) are assum ed t o be (0.7", 2) x 1010 and 50 '" 80 respectively, while preserving 
their total charges to be 8 x 1011 in a train . 

4.4.2 Basic parameters 

In this section we discuss the choice of the beam energy at the second compressor and the 
compression factors of the first and the second compressors. Key issue is the energy spread in 
each stage. We have to consider two points. Firstly, the multi-bunch beam loading in DR, if 
not compensated within DR, brings about unequal equilibrium dist a nces between the bunches. 
These deviated positions are mapped to different energies at the exit of the first compressor 
(referred to as BC I hereafter) which performs a 90° phase rotation in the longitudinal pla ne. 
The po ition deviation a mounts up to 5 mm (l o'z(DR)) for the proposed DR cavity. It is 
converted to an energy shift 10"e at t he cavity of BCl. Secondly the acceleration in the pre­
linac yields an energy spread due to t he single-bunch beam loading. Wit h S-band structures, 

1010the rms energy spread is approximately 0.2% for N = 2 X and 0".z: = 0.5mm [28]. 

Fig 4.28 shows t he energy spread (20") in the BCl and BC2 as a function of the compr ssion 
factor of BCI for various energies of BC2. We have assumed a compensation of multi-bunch 
energy shifts a t the entrance of the pre-linac (S-band). The solid line of BCI is the energy 
spread at the entrance of the S- band linac, while the broken line shows that in the second arc 
of BCl. We have also included weak dependence of single-bUJlch energy spread in the linac on 
the bunch length . The multi-bunch energy spread in the S-band linac is assumed to be 0.15% 
(peak-to-peak). A higher energy of BC2 relaxes the energy spread of BC1 and BC2. There 
must be a trade-off between the cost of t he pre-linac and the difficulties of t he transport in BC2 
and in the first portion of t he linacs. In the fo llowing we choose the energy of 20 Ge V. The 
energy spread (±20") at the entrance of pre- and main linac is ± 2.58% while at the second arc 
of BCl it is ±2.58%x3 /2 = ±3.87%. The compression factors of B Cl and BC2 are 0.072 and 
0.222, respectively. Table 4.9 shows the basic parameters of the bunch compressors. Fig 4.29 
shows a schematic view of the bunch compressor sysytem. 
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Figure 4. 28: Energy spread of bunches (in 2(/) versus compression factor of the first compressor. 

Table 4.9: Basic parameters of bunch compressors 

Location Energy spread(2(/) (%) Bunch length (mm) 
Damping Ring 0.186 5.0 
BC1 (second arc) 
BCl (exit) 

3.23 
2.58 

5.0 -+ 0.36 
0.36 

S- band Linac 2.58 -+ 0.570 0.36 
BC2 (exit ) 2.56 0.08 

4.4.3 First C ompressor 

T here are two issues which should be taken into consideration in the design of the first bunch 
compressor (BC1). Both of them are related with the multi- bunch beam-loading effect. Firstly, 
the beam-loading in the damping ring causes unequal displacements among the bunches in a 
train , which can result in unequal acceleration in the linac, if the beam is directly injected to 
the linac. Actually, however, this will make no problem since the longitudinal phase advance 
90° of the bunch compressor converts the position shift to an initial energy spread in the linac 
(Fig. 4. 30(a)) which eventually fades out during acceleration. Secondly, the transient beam­
loading in the cavity of the bunch compressor itself produces an energy spread among bunches. 
This brings about an incomplete rotation in the longitudinal phase space, resulting in different 
longitudinal positions in the linacs which cause an energy spread again (Fig. 4.30(b )). 

The parameters of BC1 are summarized in Table 4.10. 

Longitudinal optics of Bel 

These linear or nonlinear position shifts in the DR are converted by Bel to energy shifts in the 
following linacs. The condition of 90° phase advance and that of upright ellipses at the both 
ends give 

(4.17) 
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Figure 4.29: Schematic view of bunch compressor system 

where f i ( i = 1, 2) are the dila tion factors of the arcs before and aft er the cavity, k is t he loca l 
slope of the RF voltage normalized to the nominal energy, and m1 is the compression factor 
of BCl. In the present design fl.} = f2 = 0. 387 m and V = 170.9 MV for t he L-band cavity 
structure. The energy shift afte r passing t he compressor cavity becomes 1.29 %. Adding 2cr 
energy spread of single bunch to this, we fi nd the required ba nd wid th of the second arc to be 
±3. 24 %. 

Second arc of BCI 

It is essential to transport t he beam wi th such a tremendous energy spread of ± 3.5%. The 
usual achromat syst em seems impossible to apply. We adopt a chicane section instead of a rc [30J. 

Table 4. 10: Parameters of t he firs t bunch compressor 

Cavity 

M mentum compaction of first arc £1 0.387 m 
Momentum compaction of second a rc £2 0.387 m 
Main cavity voltage VM 171 MY 

frequency fo 1.428 GHz 
Com pensat ion- 1 voltage VC1 61.0 MY 

frequency fC 1 1.428 GHz 
beat frequency !'-,.f 0.25 MHz 

Compensation-2 voltage VC2 62.5 MY 
frequency fC2 2.856 GHz 

beat frequency !'-,. f 0.25 MHz 
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Figure 4.31: The equilibrium position in DR: (a) wit h the fundamental mode only and (b) 
including a higher order mode(HOM). The loss parameter of HOM is equal to t hat of the 
fundamental mode. Q(HOM )=300, ! (HOM )=4.5!o. 

between two successive bunches. In our design, the num ber of bunches mb is rather large (50 
to 90 ), meaning that the quadratic term in n in Eq. (4.1 8) is not negligible. 

To compensate for the beam loading, it is desirable to use a st ady-state of a structure. A 
cone ivable compensation scheme is to use two st ruct ures driven by slightly differen t frequencies. 
The principle is shown in Fig. 1.32. Denoting the wave numbers as ko ± 6. k, one can write the 

v 

t 

Figure 4.32: Beat ing method. Each bunch is placed on the crest of modulated rf. 

summed voltage as 

6. Vn V sin [( ko + 6.k )Zn + ¢] - V sin[(ko - 6.k)zn + ¢] - Vb( n) 
2V sin(6. kzn + ¢) coskozn - Vb(n), (4. 19) 

where ¢ = 27r(6.k jko} x integer is assumed. Vb(n) is t he beam loading of the compensation 
cavity itself. By adjusting the beat phase ¢ and the amplitude V , the beam-loading voltages 
of the main and the compensation cavities can be cancelled up to the second order in n. 

This method can correct the energy deviation of bunches up to the second order wi thou t 
affecting the single bunch energy spread. We a ttach this compensation system to each main 
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cavity in the compressors. It is also adopted at the exit of BC1 to compensate for the energy 
shift which is converted from the position shift in DR. 

T he heavy beam-loading generates energy and position shifts in the second compressor, too. 
The beam loading in the first cavity produces an energy shift since the phase advance is 180°, 
while that in the second cavity yields mainly a position shift since the phase advance between 
t he second cavity and the exit of BC2 is almost 90°. These effects can also be suppressed by 
the beat method described above. 

Tra cking simulation 

We made simulation calculations for the first compressor. We have assumed that the loss 
parameter for the fundamental mode is 4.8 V /pC/m/ scaled from S-band structures. The 
bunch shape in DR was assumed to be Gaussian. Fig. 4.33(a) shows a phase space plot at the 

(a) (b ) 	 (c ) 
5.5 

1--.. ~ ;-...J 6 .0~ ~ ~ -' '-' "--" 4.6 0 	 0 0 	 a 0r:a ~ t:iJ 4 .0 "­ ""'­ ""'­1~ -1 IiJ 
3.6~ -<d ~ 

0 3.0 

Q- 2 -1 B.Z 6,4 6.6 6,6 6.2 6,4 6,8 6. 1> 
z (m.rn) z (mm) 	 z (rom) 

Figure 4.33: Phase space ellipses corresponding to 10" beam ellipse. (a) without compensation . 
(b) with compensation. (c) with full-compensation. 
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Figure 4.34: Bunch length dependence on bunch number. 

end 	of the arc for the 10" ellipse without compensation. It shows tha t the position shift in DR 
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is converted to an energy sruft and that the energy loss in the compressor cavity results in a 
position shift. Fig. 4.33(b) is the same plot but with energy compensation. A small position 
shift ('" 0.10'" ) is still observed due to a nonlinearity arising from RF sine wave of t he main 
and the compensation cavities. Fig. 4.33{c) shows the results for the full compensation which 
includes the energy compensation at the end of the arc. The ellipses in the phase space are 
significantly deformed due to nonlinearities especially for the firs t and last bunch which are 
placed far off zero-cross phase of the main RF voltage. In the compensation cavity at the end 
of the arc we used an S-band structure because the position shifts are already corrected and, 
therefore, the nonlinear effect is expected to be small. 

T he bunch length is plotted versus the bunch number in Fig. 4.34. The solid line shows 
the rros bunch length fitted with Gaussian distribution using all particles and the broken line 
the rros value of particles within ±30'" (fitted sigma) only. W find the bunch length varies by 
about 10 %from the head to the tail of a train. 

4.5 0.3-0.5 TeV X-band Linac System 

The essential advantage of the X-band over lower frequencies is t hat one can go to higher 
energies within a given length of the site. Since, however, the main target in this report is a 
relatively low energy, we will present here an X-band design with an accelerating gradient lower 
than that we had been planning for the last several years. T his low gradient is believed to be 
feasible in the near future. 

A possible RF system is shown in Fig. 4.35 to visualize the X-band system. This system is 

Modulator Next Modulator 

One-Stage SLED-IT 
nO = 4, Pg=3.0, a«=O.028, 30m 

~}~: xKlystron 
210MW,2IOns70MW,900ns 

-10% / 5m) 

/~'--_-J..L...I.JJu.L...__~Q magnet 

Accelerating structure, Ls =1.31 m 

47MW, 210ns / structure, Net 28MV/m 

Figure 4.35: A schematic diagram of possible X-band RF acceleration system. 

based on the following choice: 

1. nominal (unloaded) accelerating field of 40 MV 1m, 

2. a klystron to power four accelerating structures , 

3. 	one stage SLED-II with the net power gain of three (efficiency 70% ), 
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4. waveguide loss of 5% (assuming 5m long rectangular waveguide). 

5. use of ISO-cell detuned accelerating structures with al A= 0.18. 

The accelerating structure and the beam dynamics will be described in the next subsection 

and the RF source in SecA.5.2. 

4.5.1 Design of X-band linac 

D esign circumferences 

The main linac should accelerate number of bunches in a train to the final energy without 
causing large energy spread nor emittance growth in a single bunch and in a multi-bunch sense. 
The relevant parameters from Yokoya[34] as of June 1992 are listed in TableA.12. 

Table 4.12: Beam parameters 

Cent r of mass energy yS 300 500 GeV 

Final beam energy Ef 150 250 GeV 


Inject ion energy E inj 10 10 GV 

1010 Number of particles I bunch N 0.70 0.69 

Bunch length Uz 85 67 mm 
Bunch spacing tb 1.4 1A ns 
Number of bunches I t rain mb 90 90 

8 8Normalized emittance Ey 3 x 10- 3 X 10- rad m 

In the following discussion, we assume that t he betatron amplitude function {3 in the Jinac 
vanes as 

(4. 20) 

where [31 = 3 m at E1 = Einj = 10 Ge V, giving the total phase advance <p through the linac as 

(4.21) 

In this paper, we assume an optic based on the ordinary FODO structure with the phase 
advance of 90° per cell . Quadrupole magnets with the field gradient of 100 T i m can be used 
since the beam hole radius is less than 8mm. T hen , t hey occupy 8.5% of the total length of 
the linac and the accelerating struct ures abou t 90 %. T his si tuation is listed in TableA.13. The 
net accelerating gradient in the structure wit h the beam loading is about 28 MY1m. Then t he 
average accelerating gradient dE Ids becomes 25 MY1m. 

Tabl 4.13: Main linac parameters 
Final beam energy E f 150 250 GeV 
Total length of a linac 5.95 9.92 km 
Phase advance I linac <p 760 1058 radian 
Number of quadrupole m agnets 968 1347 

A group [ several magnets and accelerat ing structures are aligned on some kind of a girder 
and pre-aligned by opt ical equipment. Then ea h girder will be aligned by using th beam 
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and beam monitors. The alignment tolerances depend on the tuning strategy and the feedback 
method and should be studied in future. 

The design of the accelerating structure is closely related to the beam emittance preservation 
and the needed RF power or wall plug power. T herefore, this design is one of the key issues 
for the main linac and are discussed in the following. 

Single bunch t ransverse emittance growth 

Single bunch emittance growth due to a random misalignment Xrm~ of cavities with respect to 
the beam is estimated as [34] 

2 { 2(x ) 0.218La!3, eN W y(0) I7 z } 2 
-= X ( 4.22) 

17; (d E / ds )Ea: (mc2 / e) rma 

where LA is the structure length and m the electron rest mass. It should be noted that the 
slope of the transverse wake field Wy (O) scales as (a/ ). )3.5 and the value used here is[34] 

W~(O ) = 1.4 X 102o [V/C/ m3j at ai ). = 0.16. (4.23) 

(A larger value of a/ ), = 0.18 is adopted in the general parameter list in Sec.4.1 to match the 
requirements at the low gradient in this report. Here , howev r, we shall use the old value 0.16 
since most studies have been done with this aperture.) 

The value of X rma is det ermined by t he accuracy of t he cavity fa brication and the beam 
position monitor. It is believed to be better than lO/-lm. For La = 1. 3 m, E f = 250GeV, X rm6 

= 10 /-lm, and E% = 3 X 10- 8, the above formula gives t he emittance growth 

bf.% = (x: ) = 0.14. (4.24) 
f% 17% 

Multi-bunch emittance growth due to cavity misalignm ent 

The multi-bunch emittance growth bf. (normalized emittance) due to tile long-range deflecting 
mode with a low Q value is estimated as [34] 

4A2L.'1JEtE1 2 

bE = !3?(dE / ds ) X rm6 , (4.25) 

with 
W1tb !3;(eN )Wo 

(4.26)A = Ao exp( - 2Ql) and Ao = 2( Ede) , 

where WI, Q 1, and Wo are the frequency, the Q-value, and the amplitude (per unit structure 
length) of the deflecting wake field. Let us consider the most severe transverse mode, TMllO­
like mode, at wd21f I"V 1.5 x 11.424 GHz. Its Wo is estimated to be roughly[35] 

Wo = 1.0 X 1017 [V/C/m2] . (4.27) 

In this case, 
A = 0.050 exp( - 75 / Q 1). ( 4.28) 

If the emittance growth Of/EO should be Ie s t han 10% when X rmA = 10/-lm, t he Q value for 
the deflecting mode should be less than 24. The above estima tion was performed assuming 
that the excited wake field can perturb only t he next bunch. T his assum pti n will have to be 
checked by detailed simulations for individual designs. 

168 



Multi-bunch emittance growth due to injection error 

The emittance growth due to the long range wa ke field in the presence of ~n i~jectio~ err~r is 
examined. When Arp < I, the second bunch is most affected, with the oSClllatIOn bemg gIven 

by[34] 
(4.29 ) X2 = X oJ l + (Arp )2cos(rp - arctan(Arp)), 

where Xo is the injection error of the first bunch. In order to suppress the emittance growth 

below 10%, Arp should satisfy 

J l + (Arp)2 < 1.05 or Arp < 0.32. ( 4.30) 

The Q value for the dominant TMllO-like mode should be below 15 to meet this requirement . 

Structure design 

(1) Damped structure 

In order to meet this low Q requirement, a damped structure was stlJdied which has four 
damping waveguides in every cell [36]. Two of the damping ports are aligned in a line. The two 
lines are perpendicular to each other and one of them is posi tioned to border a disk in a cell 
while another to t he disk in opposite side of a cell. To realize the Q value of the TMllO mode 
less than 15, the iris apert ure of the damping waveguide should be larger than 9m m as shown in 
Fig. 4.36(a) . Here , the height of the damping port was fixed at 2mm . Though the TEll1-like 
mode seems to have a high Q value , its r IQ is smaller than that of TMllO by a factor of 100[37J. 
This factor is comparable to t he damping of T MllO with Ql = 15 during the bunch interval. 
Therefore, a careful s tudy for t he actual design is needed. T he Q va lue of this mode, however, 
must be much sma ller than that of t he pure TEl11-7J" mode, since the mode is a mixture of 
TElll-1ike and TMllO-like modes, t he latter having a very small Q value. Other higher modes 
are well damped. In t his design with 2mm iris width and 2mm damping port height , the Q a nd 
the r IQ of the accelerating mode are degraded by 16% and 4%, respectively, compared with 
the structure without damping port as shown in Fig. 4.36( b). T here still remains a possibili ty 
to optimize t he height of t he damping port to obtain a little larger Q value of the accelerating 
mode. 

Since the group velocity changes little by this type f damping waveguide, a s t ructure with 
al ).. = 0.16 and T = 0.69 can be designed as follows. In Table.4.14 compared are the parameters 
ofthe structures with damping ports, " Damped" ,and that without , " Normal" ,for the unloaded 
gradient 

,----1 -r 

G = J2 arPo - e = 40MV1m. ( 4.31 ) 
T 

The Q and the r l Q values are estimated using SUPERFISH and the degradation from the 
normal disk-loaded structure is calculated by the 3-dimensional code MAFIA. Since the degra­
dation of r I Q of the damped structure is only fOUT percent, the required peak power is roughly 
equal for both the damped and normal structures wit h the same total attenuation parameter. 
However, the low Q value of the damped structure makes the structure length 16% shorter 
than t he normal disk-loaded structure. T h refo re, t he length of a linac should be 16% longer, 
resulting in the increase of the number of the structures and the power sources by the same 
amount. 

169 

http:Table.4.14


• • • • 
• • 

Oext VS . Iris width 
104 

I 

• TEll l -1t 
103 

a 

A 
D2&10 I­ A D 

...TM l ll-O D TMllO-1t 
D101 

D 

100 
3 4 5 6 7 8 9 10 

Iris widlh (mm] 

Irls.vs .Acc 
7000 12 

- 6500 
11 . 5 

6000 ~ 
11 

! 
~ 

5500 

10.5SOOO 


4500 
 10 
11 -2 0 2 4 6 8 10 12 

Iris w idth [rrunl 

(a) (b) 

Figure 4.36: (a) External Q values of three important modes to be damped and (b) t he Q and 
r IQ values of the accelerating mode as fllnctions of iris aperture width. 

(2) Detuned structure 

T he Q and r l Q of the accelerating mode in the damped structure decreases due to a large 
damping hole in the cavity walL If one can design a structure wit hout holes such that the excit ed 
wake fields in all of the cells cancell each ot her at t he arrival time of the following bunches , 
this degradation will be small while keeping the emittance growt h small enough. Following 
this idea, a detuned structure [38, 39, 40, 41, 42] was examined. Consider a cavity with its 
transverse mode frequencies of the cells distribu ted over the range 1)./ = I l tb and with t he 
relative frequency difference (h - fHd = l / (Nbtb ) between adjacent cells. Then the resultant 
wake field ofthe whole structure will be damped at tb and the cancellat ion will continue till Nb tb. 
As shown in the following example, the wake fields of the most severe transverse mode, TMllO­
Like, were shown to be cancelled out below 1% over the period of a bunch train by properly 
distributing the mode frequency of the cells. In this example, the T MllO mode frequency of 
each cell in a structure of 150 cells is distributed according to a truncated Gaussian with the 
standard deviation at! / = 2.4% and the full width 1). / 1/ = 12.5%. The wake field of such a 
structure is shown in Fig. 4.37( a) , and the sum of the wake fields offom such kind of s tructures 
but with slightly different frequencies is shown in Fig. 4.37(b}. The lat ter scheme is needed for 
a long bunch train more than 100 ns. 

The accelerating field pattern of this structure is shown in Fig. 4.38. The average alA 
weighted by the dependence of the slope of transverse short range wake field (al A )35 is set to 
0.16. The sharp dip and peak near input and output coupler region is due to t he Gaussian 
tail and can be compensated for by changing for example the disk thickness. T he fie ld in the 
figure corresponds to the input power Po = 274 MW and the average field 114 MY 1m. The 
parameters to realize t he unloaded gradient of 40 MY1m are listed in Table .4 .14. 

The above design is only an example and it still remains to optimize the number of ells in 
a structure to obtain better characteristics of the accelerating mode. The value al A may have 
to be a little larger to relax the alignment tolerance and the single-bunch beam loading. If we 
adopt 0.18 as in Sec.4.1, the required power will be 47 MWIstructure as described in Fig. 4. 35. 
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Figure 4. 37: Examples of the wake field of a detuned structure with 150 cells . (a) Wake field 
of a structure, (b) that of sum of four structures with slightly different frequency distribution. 

Table 4.14: Parameters of the accelerating mode of a normal, damped and detuned structures 
with total attenuation parameter T = 0.69. 

o 50 100 150 
Time [nsec] 

(a) 

o 50 100 
Time [nsec] 

(b) 

Parameters unit Normal Damped Detuned 
type CZ CZ 
(al,X) 0.16 0. 16 0. 16 

a [mm] 4.20 4.20 3.14-5.40 
T 0.69 0.69 0.69 
Q 6657 5592 6737-6545 

rlQ [H1/ m ] 12.23 11. 74 9.44-15.4 
r [Mn/m] 81.4 65.7 63 .6-101 

a = wl2vg Q [m - l ] 0.471 0.561 0.204-1.316 
L. [m] 1.47 1.23 1.31 

N urn ber of cells 167 141 150 
Po [MW] 40 .0 41.6 33. 7 

Pol L. [MW/mJ 27.3 33.8 25.8 
Tf ins] 128 108 127 

Tf + Nbtb ins] 257 236 252 

171 


150 



Beam hole radius of a 150 cell strucrture Accelerating field in a 150 cell structure 
with <a/h=0.16 with <a/A.>=0.16
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Figure 4.38: Beam hole aperture and accelerating field along a detuned structure with 150 cells. 

Experimental R&D status 

Controlling the frequency of transverse mode is very important in suppressing the emittance 
growth due to the long-range wake field. The precision of the frequency control for the detuned 
structure, for example, should be of the order of 10- 4 • Since the needed accuracy for the 
accelerating mode is around 3 x 10- 5 to make the total phase shift along the struct ure wit h 
100 cells below 2 degrees, the fabrication of the structure without tuning has been studied . If 
this tuningless structure can be made, the frequency of the dipole mode is automatically well 
controlled. To this aim, the precise fabrication techniques are studied such as ultra-precision 
machining, fine brazing, diffusion bonding, and so on. A precise fabrication of a 20-ceU brazed 
structure should be tested in a few months. 

A high gradient experiment for a 20 em long st.ructure which was fabricated in the ordinary 
manner by a company is underway. After 500 hours' conditioning, a gradient of 70 MV1m level 
was achieved. A further conditioning seems rather difficult due to frequent RF breakdown. 
Significant amount of -field emission current of the order of rnA was observed. However, the 
operation at the gradient of 40 MV 1m level seems easy to realize. At this level, the field 
emission current is as low as /-LA and may not cause severe problem. This low dark current 
is also explained by a simulation code[43] which shows a critical gradient of 80 MV1m below 
which any field-emitted electrons cannot be trapped in RF phase to be accelerated to higher 
energies along the structure. 

The requirement on the vacuum in the linac is around 10- 8 Torr to prevent beam halo due 
to the beam-gas scattering whkh causes background problem in the final focus region. The 
vacuum level in the present experiment. is estimated to be 10- 7 Torr or worse. The structure 
was evacuated by four 20 liter / sec ion pumps through two coupler irises with 5 x 7.5 mm 2 

opening and two beam pipes at both ends of the structure with the diameter 6 mm and length 
1 cm. In a realistic design, more efficient pumping should be needed. 

Summary and future program 

Two kinds of possible X-band accelerating structures were described. A peak power of 35 to 
45 MW with pulse length of 240 to 260 nsec is needed for the accelerating field of 40 MV1m 
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level, which is equivalent to the net accelerat ing field of 30 MV jm after performing t he single­

and multi-bunch beam loading compensation. 
Engineering R&D for precision fabrication of a detuned structure or a proof of fabrication 

of a damped st ructure should be performed soon. 

4.5.2 X-band RF System 

Introduction 

In the R&D program start ed in 1988 for X-ba nd klystrons, two types of klystrons have been 
designed a nd tested [44]. T he first one is a 30 MW class klystron named XB-50K. This rather 
moderate peak power klystron was designed as the first step to the 100 MW class klyst ron 
and produced 18 MW peak pow r . It supp lied t he RF power to the first X-band accelerating 

structure test in 1992. 
The second klystron named XB 72K was designed as the first 100 MW class klystron which 

could possibly satisfy the minimum power requirement as the RF power source for an X-band 
linear collider of several hundred GeV per beam. The fi rst XB-72K was tested in 1992 spring 
and summer. Its result is also reported here . 

XB-50 Series 

XB-50K's are 30-MW class klyst rons developed a..~ t he first st ep toward 100-MW or higher. 
Design parameters are summarized in Table 4. 15. The main purpose of this rather moderate 
peak power klystron is firstly to produce RF-power useful for high-power tests of X-band RF 
parts including the accelerating structures. 

Table 4.15: Design Specificat ions (XB-SOK) 

Operating Frequency 11.424 GHz 
Peak Outpu t Power 30 MW 
RF Pulse Width "-' 500 nsec 
Pulse Repetition Rate 50 "-' 100 pps 
Beam Voltage 420 kV 
Beam Current 160 A 
Efficiency 45% 
Saturated Gain 53 dB 
Focusing Field 4.6 kG 
Beam Areal Compression 80:1 
Max. Surface Grad. in Gun 260 kV j crn 
Max. Surface Grad . 1000 kV j crn 
A v rage Cathode Current Density 7.8 Ajcm 2 

Prior to t he klystron construction , a t est diode named XB-50D was fabricated and tested in 
1989[45], and reached t he cathode voltage of 480 kV. After this diode test , the final design of the 
XB-50K shown in Table 4. 1S was decided , and t hree XB-50 K's have been already completed. 
The first of them has been tested twice with some modification in t he ceramic window[46]. By 
now XB-50K has been t sted up to t he RF-power of 18 MW with t he pulse duration of 100 
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ns, a.nd successfully operated for 500 hours up to 18 MW as the power OUlce of ihe first high 
gradIent test for X-band accelerating structures[47J. 

Following are ihe summaries of these tests ofXB-50D (test diode ) and XB-50K(30 MW class 
klystron ). 

XB-50D 

1) Design and fabrication XB-50D is a Pierce type electron gun designed for the t st of 
high voltage pulsed electron gun as the beam source of the XB-50K klystrons. The purposes 
of this tube are 1) to produce the beam power of 80 MW or more, necessary for the RF output 
power of 30MW, assuming the RF conversion efficiency of 40%, 2) to check the limit of high 
voltage breakdown in the gun st ructure, especially in the cathode ceramic part, and 3) to 
test the new Jr-coated dispencer cathode[49] . As a cathode ceramics, the cylindrical ceramics 
supplied by WESGO for SLAC # 5045 klystrons was selected because of the successful results 
in the SLC operation. 

The design parameters are summarized in Table 4.16. The gun simulation was done using 
E-GUN code written by W.B .Herrmannsfeldt [48]. To test the high voltage limit in the gun 
region , the maximum surface field was designed to be high, compared to the present S-band 
high power klystrons such as #5045 and E-3712. The surface field distribution around the 
cathode and the anode was calculated by "DENKAI" written by T.Shintake. Over 300 kVfcm 
surface field strength could be tested at rather low ca thode voltages of less than 300 k V. The 
cathode radius and perveance were determined so as to keep the beam areal compression ratio 
at 80 to 1 (see Table 4.15), in order to make the focusing relatively easy. 

Table 4.16: XB-50D parameters 

Cathode Voltage 380kV (450kV) 

Beam Current 130 A (170 A) 

Beam Power 50 MW (80 MW) 

Maximum Surface Field 310 kV fcm (365 kV fcrn ) 

Perveance 0.57 micro-perveance 

Cathode Diameter 50mm 

Cathode Spherical Radius 60 mm 

Cathode Material Ir-coated dispenser cathode 


The fabrication of the XB-50K was carried out by TOSHIBA Corporation with the ordinary 
fabrication method of high power pulsed klystrons. The firs t XB-50K was deliv red to KEK in 
1989 spring. 

2) Test results The high voltage operation test was carried out from 1989 autumn to 1990 
spring. To drive XB-50D, a modulator originally designed for # 5045 was modified to adjust 
the pulse length of the PFN by reducing the number of stages down to 3. Also , the impedance 
of the PFN was adjusted to that of the test diode tube . After a short period of spot -knocking, 
i.e., the high voltage operation without cathode emission, the high voltage processing started 
from the cathode voltage of 200 kV. The maximum cathode voltage achieved after 70 hours 
of conditioning mostly at 2 pps was 480 kV with the pulse half width of about 3 J.L5ec. No 
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serious discharge was observed until this voltage was achieved. At 430 k V a reasonably stabl: 
operation was sustained at the repetition rate of 100 pps, where the fault rate was once .in 10" 
pulses. A stable operation around 400 kV or slightly higher could be expected for thIS gun 

structure with this cathode ceramics. 

XB-50K 

1) Design and fabrication XB-50K is t he first X- band klystron in the R&D program for the 
future linear collider in Japan. As the first step to t he final power source, a rather conservative 
target of 30MW output power was chosen, since an actual power source was needed for various 
high-power tests in X-band linac technologies. 

The cathode struct ure of t his tube was almost the same as XB-50D with only a slight change 
applied to the wehnelt and anode geometry for t he purpose of relaxing the surface st.ress without 
sacrificing the focusing characteristics. At the cathode voltage of 450 kV, the maximum surface 
stress was reduced to 260 kV fcm from the value of 365 kV fcm in XB-50D. The RF simulations 
were performed using FCI-code written by T .Shintake[50j, and the final design parameters are 
summarized in Table 4.15. 

One of the important parts in a high power pulsed klystron is the ceramic window . The 
# 1 tube had a half-wavelength ceramic-type window. At the first high power test, however, 
it was broken due to an RF discharge, which will be described later, and was replaced with a 
new pillbox type window. XB-50K# la (the repaired one after the failure) and the following 
X8-50K's have such windows, of which dimensions are shown in Fig. 4.39. 

9.2 
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• 
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H 

Figure 4.39: Output Window Dimensions of XB72K & XB50K Klystron 

By June 1992, #1,# la,#2, and # 3 XB-50K's were delivered to KEK. Among these , # 1 and 
# la were already tested and # la has been operated as the RF power source for the X-band 
accelerating structure test. All of these XB-50K's were fabricated by TOSHIBA Corporation. 

2) Test results XB-50K#1 was tested up to 11 MW peak power in 1990, and XB-50K#la 
up to 18 MW wit h t he pulse duration of 100 ns . Results of these tests are shown in Fig. 4.40 
and the experimental set up in FigA.4l. 

17 



30.0 

25.0 

~ 
~ 
a: 20.0 
UJ 
~ 
~ 15.0 
C 
UJ... 
<a: 10.0 
::I... 
<
V) 

5.0 

.. ! 

.::: ~ 1990 (70 n8, 2 pp8) 

I $ I I l J i I I I I , I I ! I I 

0.0 
250 300 350 400 450 

BEAM VOLTAGE (KV) 

Figure 4.40: XB50K Saturated power. 

The half-wavelength type window of XB-50K#1 was broken at the peak power of 11 MW 
with t he pulse duration of 70 ns. This failure was identified as due t o a hard RF discharge on 
the ceramic surface. A serious damage was observed on the atmospheric side of the window. 
There was an air leak through the ceramics, which is fatal for t he vacuum tube. Discharge 
marks of the sputtered metal film was observed on the ceramic surface and fine powder of 
chipped ceramics was found inside the wave guide. The damage was harder ou tside t he tube 
than inside. This was possibly due to the fact tha t the vacuum pressure in the guide was higher , 
because no bakeout process was applied to the waveguide vacuum system. 

In 1991 summer, XB-50K# la was tested up to 18 MW with the pulse duration of 100 ns. 
Up to this power and pulse lengt h, the new pill-box window exhibited only slight discharge 
and no damage was observed . This same tube was again operated in 1992 spring as the power 
source fo r t he high gradient test of the 20 em X- band struct ure . From April to June , it supplied 
the RF power up to 16",17 MW witll 50nsec a t 2",100 pps for 500 hours. 

As shown in Fig. 4.40 , the measured efficiency at 18MW was still less than the FCI simula­
tion value by 30%. Similar discrepancies have also been seen at SLAC and VLEPP, althollgh 
the klystrons were designed based on different simulations. The problem might be related to 
the beam focusing and interception since t he d rift t ube radius is much smaller than in t he 
established S-band klystrons. It is planned as a next step to survey the magnetic fi eld on and 
near the cathode surface. Also to be analyzed in more detail are the gun design and the beam 
characteristics around the output cavity, especially a t its downst ream end . 

In Fig. 4.41 , the XB-50K#1 and its exp erimental set-up for high power test are shown. 
At the present st age of XB-50K klystrons, the following results have been obtained . 

(1) 50- 100nsec, 18 MW RF power was obtained and utilized for the X-band acceleration struc­
ture test . After 500 hours of operation dedicated to the test a t 2 to 100 pps , XB-50K#la 
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Figure 4.41: Experimental setup for XB50K. 

has not shown any degradation in its performance. 

(2) 	RF efficiency was measured as ",30% at the peak power of 18 MW and was lower than the 
simulat ion result of 42%. 

(3) 	Diode charact eristics, such as cathode voltage, perveance, beam current , and fault rate , 
a re in good agreement with the designed values. 

(4) 	The ceramics window of pill box type had only a slight discharge without damage. For the 
longer pulse required for the linear collider, further improvements wil1 be needed. 

XB-72K Series 

XB-72K is the 100-MW class klystron designed as 1,he prototype which satisfies the minimum 
peak power requirements for the future X-band linear collider. The main goal of this klystron is 
to produce the peak RF power of 100 MW or higher. With a help of some RF pulse compression 
scheme, this klystron can produce the peak RF power of 400 MW. Some problems such as the 
low modulator efficiency and the power-consuming focusing magnet are left open for future 
studies. 
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XB-12K 

1) D esign and fabrication The necessary beam power is more than 250 MW if one assumes 
t he RF efficiency of 40%. Considering the present state of t he art in the pulsed high-power 
klystrons , t he cathode voltage of 550kV was chosen as the first step. T his voltage is about 
30 % higher than that of the existing high~power klystrons such as # 5045 or other S- band 
fleet widely used in the present S-band linacs. T he flat top length needed for our klystron 
with the 4- times pulse compression system will be around 500 nsec which is much shorter than 
the S- band ones above. Therefore, t he cathode voltage of 550 k V to 600 k V is believed to be 
within the reach of the present high voltage pulse technology. By the use of E-GUN code t he 
diode design of t he XB-72k was carried out and t he final design parameters are sum marized in 
Table 4.17. 

Table 4.1 7: Design Specifications(XB72K) 

Operating Frequency 11.424 GHz 
Peak Ou tput Power 120 MW 
RF Pulse Width ,..., 500 nsec 
Pulse Repetit ion Rate 50 ,..., 100 pps 
Beam Voltage 550 kV 
Beam Current 490 A 
Efficiency 45% 
Saturated Gain 53 rv 56 dB 
Focusing Field 6.5 kG 
Beam Areal Compression 110:1 
Max. Cathode Current Density 17 A/ cm2 

Max. Surface Grad. in Gun 273 kV / crn 
Max. Surface Grad. in Out put Gap 720 kV / cm 

Considering the drift tube radius and the cathode size which is limited by the maximum 
available current density, the beam areal compression rat io was chosen as 110 and the perveance 
a..c; 1.2 micro-perveance. This perveance is considered to be the best compromise between the 
easy beam focusing and the low impedance for the fast rise time of the cat hode voltage wave 
form which is definitely important for the power supply efficiency. Simulat ions by E-GUN code 
showed that a good laminar flow can be obtained in the drift t ube region with the focusing fi eld 
of 6.5 kG. T he designed gun st ructure is shown in Fig. 4.42. The beam t rajectory obtained by 
the E-GUN code is shown in Fig. 4.43 . Although t he cat hode voltage is higher by ,...,30% than 
that of XB-50K, the surface gradient in the gun structure is kept relatively low, 273 kV / crn 
at most . The maximum current density on the cathode is 17 A/cm 2

• This is considered to 
be feasible from our operating experience of XB-50K which has the same Ir-coated dispencer 
cathode. Even at this CUTTent density, the cathode temperature is estimated to be 1050°C 
or slightly lower, and the cathode life time longer t han 105 hours can be expected at this 
temperature. 

RF simulations were carried out by the use of t he FCI code as in the case of XB-50K 's. The 
cavity configuration from t he input to the output cavities are shown in Fig. 4.44. T he output 
and penultimate cavities are the so-called "noseless type cavities" [51]. Owing to them the 
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Figure 4.42: Gun dimensions of XB72K Klystron 

Figure 4.43: The beam trajectory in XB-72K simulated by E-GUN. 
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maximum surface field in the output gap can be kept as low as 700 k V / em in spite of the single 
output gap structure. The output cavity has two output wave~des attaehe~ symmetrically, 
and two pill-box type ceramic windows are set on each wavegUIde. T hese wmdows have ~he 
same structure as those in XB-50K 's, which have worked up to the RF output of 18 MW Wlth 

100 nsec pulse duration. 

2) XB-72K Test r esults The first XB-72K fabricated by TOHSHIBA was delivered to 
KEK in J anuary 1992 and a test system with a new modulator were set up in the assembly 
hall in KEK site. The setup with the output waveguide system is shown in Fig. 4.46. For 

Figure 4.46: The test system for the first XB-72K tube. 

the operation of XB-72K to higher cathode voltages than previous tubes , a concrete radiation 
shield was prepared. The two output windows are connected to individual matched loads and 
the output RF power was measured separately on each wave guide. 

The first high power test of the XB- 72K# 1 was carried out last A pril. At the cathode 
voltage of 430 k V with t he RF output power of 22 MW in 100 ns, the gun ceramics had a small 
but fatal air leak and t he test was terminated [52]. After removing this gun ceramics, the inside 
wall of t he drift t u be sect ion was examined by a fiber scope for medical use and no visible 
damage was found from the anode to the downstream end of the output cavity. Apparently, 
up to this cat hode voltage and t his RF output power, no serious beam interception did exist 
in the beam drift section. 
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XB-72K# 1 was rebuilt with a new gun ceramics, cathode, and windows. The high power 
test was resumed from August 1992[53J. The high power characteristics obtained in these 
experiments are summarized in Figs. 4.47, 4.48, and 4.49 . Fig. 4.47 shows the measured 
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Figure 4.47: XB72K# lA Perveance curve. 

perveance of the XB-72K# 1a, which is in good agreement with the simulation result shown by 
the solid line. Fig. 4.48 shows t he saturated RF power versus beam voltage. The RF output 
power reached 41 MW at the cathode voltage of 500 kV. Fig. 4.49 shows the RF conversion 
efficiency versus beam voltage. The measured efficiency is till lower than the simulation, on 
which further studies are needed. 

T he tentative results obtained in these XB- 72K high power tests a re as follows. This XB­
72K # 1a is still under conditioning toward higher cathode voltages. 

(1) 500 kV beam voltage was achieved. 

(2) 230 MW beam power was obtained. 

(3) The measured perveance curve is in good agreement with the design value. 

(4) RF output power of 41 MW was obtained. The RF efficiency was 18 %. 

M odulator 

1) Modulator for XB-72K The ordinary modulator which is currently used as the power 
supply for the XB-72 K test cannot have the high power efficiency necessary for the future 
linear collider due to the rather long rise and faU t imes of the cathode driving pulse. The 
switching speed is mainly determined by the stray capacitance and inductance of t he pulse 
transformer in the present modulator system. To shorten the rise and fall times and improve 
the modulator efficiency, raising the primary voltage thus relaxing the step-up rat io of the 
pulse transformer will be effective. The Blumlein type configuration of two PFN's can double 
the output voltage compared to the ordinary single stage PFN. This type of PFN has t he 
advantage of introducing no new components such as a thyratron and a capacitor . A design of 
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Figure 4.49 : Efficiency of XB-72K# 1. 
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this Blumlein type PFN has been completed and an operation test is scheduled in the end of 
1992 FY. The design parameters are shown in Table 4.1B. This system is expected to reach 80 
% modulator efficiency. 

Table 4.18: Modulators for X-band Klystron (XB-72K) 

Design Parameters 

(a ) PFN (Blumlein Type) 

Rise Time (with Trans. ) "" 150 ns 

Fall Time (with Trans. ) "" 230 ns 

Flat Top "" 500 ns 

Number of PFN B-stages + 8-stages 

Output Voltage( = Charging V ) 80 kV (1:7 Step-up) 

Impedance 23 Ohm(XB-72K 550 kV) 


(b) Pulse Trans. (Primary at 80 kV while charging) 

Step-up ratio 1:7 

Leakage L 830 n H 

Stray Capacitance 4 nF (Primary) 

Loss at 200pps 100 W (Hysteresis) 


1000 W (Eddy Current) 
Rise Time (Trans. only) rv ] 00 ns 
Fall Time (Trans. only) rv 200 ns 
Sag. 2.8% (after 500 ns ) 
Core Material Si-Fe (t = 25 micron ) 

PERSPECTIVES 

The recent progress in the X-band RF power sources at KEK described above has shown that 
the minimum requirement for t he linear coJliders of the next generation can be satisfied by t he 
X-band klystron system powered by the improved type of modulat rs. Within a few years, we 
expect to have a proto-type X-band klystron system with an RF power compression system 
which satisfy the minimum requirements such as the power efficiency, stability, peak power of 
100 MW class and the pulse duration of 500 ns or longer. For this goal, further intensive R&D 
works including the development of the RF window, the modulator, and the RF power transfer 
system will be necessary. 

4.6 0.3-0.5 TeV C-band Linac System 

Since several years ago we have been developing an X-band RF system for .1LC. Although it can 
potentially provide a high accelerating gradient, there are still a number of technical problems 
to be solved. With the S-band, on the other hand, the linac would be very large and long even 
for 0.5 TeV, albeit less R&D works would be required . In this section we discuss the possibility 

184 



of an intermediate frequency range C-band, [rom which for deflfliteness we choose 5712 MHz, 

i.e., twice t he SLAC frequency. 
Expected advantages of t he C-band scheme are as follows. 

1. 	The RF pulse to be generaged by a klystron is a few J.Lsec in length . Hence, a conventional 
HV pulse modulator will suffice. Only an engineering study will be required on the 
modulators to reduce the size and the cost. 

2. 	The peak RF power to be generated by a klystron is less than 50 MW , and the high 
voltage applied to klystron is only 300 kV. T hese requirements are moderate and are 
expect d to be met by a straightforward extension of t he well-established S-band klystron 

technologies. 

3. 	The RF pulse compression of the SLED-IT type is feasible within a reasonable size by 
Ilsing delay lines of a disk-loaded structure. 

For the accelerating structure, w adopt a recently proposed damped cavity which makes use 
of the radial line damper and the choke structure. With t his cavity, multi-bunched beams can 
be accelerated wit hout serious instabilities. Although this new type of ca.vity is not instrinsic 
to the C-band bu t can be applied to S- and X-band as well, we shall describe it in this section 
since it was proposed in the course of the design study of the C- ba nd. 

4.6.1 Outline of C-band Linac 

The whole JLC complex should be accomodated in a sit e at mo t a bout 25km in len gth. If 
we take into account the length of the final focus system and the space for the linac focusing 
elements, the active structure length for each linac has to be about 8km . In order to reach 
250 GeV within this lengt h, the net accelerating gradient must be at least about 30 MeV / m. 
If we take into account the beam-loading and t he single/multi-bunch energy compensation , a 
nominal gradient of 40 MeV/ m is required . A crude optimization of the collider system is given 
in SecA.l. After some refinement , the basic paramet ers for t he C-band linac are summarized 
in Table 4.19. 

A 	schematic diagram of the one section of the RF system is shown in FigA.50. It consists 
of a HV pulse power supply (modulator ), two klystron amplifiers, two SLED-II type pulse 
compressors , and four accelerat ing structures . T his section is repeated at every 8.8 meters. 

If one simply scales the conventional S-band SLAC structure down to the C-band, the lengt h 
of a cavity unit becomes about one meter. A longer unit may be more economical because each 
needs input and output couplers, vacuum jacket s, etc. On the other hand, the peak input 
power increases in proportion to the length, and also t he iris radius needs to be larger to make 
the group velocity fast enough. Consequently, the shunt impedance becomes lower because 
the electric field concentrates on the disk edge, resulting in a lower ratio of t he accelerating 
gradient to the stored RF power. We therefore choose 2m unit length as a compromise. The 
filling time is then about 300 nsee as seen in Table 4. 19. Since the beam pulse length is 100 
bunches x 2.8nsec = 280 nsec, the RF pulse length into the structure must be about 600 nsec . 
The required peak power per cavity unit is 85 MW. 3 

This RF pulse ( 85MW x 0.6J.Lsec ) or each 2m struct ur will be provided in t he following 
way. A HV pulse mudulator of conventional typ creates an out put voltage 302 kV with a flat 
top length of 3.6J.lsec. This power is fed into two klyst rons, each of which produces an output 
RF pulse of 45MWx 3.6J.Lsec. T his long pulse is compressed to O. 6J.lsec by a SLED-II type 
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Table 4.19: C-band main linac parameters 

Beam Parameter 
Frequency fR F 5712 MHz 
Beam energy E 250 GeY 
Number of p 71 article per bunch N 1 x 1010 

Number of bunches per pulse Nb 80 rv 100 
Bunch spacing t b 2.8 nsec 
Repetition frequency f .. 150 Hz 

Main Linac 
Nominal gradient 40 MY/ m 
Net accelerating grad. 28.7 MY/m 
Total active length per beam 8362 m 

Accelerating Structure 
Cavity type Damped cavity with choke 
Damped Q-value of TMllo mode <5 
Iris radius / wave length a/). 0. 16 ", 0. 12 
Group velocity vg/c 0.042 '" 0.01 7 
Attenuation parameter T 0.57 
Filling t ime t F 297 nsec 
Q-factor Qo 7932 
Shunt impedance r 47", 64 Mf2 /m 
average (r) 55 Mf2/m 
Peak RF power per structure 85 MW 
Loss factor k 67.8 Y/pC/m 
Single bunch loading kq 0.11 MY/m 
Multi bunch loading Ea - E f 8.0 MV/m 

compressor. The efficiency is estimated to be 70% so that t he peak power becomes 190MW. 
The out put of each klystron drives two accelerating structures . Assuming a loss of 10% in 
the wave guide, we obtain the required pulse stated above. T he pulse structure is depicted in 
Fig.4.51. 

The det ail of the klystron and the compressor will be described in the next subsection and 
the accelerating structure in Sec.4.6.3. 

4.6.2 C-ba nd R F-Source 


The parameters of the C-band RF source are summarized in Table 4.20. 


The C-band Kly st ron 

Achievable R F power per k lystron T he maximum RF output energy from a klystron 
generally decreases with fTequency. Because the drift tube cross-section in a klystron is inversely 
proportional to the RF frequency squared, so is the available power. Fig. 4.52 shows the pulse 
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Table 4.20: C-band RF-system 

K lystron 

Klystron peak power Po 45 


P ulse length tRF 3.6 


Gun Voltage Vo 302 

Gun perveance K 2.0 

Beam current 10 331 

Power efficiency Tf 45 


Pulse Compressor SLED-II 

Multiplication index n 6 

Loss factor in delay line T 0.01 

Resistive power loss 10 

Reflection power loss 20 

Energy efficiency 70 

Power gain Pol Pin 4.2 


HV Pulse Modulator 

HV Power 302kVx 331A 

Pulse rise and fall time 0.55 and 0.5 

Pulse efficiency 80 

Pulse energy 900 Joul 

Repetition frequency ir 150 

Power consumption PAC 135 


System Power Efficiency 

Modulator pulse efficiency 80 

Klystron efficiency 45 

Klystron focusing coil power 3kW (4.4) 

P ulse compressor efficiency 70 

Waveguide loss 10 

Total power efficiency from AC 


from to RF input to the structure 22 
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SLED-II 
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Modulator 1045 unJts I beam 
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8.8m
.. 
Figure 4.50: The RF system of the C-band main linac. 

energy ( peak power multiplied by pulse length ) obtained from existing high power klystrons 
as a function of the operating frequency. All of them are pulsed klystrons used in linear 
accelerators. The data near 3 GHz are for the SLAC 5045 klystron developed at SLAC. More 
than 200 tubes of this type have been successfully operated in the SLC project. The data at 
8 and 11 GHz are from R&D tubes developed also at SLAC for the NLC project. The 11 
GHz klystron has recently generated 50 M¥l and 1 J-lSec pulse. These data seem to show 1/ f2 
dependence. The lower solid line is a theoretical limit derived under the assumption that the 
HV break down around the output cavity is initiated by meltdown of the copper drift tube due 
to collision of infinitely short drive beams. In practice, however, the thermal en rgy quickly 
diffuses into the tube body and the surface temperature decays in several tens of nanoseconds. 
Since the drive beam in klystron is gerenally much longer than this decay time, the surface 
temperature stays lower than in the impulse case. Therefore, actual tubes work bet ter than 
the impulse theoretical limit. 

The upper solid line shows our guesstimate on the practical limit . This limit for a few J.Lsec 
pulse is 

(Joui/ pulse) 	 ( 4.32) 

where f is the RF frequency in GHz, and predicts approximately 400 Joul / puJse at 5.7GHz. 
Supposing 50% power efficiency from the drive beam power to the RF output, the ava.ilable 
maximum RF energy becomes 200 Joul / pulse, corresponding to 56 MW in 3.6J.Lsec, well above 
our design value of 45 MW. 

Electron Gun and HV pulse Suppose the perveance of the electron gun of the C-band 
klystron to be 2 x 10- 6A/V L5 , then the HV pulse to drive the klystron becomes 302 kV, and the 
feeder peak current 331 A. For the reliability of high power klystrons, one of the most important 
parameters is the gun voltage applied to the electron gun cathode. The 5045 klystron working 
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0.55 1lS c 3.6llsec 0.5 llsec 

Modulator 
HV pulse 200 MW 

SLED-II output 

45MW 

0.6 J.lsec, 
190MW 

Beam pulse 280 nsec 
2.8 nsec bunch spacing 

100 bunches 
filling time 

.1 
293 nsec I 

Time 

Figure 4 .51: T he Klystron and beam pulse structure for the JLC C-band linac. 
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Figure 4.52: Beam power limits of existing klystrons compared with theoret ical guesses. 

at SLAC uses the gun voltage 320 kY. This voltage is by now standard owing to the R&D 
works including the new tachnoJogy of the cat hode material. T hus , the C-band klystron of the 
current design seems quite feasible. 

Output Cavity The output cavity of klystron extracts the RF energy from the high power 
driving beam by decelerating the beam. A high voltage is excited in the gap to the same order 
as the gun voltage, or even higher, because the effective deceleration voltage is reduced by the 
coupling coefficient of 0.6 ......., 0.8. In the case of the 5045 klystron, the output cavity voltage 
reaches 440 kYat the beam voltage of 320 kY. In order to keep good beam coupling, the gap size 
must be kept much smaller than the wavelength. Therefore , if the gun voltage is constant , the 
maximum field gradient on t he output gap is lineally proportional to the operat ing frequency. 
In the 5045 tube, the maximum field gradient is 440 kY j crn at 100 MW output ( 2 J.Lsec pulse ), 
and no break down was observed. In our C-band tube, the maximum field gradient is 590 
kY j cm at 45 MW output. T his is 30% higher than the maximum field in the 5045 tube at 
100 MW full power operat ion. Therefore, some R&D works must be done on the output cavity 
structure. 

For this pmpose, a new type of cavity "Nose-cone removed pill box cavity" [31] has been 
proposed for the output cavity structure, which does not have the nose-cones at t he gap but 
has a smooth shape just as a simple pill-box cavi ty. This cavity can considerably reduce t he 
peak field gradient without loosing beam coupling coefficient. The maximum field gradient in 
a C-band klystron using this cavity, is expected to be 300 kV j crn. This is much lower than 
that in 5045 klystron, therefore no HY break down is expected. 
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Output Ceramic Window T he output window, generally made of high purity alumina 
ceramics has to be transparent to RF power , while working as a good vacuum seal . It is 
susceptible to a HV breakdown problem because t he breakdown occurs more often on dielectric 

surface than in a metal-to-metal vacuum gap. 
Because the physical dimension of t he window is proportional to t he RF wavelengt h , the 

RF power density passing through a unit area of the alumna ceramics scales quadratically to 
the operating frequency, and to t he elect ric field gradient linearly. T h 5045 klystron uses t wo 
windows in parallel, and there have been no severe problems up to 100 MW. The accepable 
power per one window is 25 MW at C-band if it scales as the wavelength squared. Therefore, 
it has to be examined if the conventional ceramic window can stand 50 MW and 3.6 /-Lsec pulse 
power at C-band. 

Pulse Compressor 

As stated before, t he required pulse length into the t he accelerating structure is 0.6J.lsec, which 
is relatively shori as compared to that for the S-band linac. To efficiently generate this pulse 
dir ctly from a kJystron amplifier, a new HV modulat or having shorter rise and fall times has 
to be developed. 

One solution to remove this difficulty is to use an "RF pulse compressor". A compressor 
temporarily stores a long RF pulse of low peak power and, at the end of the pulse, emits a 
high-peak compressed power by reversing the input RF phase. The SLED-I has been invented 
a t SLAC and successfully used for doubling the beam energy in the SLC project. However, the 
out put pulse has no flat top and thererfore is not applicable to the JLC in which 100 bunches 
spaced by 2.8nsec must be equally accelerated . 

For this purpose, we adopt t he SLED-II type compressor, which utilizes a delay line cavity 
chain instead of a single storage cavity. It generat es a flat RF pulse whose durat ion is just 
equal to the electrical length of the delay line. In our case, two RF delay lines of O.6/-lsec delay 
time are required. If we use a simple wave guide for this purpose, the lines becomes gOm long. 
In order to reduce the length, we employ a kind of disk-loaded slow-wave struct ure. The key 
issue is how to realize a reasonably short delay line wit h a tolerable power loss on the wall and 
in the mode conversion. We plan to use a low loss mode T Eom and employ a slot damping 
structure to minimize t he mode conversion loss. 

The designed compressor achieves 4.2 times the input RF peak power with 70% power 
efficiency. The input R F pulse length is 3.6/-lsec , which is long enough for a conventional HV 
pulse generat or. 

Syst em Power Efficiency 

Expected power efficiencies in the C-band RF system are summarized in Table 4.20. We use 
the conventional HV modulator, which has 80% pulse efficiency for a few J.lsec output pulse. 
To improve this efficiency, we need R&D works to reduce the rise and fall times. 

The klystron efficiency is supposed to be 45%, equal to the S-band 5045 klyst ron. T he 
power efficiency is a function of the perveance of drive beam and is lower for higher perveance 
beam. It is also a fu nction of the operating frequency, decreasing with frequency. But t his 
dependence is weak and its mechanism is not clear. Therefore , some work will be necessary to 
keep 45% efficiency. 

The fo cusing coil of klystron also consumes a noticea ble fraction of AC power. In order 
to reduce the coil power, we directly wind a small coil on the drift tube to create 2 kG peak 
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field near the output gap. The required average field is 1 kG, which will be generated by a 
conventional solenoid or permanent magnet . The expect ed AC power is 3 kW for conventional 
magnets. 

For the waveguide system, we use the standard rectangular waveguide EIA: W R187 ( JIS: 
WRJ-5 ) of inner cross-section 47.55 x 22.15 mm. The power loss in this waveguide is ap­
proxima tely 0.03 dB/ m at 5712 MHz. Suppose the average waveguide length from the pulse 
compressor to t he accelerating st ructure t o be 10 m, the power loss becomes 0.3 dB ( - 7% ). If 
we can make t he waveguide system with reflection loss lower t ha n a few percent at waveguide 
junction or bends, the total waveguide loss becomes 10%. 

Including all the factors , the total power efficiency from AC input to the RF injected into 
the accelerating structure becomes 22%. This efficiency can be improved up to 30% by future 
R&D works on the HV modulator, the klystron , and the pulse compressor. 

Table 4.21: Number of Linac Unit s and Power Consumption (two beams) 

HV pulse modulator 2090 
Klystron 4180 
Pulse compressor 4180 
Accelera ting structure 8360 

Tot al RF power input to structure 64 MW 
Total power efficiency 22 % 
Total electric power consumpt ion 291 MW 

T he N umber of Units and Total AC P ower Consumption 

As listed in Table 4.21, the total number of linac units is 2090 for two beams. Each unit 
contains one HV pulse modulator, two klyst rons, and pulse compressors and four accelerating 
structures. Because of such a huge number of parts, we need extensive R&D works for reducing 
their const ruction cost . 

The tot al RF power input to the structure is 64 MW, and the system power efficiency is 
22%, thus the total AC power consumption in the main linac system for two beams is 291 MW . 

4.6.3 C-Band Accelerating Structure 

In order to get high luminosity under t he limited electric power, the multi-bunch acceleration 
in one RF pulse is essential in the linear collider. However, as described in section 4.5 , the 
multi-bunch instability is expected to be a severe problem , which causes emittance growth and 
eventually leads to a luminosity loss. A cure of this problem is one of the most important t as k 
in our R&D works . 

The multi-bunch instability is caused by higher order-mode-resonances in accelerating struc­
b Ires. An electron bunch passing t hrough an accelerating structure generates higher order 
modes which kick the following bunches and deflect their orbits. If we can extract the electro­
magnetic power of these modes from t he accelerating st ructure and damp them before t he next 
bunch comes, the multi-bunch instabilities will be suppressed . 
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Figure 4.53: Concept of the choke mode cavity with the beam induced field and the accelerating 
field. 

For this purpose , a new type of damped accelerating structure has been proposed[32] . Fig­
ure 4.53 illustrates this struct ure [33]. It consists of a number of disks supported by four rods 
which are also used as cooling water channels. Because there is no losed metallic boundary 
around the beam, the wake field immediately propagat s outward along the radial line between 
disks and is eventually absorbed by microwave absorbers mounted on the disks. Therefore, any 
bunch will not see a wake. 

The accelerating mode is trapped inside the structure by means of a choke . The choke 
length is chosen to be one quarter of the accelerating wavelength to provide an infinitely large 
impedance, and thus the accelerating RF power is reflected back to the cavity without losing 
its power by radiation. 

A cold model of a single S-band cell has been fabricated and tested [32]. Figure 4.54 shows 
the measured responce pectrum in comparison with that of a simple pill-box cavity. It can 
be seen t ha t most of the higher order modes were completely damped. A few modes remain 
visible, but they are known not to play harmfu l interaction with the beams. Con equently, this 
type of cavity will eliminates th multi-bunch problem. 

Because this structure has cyli ndrical symmetry, t here is no difficulties in its fabrication. We 
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can fabricat e cavity disks from a copper rod or plate on a turni ng lathe , t hen stack them ~ogether 
inserting spacers and putting a small SiC disk ( microwave absorber) between each palT of the 
cavity disks, and braise them together. After mounting t he power input a.nd output couple:s , 
the accelerating structure unit will be insert d into a vacuum vessel. We will use ",,20mm¢ ~lC 
disks as the microwave absorbers, which are expected to be very cheap for mass production. 
The overall cost will be comparable to that of t he conventional disk-loaded structures. 

Not everything is perfect, however. A part of the input RF field leaks into the choke, thus 
increasing the total wall loss and stored energy. As a result, the RI Q and Q values o~ the 
accelerating mode decrease by 10% and 15%, respect ively as compared to the conventIOnal 
disk-loaded structures. Therefore, the shunt im pedance becomes 25% lower, and we need to 
input 25% higher RF power to get the same accelerating gradient. 

4.7 0.3- 0.5 TeV S-band Linac System 

4.7.1 S-band Linac 

s-band Linac Design 

A design study has been carried out for the 300- 500 GeV JLC based mostly on conventional 
S-band RF technologies. In this energy region, especially at 300 Ge V, it is expected that the S­
band linear collider would be t he most realistic machine which can be realized in several yea rs. 
The S- band JLC consists of t he existing components such as the conventional travelling-wave 
constant-gradient structures of 3.'6 m long, 85 MW klystrons and SLED cavities for RF pulse 
compression. The optimization of the machine parameters is described in Sec. 4.1. The linacs 
are operated at 50 pps which is synchronized with commercial electricity. The luminosity of 
3- 4 x 1033 is att ainable at this repetition rate. 

The RF compression syst m is the key technology to reduc, the total number of klystrons 
and klystron modulat rs of the main linacs and, therefore, to reduce t he total cost . The outpu t 
pulse from the compression systems like BPC (Binaly Pulse Compression ) and SLED-II has a 
fiat top which is desirable in order to equally accelerate many bunches. These systems, however, 
have relatively long delay lines determined by t he sum of the structure filling time and the beam 
pulse width. T heir application to the S-band is unrealistic since the filling time is 500- 900 ns 
and therefore the delay lines would be longer than 150 ITl. 

On the other hand , the conventional SLED cavity used in the SLC, which produces the RF 
pulse with fast decay, has been t hought to be inapplicable to the multi-bunch acceleration. The 
unequal acceleration due to this decay, however , can be compensated by llsing cavities driven 
by slightly different frequen cies. It tu rned out in our study that 70 bunches up to 2.5 X 1010 
particles per bunch wit h t he bunch separa tion of 5.6 ns can be accelerated by this scheme with 
t he resulting bunch-to-bunch energy spread of 0.13- 0.14 %. 

The unit of t he S- band main linac is shown in Fig. 4.55. A klystron feeds the RF power 
into four 3.6 m long structures via SLED cavity. The peak RF power and t he RF pulse width 
from the klystron are 85 MW and 4.5 f-lS. At 3 f-lS after the feed into the SLED cavity, the 
RF phase is made to reverse. As the results, t he RF pulse with 1.5 f-lS is produced from the 
SLED cavity. The maximum energy gain produced by the non-square RF pulse is 24.4 MeV1m. 
H wever, the ne t accelerating gain per unit length would be reduced to 20 - 22 MeV1m by 
heavy beam loading to accelerate intense multi-bunches and by injection timing to obtain the 
opt imum condition of energy compensation . 
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Machine P aram.eters and Param.et er C omparison 

The linac unit of SLC consists of four 3 m-Iong accelerating structures and is 12.5 m in length. 
T he DESY 500 GeV linear collider is composed of 2451 units , each of which is about 12.5 m 
long and consists of two 6 m-Iong structures and a 130 MW klystron to attain 500 GeV in 
center-of-mass. 

As shown in Fig. 4.55, the S-band JLC is composed of the existing accelerator components , 
such as 85 MW klystrons, klyst ron modulators, SLED cavities, and 3.6 m-Iong accelerating 
st ructures which are being tested or fabricated for the ATF (Accelerator Test Facility). The 
length of the unit is approxima tely 15 m. T he energy gain of the bunches passing through a 
unit of the linac is approxima tely 300 MeV with the beam loading. The number of units are 
1000 for 300 GeV and 1670 for 500 GeV in center-of-mass energy as shown in Table 4.22. The 
higher accelera ting gradient and t he longer unit resulted in a reduction of the to tal number of 
linac units, klystrons , and klystron modulators. 

Table 4.22: Machine Parameters and Parameter Comparison 

J LC JLC JLC DESY 
C.M.E. 300 GeV 400 GeV 500 GeV 500 GeV 
Total Lengt h f Structures 15 km 20 km 25 km 30 krn 
Total Length of linear collider 18 km 25 km 30 km 30+ a km 
Accelerating gradient 22-20 MV 1m 22-20 MV /m 22-20 MV 1m 17 MeV/ m 

Total number 
Unit of linac 1000 1350 1670 2451 
Klystron and Modulator 1000 1350 1670 2451 
Accelera ting structure 4000 5400 7680 4902 
Stru t ure length 3.6 m 3.6 m 3.6 m 6m 

Peak RF power 85 MW 85 MW 85 MW 130 MW 
RF pulse width 4. 5 fLS 4.5 fLS 4.5 J1S 2 fLs 
RF pulse compression SLED SLED SLED none 

Luminosity 3 x 1033 4 x 1033 4 X 1033 2.4 X 1033 

Number of bunch/train 70 70 70 172 
Nu mber of particles in a bunch 1.1x 1010 1.1x1010 1.1 X 1010 0.7 x 1010 

Repeti tion rate (pps) 50 50 50 50 
Wall plug power 100 MW 135 MW 167 MW 198 MW 

Energy Spread of multi-bunch 0.13 % 0.13 % 0.13 % 0.112 % 

Energy Com pensation System 

The SLED cavity is essential to reducing t he total number f klystrons and modulat ors and , 
therefo re , the cost of the RF system which is the major part of the total cost of the co11ider. 
Sinc the output waveform from a SLE D cavity is not a square pulse, an energy compensa tion 
system is high ly required to accelerate many bunches with a sma ll energy spread less than 
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1 %. We prepare two different RF t urn-on timings into t he accelerating structures as shown 
in Fig. 4.56 and Fig. 4.57. In the first group of linac units, the whole bunches are accelerated 
by the time t he RF front reaches the end cell of the accelerat ing st ructure. The last bunch 
then obtains the highest energy gain. With increasing bunch intensity, the R F turn-on t ime 
should be delayed further to compensate the steeper beam-loading slope. In t he second group 
of linac units, the first bunch is accelerated at the t ime the RF front reaches the end cell. The 
first bunch obtains highest energy gain than the following bunches. T he distribution of tinac 
units in two groups depends on the beam-loading. The ratio of the first and second groups is 
1000:103 at 2.50x1010 particles per bunch , and 157:100 at l.Ox l 0g particles per bunch. T he 
energy distribution of the bunches is approximately the cosine curve and t he energy spread of 
the bunches is 2- 3 % as shown in Fig. 4.56 and Fig. 4.57. The energy spread can be compressed 
to 0.13 % by using energy compression units which are driven at 2856± 1.27 MHz. The total 
number of the energy compression units is about 20- 30 for 300 GeV in center-of-mass. 
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4.7.2 S-band RF System 

Outline of RF System 

The RF system for the linac unit consists of an 85 MW klystron, a klyst ron modulator, SLED 
cavities, and RF waveguides, as shown schematically in Fig. 4.55. The unloaded accelerating 
gradient is 20 MV1m. The RF power from the klystron is compressed by the SLED system 
and is divided into four waveguides to feed four 3.6 m-Iong acc lerating structures. 

S-band High Power Klystrons 

The high power S-band klystrons, Type E3712, have been developed by T OSHIBA Corporat ion. 
The tube design has been performed by the computer simulation code FCl. The designed 
maximum peak power is 100 MW in 1 J.LS and 80 MW in 4.5 J.LS pulse duration. T he diode 
voltage is 450 kV at 100 MW and 400 kV at 85 MW peak power. Several klyst rons have been 
used for high gradient experiments in the Nikko experimental hall. These klystrons will be used 
for the injector to the 1.54 GeV damping ring of the Accelerator Test Facility. 

The tube stability is one of the important issues in klystron developments. The measured 
ou tput power was quite stable at various beam voltages up to 450 k V, various beam focusing 
currents between 12 A and 20 A, and at various drive power levels. 

RF Pulse Compression System (SLED) 

SLED cavi ties established at SLAC are a standard RF compression system at S-band frequencies 
and are utilized for SLC at SLAC, the LEP injector at CERN, and LAL at ORSAY. The RF 
energy from the klystron is stored in two TEol5 high Q cavities and then emit ted through the 
coupling iris into the waveguide to feed the accelerating structure by changing the phase of the 
RF input pulse from zero to 7r. The RF pulse of 85 MW of peak power and 4.5 J.LS in pulse 
duration builds up the stored RF energy in two high Q (= 100,000) cavities, and then t he RF 
power from the klystron triggered at 3.0 J.LS by a reversal (0 to 71') in RF phase. The stored 
energy inside the cavities is released and combined with the direct RF power from t he klystron 
through a 3- dB directional coupler. 

The SLED cavities of SLC have been operated with the input RF power level of 60 MW, 
pulse duration of 2.7 J.LS, and repetition rate of 120 pps. At this power level, heavy X-ray is 
observed from the coupling irises of some cavities due to the RF breakdown occurred occasion­
ally around the irises. In order to reduce the surface field around the coupling iris at 85 MW 
peak power, a SLED cavity with two sidewall coupling irises has been developed by using the 
comput.er simulation cord MAFIA. A simulation showed that the field strength at the irises 
could be reduced to 34 % by using the two sidewall coupling irises. 

Klystron Modulators 

The klystrons need a 380 kV pulsed voltage with a 4.5 J.LS flat top at 85 MW peak power. A 
line-type modulator has been chosen due to the high efficiency, relatively low cost, and high 
reliability. A conventional line-type modulator consists of 14 sections of pulse forming network 
(PFN ) and it is resonantly charged and discharged by a single thyratron switch at 50 pps 
synchronized with the commercial elect ric line. The regulation of the de-Qing circuit has been 
chosen to be 5 %. The specifications of the modulators are listed in Table 4.23. Approximately 
5 %positive mismatch is used at full voltage for proper operation of the thyratron and the load 
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impedance is about 5 % higher than the output impedance of the modulator. The charging 
efficiency of the PFN has been estimated to be 95 %. 

Table 4. 23: Specification of the modulator 

Klystron Modulator 
Peak power output 
A verage power output 
Transfo rmer ratio 
Output pulse voltage 
Load impedance 
PFN impedance 
Thyratron anode voLtage 
Thyratron current 
Pulse flat top 
Rise time 
Pulse height deviation from flatness 
P ulse amplitude drift in short term 
Pulse amplitude drift in long term 
PFN total capacitance 
Repetition rates 
Efficiency of energy transfer 
Wall plug power of a modulator 
Wall plug power of peripheral 

Low level and control 
Klystron focusing coil 
Klystron heater power 
Klystron driver 
The others 

198 MW 

70 kW 


1:16 

24 .8 kV 


3.1 n 

2.95 n 


51.3 kV 

7984 A 

4.5 ps 

0.8 ps 


1.0 % (p-p) 

«: 0.5 % 

«: 1.0 % 

1.19 pF 
50 pps 
'" 85 % 
81 MW 

4.5 kW 
8 kW 

0.5 kW 
1 kW 
5 kW 

Total wall plug power/RF system 100 kW 

4.8 Final Focus System 

4.8. 1 Overview 

T he final focus system for the JLC consists of two parts. The firs t one is a focusing optical 
system which provides t1le required nanometer beam spot at the interaction point (IP). The 
second is a collimator section located between the linac and the focusing opt ics. We describe 
the characteristics of the focusing system first in sections 4.8.2 t o 4.8.5, then shor tly present 
the collimators in 4.8.6. Figure 4.58 shows the schematic layout of t he entire final focus system. 
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Bend (20 mrad) 
Linac Detector 

600m 

Figure 4.58: A schematic layout of the final focus system. 

4.8.2 Design of Optics 

The JLC final fOCllS system has the design concept based on the chromaticity-correction scheme 
with non-interleaved two-family sextupoles [54] . Table 4. 24 lists the main parameters of t he final 
focus system for the beam energy 250 GeV. We use the same optical parameters in a lower 
energy case only w't h the scaled strengths of magnets . In Table 4.24, the incoming emitt ances 
are somewhat larger than those at the damping ring. We design the focusing optics to accept a 
beam wit h a certain amount of blow-up and an emittance dilution in the linac. The emit tances 
at IP are larger than the incoming, since t hey suffer from optical aberrations including t he 
synchrotron radiation in the fi nal focus system. The beta functions at IP are chosen considering 
the chromaticities and the effects of the synchrotron radiation in the final lenses on the focusing. 
T he focusing components including the final lenses are basically conventional ones, and possible 
to be built under exis ting technologies. 

Table 4.24: Parameters of the JLC fin al focus system 

Beam energy Eo 250 GeV 
Incoming invariant emittances Ez/Ey 3.6 x 10- 6/5.0 X 10- 8 m 

Invariant emitt ances at IP Ez/Ey 3.8 x 10- 6/ 6.0 x 10- 8 m 
(3 functions at the IP (3; /(3; 10/ 0.1 mm 
Spo t sizes at t he IP a-;/a-; 280/ 3.5 nm 

Free area length l* 2.5 m 
Half aperture of the final quad a 6.8 mm 

Pcl~tipficld Bo 1.3 T 
Length of the final quad Ll 2.2 m 

Chromaticities of final lenses ~z /ey 3200/43000 
Momentum bandwidth Xm ± 0.8 % 

Total bend angle e 7.1 mrad 
Length / beam Lo 590 m 

The optical system is an extension of t he FFTB opt ics [55]. The magnet lattice and the 
optical fl1nctions are shown in Fig. 4.59. We have added several new characteristics on top of 
the FFTB design. The first one is the long length of the free area for t he detector around IP. 
We set this length f" to 2.5 m , which is sufficient to place the masks for the background, to 
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Figure 4.59: Optics of the J LC fin al focus system. 

put BPMs for the beam-beam steering, to make a side-hole at the final quadrupole to let the 
beam escape after the collision , and to place a super-conducting shield of the quadrupoles fo r 
the solenoid fi eld of the detector. Generally a long r may increase t he chromaticity of the final 
lenses and decrease the tolerance of the system, but our length 2. 5 m is still manageable. 

The second new point in the design is the choice of the aperture of the final lenses. In 
the J LC design t hese lenses have 300-", and 600-y half apertures. This big ratio to the beam 
size is necessary to avoid a blow up due to the resistive and geomet ric impedances of the beam 
chamber and the pole- tips of the quadrupoles . This big aperture ratio is a lso required to preven t 
the synchrotron radiation by large amplitude particles from hi t ting the pole. 

The third change in t he design is the unequal horizontal dispersions at the sextupole pair to 
reduce t he chromo-geometric a berra.tions caused by the breakdown of the sign changer between 
two sextupoles for off-momentum particles[56]. This odd-dispersion scheme is suitable to extend 
the momentum bandwidth. 

The fou rth modification is t he number of quadrupoles in the system. We have reduced the 
total num ber of quadrupoles in the chromaticity-correction system and in the final t ransformer. 
Now the t ransformer between two sextupoles is not a -/ but a 1f transformer. The beta 
exchanger between SF and SD families is no longer a simpl magni-demagnifier with 1f phase 
advances. These change eliminate unnecessary quadrupoles without any damage on the optical 
performance. A small number of quadru poles reduces t he t asks for tuning, orbit control, and 
positioning of t he quadrupoles . 
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4.8.3 Optical Characteristics 
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Figure 4.60: The spot slze at IP as a function of 13; . The chromaticity correction of the JLC final 
fOCllS system enables focusing down to 13; = 0.1 mm. The improvement of t he vertical spot size by 
the chromaticity correction is 1/ 160 at the design 13; . 

In this subsection w present several optical characteristics of the JLC final focus system. First 
we show the performance of the hromaticity correction in Fig. 4.60. 

This figure shows the vertical spot size at IP as a function of f3; which we change by the 
matching at the entrance of the system. While changing f3;, the rest of the focusing optics is 
kept unchanged except the sextupole st.rengths. The dashed curve represents the spot size when 
the sextupoles are off. This figure shows that the huge chromaticity of the final doublet blows 
up the vertical spo t 160 times bigger than the design value if we do not have the chromaticity 
correction. The spot size becomes minimum near the design value of f3; as intended by our 
optimization. For a smaller P;, both chromatic and geometric aberrations increase and prevent 
further focusing. 

The momentum bandwidth of t he system is determined by the chromaticity correction and 
also the optical aberrations, which we will mention later. In this design we set the bandwidth 
to ±O.8% as required by the global optimization of the JLC parameters. Figure 4.61 shows the 
spot sizes at IP as functions of the momentum spread of the incoming beam. We have assumed 
a uniform momentum dist ribution of the incoming beam. 

Figure 4.62 displays the spot sizes at IP as functions of t he bending angle. The choice of 
the bending angle is another important issue on the design stage. In drawing this figure, we 
re-determined the sextupole strengths every time we change the bending angle. Other optical 
elements are kept unchanged. If the bending angle is small, the aberrations from sextupoles 
increase. If the bending angle is large, the efFects of the synchrotron radiation in the bending 
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Figure 4.61: The spot sizes at IP as a function of the momentum spread of the incoming beam. The 
horizontal axis is t he half width of the momentum spread wit h a uniform dist ribution. T he vertical is 
t he rat io of the spot sizes to the design value. 
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Figure 4.62: The spot sizes at IP as a function of the bending angle. The horizontal axis is the ratio 
of the bend angle to the design value. The vertical is the ratio of the spot sizes to the design value. 
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Figure 4.63: The spot sizes at IP ]lave various optical aberrat ions. Each bar expresses the components 
of aberrat ions contained in the design value of the square of t he spot size. 

magn ets blow up the spot sizes. T he effect of the radiation is severer in the horizontal in this 
case. The reason is that the radiation blows up the vertica l size through t he chromaticity, 
while producing emittance directly in the horizontal plane. T hese two effects llave different 
dependences on the bending angle. 

Next what we see is the components of t he aberrations contained in this design of t he 
optical system, and shown in Fig. 4.63. The part "no aberrations" corresponds to t he spot size 
determined only by the linear optics. Because of the high chromaticity, the vertical spot size 
has more aberrations compared to the horizontal. One specific aberration in the vertical plane 
is the chromo-geometric aberration generated by the breakdown of t he sign changer of the SD 
sextupole pairs. The synchrotron radiation in the final doublet also increases the vertical spot. 
On the other hand, the horizontal higher order dispersion is a special source of the horizontal 
aberration. 

4.8.4 Tolerances 

In this subsection we examine four kinds of tolerances for machine errors of quadrupoles and 
sextupoles. The first one is the s teering tolerance shown in Fig. 4.64. The most tight tolerance is 
for the final quadrupole QCl. If QCI hifts vertically by 0.2 nm, the spot at IP shifts vertically 
by <7; / 10, which is about 0.4 nm. The steering error is recovered by t he beam-beam steering 
feedback described in the llext section for low frequency vibration. Therefore tllis t olerance can 
be understood as that for vibration faster than 10 Hz, which is the limit of t he feedback with 
the beam repetition rate of JLC. 

The second t olerance is fo r the displacement of the magnets to keep the sp ot sizes un­
changed. Figure 4.65 displays the amount for each magnet to increase the spot size by 10 %. 
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Figure 4.64: The horizontal (blank) and vertical (filled) displacements of t he quadrupoles (initial Q) 
and the sextupoles (initial S) to shift the spot by 1/10 the spot slze. 
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This tolerance is tightest in QC4(160 nm) and QMl(140 nm). An orbit reed back using beam 
position monitors( BPM) at all quadrupoles and sextupoles with an accuracy better than 100 
nm maintains the spot as described in the next subsection. 

The third kind is the relative strength error shown in Fig. 4.66. Although this tolerance is 
smallest in QCl , about 1 x 10- 5, the stability and the ripple of the power supply at this level 
are not difficult with the present technologies. 

The last tolerance is for the skew rotation angle given in Fig. 4.67. 
One may worry that in Fig. 4.65 the vertical tolerance for QC4 is 160 nm which is 1/ 300 

of the vertical beam size at QC4. This does not mean that the beam mnst always pass this 
magnet within the accuracy of a y / 300. If an orbit error is created at upstream of the entire 
final focus system, the spot size at IP is much more insensitive to those shown in Fig. 4.65. The 
reason is that this final focus optics is so designed to make a linear map from the entrance to 
IP for an incoming particle in a certain range of the transverse amplitudes and the momentum 
bandwidth. Therefore the tolerance in Fig. 4.65 means the displacement of each magnet relative 
to all other components of the final focus system. 1f the entire system moves coherently, the 
tolerance becomes much looser. Figure 4. 68 shows that the tolerance for the launch offset of 
the incoming beam is nearly 1 a in both directions. In other words the entire system can shift 
] J.Lm in the vertical and 10 l.Lm in the horizontal directions without damaging the spot sizes. 
The tolerance for the launch angle is similar. 

4.8.5 The Nanomet er Collision 

O'y (entrance) O'x (entrance) 
cry'" /ayo * by ~x 

Launch Offset (!lm) 
Figure 4.68: T he spot sizes at IP normalized by t he design values as function. of t.he launch offset at 
the entrance of the :final foclls system. 

The key point for a JLC-likc future collider is how to maintain the collision of two beams with 
the nanometer spot size. Basically there are three issues: 1) to keep the head-on collision within 
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an accuracy of a few nanometer , 2) to hold the spot size against possible pert rubations , 3) to 
boot the system into the nanometer regime under various initial machine errors . 

A number of studies have been done at SLC to make a stable head-on collision. T he basic 
idea is to sense the deflection of the beams due t o the bearn- beam kick using beam position 
monitors (BPMs) located around the IP and to feedback it to th e next collision. The beam­
beam deflection angle ~y' caused by a vertical offset ~y. at IP is expressed as [57], 

(4.33) 

where f (Dy ) is a correction by the disrupt ion of the beam with the disruption parameter Dy. 
This method has been working very well at least for the 1.2J.lm x 1.2J.lm SLC spot. In the case 
orSLC, Eq. 4.33 gives ~y' = 230 Ilrad x (~y. / (7;) with N = 2 X 1010 and f (Dv ) '" 1. In this 
case the beam is kicked more than 200 Ilrad, which is easily detected by a standard BPM, when 
their centers are shifted by 1(7;. One may raise an objection for the applicability of this method 
to the nanometer case, but in the case of JLC , the sensitivity of t he deflection angle to t he 
relative offset at IP is ~y' = 56 Ilrad x (6. y. / (7;), which is 1/ 4 of the SLC case (N = 1 x 1010, 

f(D y) rv 0.35, Dy = 5). Therefore it is not much different from t he SLC case to det ect the 
offset and to feedback it . The offset. of 1(7; is detectable with a conventional BPM of accuracy 
1 Jlm. In the JLC case one can use all the information from every collision in a pulse to det ect 
the offset . Thus the accuracy can be even bett r than SLC. The feedback will be active only 
below 10 Hz because the repetition is 150 Hz. Thus the perturbation beyond 10 Hz cannot be 
fed back. Recently the vibrations of tunnels and buildings at KEK site have been measured . 
Ii is found that the vibration beyond 10 Hz is only a few nanometer even in the daytime. As 
the reduction of the loss of the luminosity is suppressed by the disruption [57] even if one build 
JLC-I at KEK, the loss of the luminosity due to the vibration higher than 10 Hz is only 5 
%. One can imagine that it is not difficult t o find out a location which is more quiet than the 
daytime of KEK. Other measurement at UNK also shows t hat the vibration over 10 Hz is only 
0.2 nm[58] The valid range of Eq. 4.33 is ~y·1 (7; ~ ± 5 in the case of Dy = 5, but outside that 
region the beam-beam is still useful to maintain t he head-on collision. For instance one can 
sweep the v rtical offset and draw the deflection pattern which tells the location of the cent er 
of the collision . 

The second issue is to maintain the nanometer spot size. The tightest tolerance for this 
point is the vibration of the center quadrupole in the vertical chromaticity correction section . 
If that quadrupole shifts vertically 140 nm relative to the beam , the fina] vertical spot size 
increases about 10 %. Therefore we have to keep t he vertical beam position at the quadrupole 
within an order of 10 nm accuracy. Such a high accuracy r quires both the accuracy of BPM 
attached to the quadrupole and the knowledge of the relative offset of the BPM to the center of 
the quadrupole. Recently T . Shintake and H. Hayano have proposed a design of a BPM whose 
sensitivity is better than 10 nm. This device will be tested at the FFTB collaboration. If 
such a high sensitivity BPM becomes available, the determination of t he magnetic field center 
relative to the BPM is possible by a beam-based alignment [59]. When one change t he strength 
of the quadrupole by 0.02 m - , which causes 10 nm shift of the beam at 50 m downstream the 
quadrupole if the beam has an offset of 10 nm at the quadrupole. If one use several shots , the 
required accuracy becomes less. Once the relative location of the magnet center to t he BPM 
is determined, the orbit feedback maintains the final spot size. T he tolerances for the other 
magnets are looser than the quadrupole. An external position sensor and mover system also 
help the beam-based method. 
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Orbit feedback ystem with precise BPMs plays important role in the game to maintain 
tiny beam size a t IP. Increasing the r.m.s . amplitude of the ground vibration, til e beam size 
at IP without orbit correction grows rapid ly as shown in Fig 4.69. This beam size blowup is 
mainly caused by non-vanishing ertical dispersion function a t IP, 77;. Orbit offsets 6y( S') at 
quads and sexts in t he final focus system create th is dispersion. 

",; /6. ds' J{3"'{3(sl) sin(1jJ'" _1jJ(S')) 

[- hy(s' ) + ky(SI )oy(S')]. 

When we apply simple orbit correction scheme, in which the strengt hs of steering correctors 
are determined so that orbit offsets at quads a nd sexts vanish , there remains vertical dispersion 
caused by these steerings . This effect is also seen in Fig. 4.69 . This unpleasant effect can be 
avoided if we apply a n addit ional condition in the determination of strength of steerings[60]. 
In this scheme, which we call a dispersion-free correction(DFC ), the additional condition that 
the excitation of the steerings does not move the beam position at IP vanishes the dispersion 
function a t IP. In t h compu ter simulation, it is possible to correct this dispersion function 
completely. Beam sizes after this fictitious correction s heme are also shown in Fig. 4.69. 
Comparison of th se results indicates t hat our DFC scheme works almost completely for the 
ground motion less t han 3 /lm . In this simulation, we have assumed 100 nm BPM accuracy. 
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Figure 4.69: T he result of computer simulation for t he effect of t he ra ndom grou nd motion on the 
beam size at IP. Vert ical beam sizes at IP, a y *, before and after orbit co rrection are shown. Arrow on 
the left vertical axis denotes the design value. 

There are, of course, many ot her sources of perturbation to the spot size. The stability of 
the power supply is one of them. Some magnets require a relative stability of order of 10- 6 . A 
stabilization using an NMR detector is expected to be applied fo r this purpose. 
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Figure 4. 70: Simulation of the tunjng of the spot size from init ial error . The beam- based alignment 
and the global knobs recover the spot sizes . The solid and dashed lines are the average and the 
maximum of 12 samples, respectively. 

T he third problem is how to boot the system under several possible initial machine errors. 
Although there are various ways to do this job as studied at FFTB, we only present here a 
result with the beam-based alignment method and global knobs. Figure 4.70 shows a result 
of a simulation. In ihis simulation we put random Gaussian errors of 100 p.m vertical and 
horizontal displacements, 0.1 % relative strength errors, and 0.1 mrad skew rotation angles 
to all quadrupoles and sextupoles. The tail of the distribution is cut at 30- . We did t he 
simulation for 12 different seeds of the random number. At the beginning the spot sizes are 
bigger than 100p.m with t hese errors . First. we applied a beam-based alignment of quad rupoles 
and sextupoles with BPMs of 2J.im accuracy. The beam-based alignment recovers the spot 
size about lJ.im x O.lJ.im. After that we searched the minimum of the spot size by changing 
several global knobs. The knobs are listed in Table 4.25. We have assumed that the spo t size 
is measurable within 5 % accuracy. After applying t he global knobs for 3 cycles, the spot size 
reaches the design value. The worst verticaJ spot size among 12 samples is 3.9 nm, while t he 
average is 3.5 nm . This simulation tells that t he recovery of the spot size from a conven tional 
level of the initial machine errors is possible if we have a good spot size monitor. 

4.8.6 Collimator Section 

T he JLC final focus system requires a collimation sect ion to cut possible transverse tails of 
a bunch to protect the detector from the background noise produced by t he tail. We expect 
two major sources of the noise. One is the syn hrotron radiation from the tail in the final 
quadrupoles and the last bend , and another is the shower caused by a particle hit ti ng the 
pole of the final quadrupole. To avoid bo th background noises we need a collimator to cut 
the tail beyond 60-z ) 350'y ) and t)"p/p < ± 1.5%. The small vertical emittance of JLC makes it 
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Table 4.25: Global knobs for the tuning of the spot size. H=Horizontal, V=Vertical. 

Knobs Functions to be adjusted at IP 
b.x of QB l H dispersion 
b.x of SFl H focus 
b.y, -b.y, -O.226b.y of SF}, SF2, QC4 V dispersion 
b.y, -b.y of SFl, SF2 V 2nd order dispersion 
b.() of QCl HV coupling 
b.x of SOl, O.05b.x of SFI V focus 
b.k of SOl and S02 V chromaticity 
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Figure 4.71: Bending and collimation section. The locations of collimators a re indicated by filled 
arrows with their scraping coordinates. 
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very difficult to place a material very close to the beam because of the resistive and geometric 
wakefield. Even for a collimator at 350-y , we need a special beam optics, so-called a nonlinear 
collimator[6l]. Here we present a design of such a collimator section with parameters listed in 
Table 4. 26. The lattice and the optical fun ctions are shown in Fig. 4.71. This collimation section 
will be inserted between the linac and the final focus system . This design of t he collimation 
section is also suitable to align two linacs on the same straight line with a fi nite crossing angle 
at IP. This design has a capability to install two detectors , because the detector is placed with 
15 m horizontal offset to the linacs. 

The nonlinear transverse collimation section consists of two identical parts separated by a 
1r/ 2 transformer. The firs t one is the double collimator for (x, y), and t he second for (x' , y/ ). 
Each of them has a sextupole pair connected by a -1 transformer. Each sextupole accompanies 
a collimator at 1r / 2 downstream. Therefore each part works as a double collimator where the 
secondary collimator sweeps out the particles reflected by the primary collimator . As shown in 
Fig. 4.71 , the nonlinear commation section also has several long drift spaces which are suitable 
to accommodate muon traps. 

The horizontal emittance is increased by 3 % due to the synchrotron radiation in the bending 
magnets. The increase of the vertical emittance due to the sextupoles is negligible. 

Table 4.26: Paramet.ers of the JLC collimation section 

Bending section 1 & 2 
Bending angle 20 & -16 mrad 
Bending radius 4200 m 
Tune V z = Vy 3.5 & 2.75 

Energy collimator 
Acceptance !:!"p/p ± 1.5 % 

Collimator half aperture 0.5 mm 
Bet.a at col. /3z / /3y 100/ 300 m 

Nonlinear transverse collimator 
Acceptance x / y = x' / y' ±60-z / ± 350-y 

Collimator half aperture 0.3 mm 
Beta. at sextupoles (3z/ (3y 67/ 134 m 
Sextupole pole tip field 1 T 

Sextupole aperture 5 mm 
Sextupole length 4 m 

4.8.7 Final Focus Quadrupole Magnet 

T he requirements for final focus quadrupole magnets are very severe: small aperture, very high 
pole tip field, long pole and small upper limits of higher multipo)e components, and in addition, 
a space for exhaust beams are necessary. 

The upper limit of relati ve ratio of sextupole to quadrupole component is '"1 X 10- 4 at t he 
100- radius. Consequently, the machining and assembly tolerance relative to the aperture radius 
is about (6 '" 7) x 10- 4 which is very difficult to achieve by today's technology. However, the 
octupole limit is about 1 x 10- 3, which is one order larger than the sextupole limit . Therefore, 
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our strategy is that we take into account only the octupole tolerance a t the fabrication stage 
and cancel out the sextupole component by independently exciting four trim coils. 

The structure of the quadrupole magnet is a simple conventional type with four ferromag­
netic poles. The design parameters are list d in Table 4.8 .7 and the calculated field line is 
shown in Fig. 4.72. 

Table 4.27: T he parameters of a conventional type of a fi nal focus quad. 

Aperture radius 6.86mm 
Pole length 2.4m 
Total widt h 24cm 
Pole t ip field 1.3T 
Current ",6000AT / pole 
Total power 39.6kW 
Pole a nd yoke material FeCo alloy 

JCLQ Q-f="lNAL b . ~E;MM NO. :t ~ ~ - , :o 

A 

I 

Figure 4.72: Calcurated field line of t he octant of the conventional quadrupole magnet . 

The calculation shows that the pole tip region is severely saturated so that we need about 
1.7 times larger curren t than t he unsaturated case. T he current density of the coils is about 
14 A/mm2. In order to limit the temperature rise of coils below 40 degrees, we need cooling 
water with the pressure drop 8kg/ crn2. 

The final focus quad is placed in the field region of the detector solenoid. We have to enclose 
the quadrupole magnet with a magnetic shield in order to reduce the solenoid field . If we adopt 
a superconducting quadrupole magnet, the magnet ic shield is not needed, which makes the 
detector structure simple . Since we need a space fo r the exhaust beam after collision, however, 
the aperture radius must be large and, therefore, the fi eld on the superconducting coils will be 
very strong. 

A possible design of a superconducting quadru pole magnet is shown in Fig. 4.73 and t he 
parameters are listed in Table 4.8 .7. T he maximum field on the superconducting wire is a bout 
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IO.ST, so we have to cool it with superfl uid He. In order to get good field quality, four trim 
coils are also necessary, which are not shown in the figure. 

Table 4.28: The parameters of a superconducting final focus quad. 

Aperture radius 6. 0cm 
Coil length 3.5m 
Inner radius of coil 8.0em 
Outer radius of cryostat 30cm 
Field gradient 117T/m 
Current density "-I250A/m m 2 

Material of SC wire NbTi 
Coolant superfiuid He (1.8I< ) 

LN 
LN Shie ldShield 

o e m 1 0 e m 2 0 e m 3 0 em 

Figure 4.73: The structure of th octant of the superconducting quadrupole magnet. 

The requirement for the field stability (current stability ) is also severe , about 4 x 10-6 

during 4 hours between tunings. As fOT the curren t ripple , the upper limit is larger by one 
order of magnitude, if we use block type magnets. One possible way to make such a stable 
current power supply :is to measure the field of a reference dipole magnet connected in series 
using NMR and to make a feedback loop. This scheme also works t o reduce the current ripple. 
Thus, the urrent drift will be reduced to the order of 10-6. 
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4.9 Instrumentation and C ontrol 

4.9.1 Instrument a t ion 

Introduction 

Since t he beam itself does not have a self-sta bilization m echanism , it must be stabilized arti­
ficially by a fast feedback system . r hus, the beam measur ment and control are essential for 
the high performance of linear colliders. 

What quantities are to be measured are determined from the requirement of operation and 
beam tuning. T he fundament al quantities a re the beam position (X, Y , Z ), the size (o-z, o-y, 
o-z) , and the intensity (Ne). The others are derived from these fu ndamental quantities by using 
various methods. 

Basically, these measurement s have to be done on a pulse-by-pulse basis at the repetition 
rate , 150 Hz in our case. T he control system must also have a fas t responce. Collecting and 
a nalyzing t he data and excitin g the correction elements have to be done by the time the next 
beam pulse comes. In some cases, although rare, t he measuremen t has to be done for each 
bunch in a t rain separately, demanding much faster responce down to nanoseconds. 

T he requirement on the instrumentation fo r JLC-I is summarized in Tab. 4.29. 

Table 4. 29: Summary of Instrument a tion for Fundament al Quantities. 

bu nch number 
Meas . a.ccu racy trAin location of p ossible candid ates 

unit 
X ,V ± 40jlm average Injector S- ba nd Linac 200 st. r ip line BPM 

< I jlm av . Da.mping R ing 300 Bu t ton BPM(st rip line) 
Transverse < 10jlm av. Bu n ch C om pressor 100 strip line BPM 

Beam < 10jlm a.v . Pre Lin lLc 300 strip li ne BPM 
P osition < 10jlm av . Oea.m Tra.n sport 1000 st rip line BPM 

< O.l jlm ILV . l each MAin Linac 7000 st rip line/ clLvity nPM 
± 10nm av. F ina.l Focus 200 ca.vit.y BPM 

Z Lo ngi tudi nal 0.01m m (0.03p8) e ach Bu nch Compressor 8 8t reAk camera 
BeAm Position 0.01mm(0.03ps) eAch MAin Linac 20 streAk Cll./nerA 

tTrz. .O'v 10 %(:::: 50p.m) e.v . Injector S-b lLnd Linac 30 screen mon ito r /wi re 
lO%(O'v < 5jlm) av. Damping Ring 6 synch rotron rAd iat ion 

1%(:::: I J.'m) av . Bunch Com pressor 20 w ire scan / syn ch rot ron 
1%(~ I jlm ) av . Pre Lin lLc 20 wire sca.n ne r 

Tran sverse 10% ILV . BelLm Transport 50 sc reen mon itor / wire 
Spread 1%(:::: 1jlm) av./each MAin Linac 250 wi re Bca n/syn chro t ron 

±ljlm av_ FinAl Focus 20 wire scanne r 
±30n m av . F in Al Focus 2 Com pt on scat t ering 
± 3nm av. F in al Focus 1 Compton scattering 

0'% Longitud inal 0.5mm(1.7ps) each Inj ector So-b a nd Linac 4 .t telL\" carner .. 
S pread 0.5mm ( 1. 7p s) e l!.ch D a mping Ring 3 st reak camerl!. 

0 .01mm(0.03ps) e a.ch Bu nch Com p re8sor 8 strell.k ca mera 
0 .Omm (0.03ps) each Main L inll. 20 st reak camera 
0.01mm (0 .03ps) each Final Focus 2 s t reak ca.mera 

Nb 1% each Injector S-band Li n&c 30 wall cu rre nt 
1% each D am ping Ring 12 wall cu rrent 

C h arge 10/0 each Bu n ch Compressor 16 WAll cu n ent 
of 1% each Pre Linac 20 wAll cur re nt 

each b n nch 1% each Bea m 'I'rll.nsport 30 wall current 
1% each MAin Llnac 250 wAll cu r re nt 
1% each Final Focus 10 wa.J1 current 

These requiremen ts will be attainable by using the following methods and t chniques. 
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Transverse Position (X, Y ) 

The transverse position of the beam will be measured by the stripline BPM (Beam Position 
Monitor ), the button BPM, and the microwave cavity BPM. These monitors can distinguish 
the position of each bunch in the bunch train using a window gate in front of processing circuits. 
In most cases, only the average signal is needed for the beam orbit control. 

Strip Line BPM The strip line beam position monitors will be installed in the injector linac, 
beam transport, bunch compressor, main linac, and the final focus beam line. The resolution 
has to be better than about IJ-Lm . To achieve this resolution, the inner diameter of the strip line 
should be as small as possible and the width as wide as possible. The strip line lengt h should be 
short enough to avoid the problem of supporting a long strip. The low noise electronics which 
is an extension of SLC's will be used. A resolution of several tenths of a micron is expec ted for 
the average over the bunches in a train. 

Button BPM The button beam position monitors will be used in the damping rings because 
of the limited space and the relatively low resistive-wall imp dance . It is an extension of 
TRISTAN BPM which uses pickup multiple ing method for t he low cost . A few J-Lm resolution 
will be attainable. 

Cavity BPM In order to condense a position sensitive signal, a microwave cavity is used for 
high resolution beam position monitor. This cavity monitor uses 12GHz TM110 mode which 
is sensitive to the transverse beam offset . T he QL should be t aken down to a bout 10 to get 
several nm resolution for the bunch with 1 x 1010 particles. This position monitor will be used 
at several points in the fin al focus beam line where an especially high resolution of th relative 
displac ment is needed. 

Longitudinal Position (Z) 

The longitudinal position of the beam or t he bunch spacing in a train will be measured by the 
intensity distribution of the Cherenkov radiation or synchrotron radiation. This measurement 
can be achieved by the autocorrelation method or the streak camera system which is now 
available with a resolution of 0.6ps. These are within a reasonable extension of the currently 
available technologies. 

Transverse Size (0-",) o-y) 

The transverse size of the beam which is directly related to the emittance can be measured by 
phosphor screens, wire scanners , synchrotron radiation monitors , or laser-Compton monitors. 

Screen Profile Monitor The beam profile measurements around lOJ-Lm accuracy will be done 
by the ordinary phosphor screen method. The screen substrate should be thinner than usual for 
avoiding multiple scattering of electrons. The optical telescope system which is needed t avoid 
radiation damages of the screen must have the resolution down to the level of the Rayleigh 
limit. 

218 



Synchrotron Radiation Profile Monitor The nondestructive beam profile measurements 
can be done by using the synchrotron radiation with an accuracy bettcr than 111m. To avoid 
the diffraction of the synchrotron ligh t , a shori wave length has to be used for imaging. This 
monitor will be installed mainly in the damping rings to monitor the vertical beam size turn 
by turn. 

Wire Scanner Profile Monitor T he ordinary beam profile measurements with about 111m 
accuracy can be done by t he wire scanning method as in the SLC. For a fine resolution, a 
thin carbon wire of a few 11m in diameter is mounted on a mover driven by a stepping motor 
with O.51lm step and the repeatability of O.lllm. The profile is recontructed by measuring the 
gamma-ray yield synchronizing with the wire movement at the downstream of the wire scanner. 

Laser Profile M onitor At the collision point a very precise profile monitor is required for 
the tuning of the final focus system. T he interaction of the beam with laser interference fringe 
of several nm causes the Compton scattering. The back-scattered gamma-ray is detected at 
downstream as a function of t he steered beam position . The modulation of gamma-ray intensity 
will bring the information of the beam size. T his profile monitor will be installed and tested in 
FFT B a t SLAC. 

Longitudinal Size (O"z) 

The longit udinal size ofthe bunch can be measured by the intensity distribution of the Cherenkov 
radiation from the beam. This measurement can also be done by the autocorrelation method 
or by t he streak camera system which is the same as the longitudinal position measurement. 

Charge of each b unch (Nb ) 

The charge of each bunch and total charge of the whole train are measured by the wall current 
monitor. In order to detect each bunch with l .4ns spacing separately, the pickup and the 
digitizer must have a fas t responce and the cable must be short. The ordinary wall current 
monitor with several lOOps response is available by using chip resistors, short high-frequency 
co-axial cables and t he sampling oscilloscope. 

Other quant ities (€z, €Y ' E , bE ) 

The quantities like transverse emi t tance €z, Ey , beam energy E , and energy spread O"E can be 
derived by combin ations of the a bove monitors . For example, the emi t tances can be estimated 
from the transv rse beam size using optics parameters and the beam energy and the spread 
from t he beam po. ition and profil e using a bending field. 

The estimated numbers of beam inst rumentat ion units for whole JLC are listed in Tab­
ble 4.30. 

4.9.2 Control 

T he con trol system for JLC will consist of two levels of computers. The lower level computers 
interface to the devices directly, take the beam information and device status, and control the 
devices. The roles of t he lower level computers are to be a device driver which can commllnicat 
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Ta ble 4.30: Numbers of instrumentation units. 

(two beams) 
BPMs 91 00 
Profile Monitor 399 
Streak Camera System 65 
Wall Current Monitor 368 

with other tasks and the upper level computers, and to be a carrier of the fast feedback for 
beam stabilization. Each of these computers takes charge of the devices in a small region in 
the co llider complex, such as one for the Injector linac, one for the damping ring, one for 20 
klystrons in the main linac, and so on. Each computer has to drive a t least 10 crates of CAMAC 
or VME for the interface boards. 

T he upper level computers which communicate with operators and the lower level comput­
ers , manage the accelerator operations as a whole. For these computers, the collider complex 
will be divided into five parts , the region from the gun to the entrance of the main linac for 
electrons, that for positrons, electron main linac, positron main linac, and the final focus region. 
These fi ve upper level computers should be capable of fast communication with the lower level 
compnters and with the workstations fo r operator console and should have a capacity for many 
tasks such as control tasks for many devices and monitoring tasks a nd so on. The workstation 
will be used as an operator console instead of console hardware and many TV monitors. The 
environment of operation will be build easily with flexibility using X-window and TV windows. 
The idea of workstation console has a great advantage of flexibility. 

The modeling of accelerat or will be done on an independent calculation server. The program 
SAD a nd other tracking and orbit correct ion programs on t he server simulate the beam in the 
actual accelerat r. T his server must be capable of very fast calculation. The estimated numbers 
of various units for this control system are listed in Tab. 4.31 

Table 4.31: Numbers of uni ts of t he control system. 

Large Operation Computer 6 
Workstat ion for console 50 
Medium device driver computer 21 0 
Interface Crate (assuming CAMAC) 2100 

4.10 Civil Engineering 

4.10.1 Technical Site Criteria 

An appropriate site for JLC-I should sat isfy the following t chnical cri teria. 
1) A geologicaUy and geohydrologically stable area fo r t he constructions of a long linac 

tunnel a nd a large detector-hall. T he low level of seismic and microseismic activity for the 
alignment of t he fin al focus system , t he main linacs, and the damping rings. 
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2) Availability of large electric power ("-' 300 MW) and en ugh water cooling capacity for 
linear collider operation. An area close to t he existing AC power line from a power s tation t o 
industrial cities is favorable in this respect . 

3) Easy access to the site from a highway, a Shinkansen, a nd an airport. 
Keeping t hese criteria in mind, possible main tunnel designs are studied. In this section , we 
describe the main tunnel design based on the blasting method , after a short hist roical review 
of the design based on th e shield method . 

4 .10.2 Construct ion Met hods of Main Tunnel and D et ector-Hall 

T he construct ion met hods for the main t unnel and detector-hall have been investigated for the 
following t wo cases, shield method and blasting method. In early stage of t he JLC project 
design, the shield met hod seemed the most appropriate to reduce the land cost. At that time 
utilization of deep underground was a ttracting peopole's attention as a solution to obtain the 
lands for pu blic use du ring the infl a tion period of t he land price triggered by the rapid ecnomical 
growth. The Ministries started the preparation of the draft of a law for the u tilization of deep 
underground in t he met ropolitan area. The objective of the draft was to allow constructions 
of pu blic facilit ies at a depth deeper than 50 m underground wi t hout distinction of superficies. 
Assuming t hat the law will be concluded in a few years, we have elaborated a plan to construct 
main tunnels and a detector-hall at a depth of 100 m underground of T sukuba area, so that 
t he detector-hall could fit in the present KEK site. This could also allow the construction of 
the injector complex, including damping rings , injector linacs, and a posit ron production linac , 
on the ground in the KEK site. Outside the present KEK site, several spot sites were required 
to construct t he pits dl1 g in the ground for the access to t he main tunnels as with LEP and 
HERA. The accelerator and detector components could then be transported t hrough the pits 
by lifts . 

If we use shield machines, the cross section of the main t un nel should be a circle and its 
diameter should be constan t over the full length of the main tunnel. In deep underground , 
t he wall of the tunnel should be strong eneough to sustain high earth pressure and it should 
also be made water-tight by the chemical processing to put up with high water pressure . T he 
construction cost depends on the depth of the tunnel. The cost has been estimated to be 
approximately 20-30 MYens/m, referring to the Trans-Tokyo Bay Tunnel to connect Chiba a nd 
Kawasaki by a highway under construction. The technical difficulty lies in t he construction of 
the access pit s of 100 m in depth. There remains a subtle problem with the interpretation of 
the word "met ropolitan area": whether the law can be applicable to Tsukuba area or not. The 
sudden collapse of so-called bu bble economy in 1990 induced a recession a nd caused t he mop 
or land price, which diminished the interest in the utilization of deep underground. 

The second construction met hod is the blasting method. T he main tunnel can be excavated 
along a ridge of mountains. Several approach tunnels can then be excavated in horizontal 
direction from outside the mountains in order to facilitate t he transportation of accelerator and 
detector components by weight cargo carriers. This const ruction method does not restrict t he 
shape of the tunnels and allows us to excavte them with an optimum cross section along the 
accelerator: a large diameter for the main tinac, a small diameter for the bea m transport line and 
side rooms for storage . The blast ing method is the sta ndard technology to construct highway 
tunnels . The construction cost can therefore be minimized by matching the specification of t he 
main tunnel to that of a standard highway tunnel. The basic design of the tunnels and the 
detector-halJ has been completed. 
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Figure 4.74 : Three dimensional schematic drawing of JLC. 
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Figure 4.74 is a three-dimensional drawing of the JLC-I tunnel. The injector complex 
including the injector linacs, the positron production linac, the pre-damping and damping 
rings, and the pre-accelerators will be constructed near the detector-hall. These facilities have 
a common access tunnel from the outside of the mountain and are connected with short access 
tunnels to provide an easy mutual access between the facilities. The straight tunnels across the 
damping ring tunnels ease the alignment of the damping ring components . 

Figure 4. 75 gives a cross-sectional view of the tunnel for the main linac. The main linac 
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Figure 4.75: Main linac tunnel. 

tunnel has a semi-cylindrical shape like a quonset hat , which is 12 m in width and 1'5.6 m in 
height. T he size of t he tunnel is similar to that of a standard highway tunnel for two traffic 
lanes. A 2 m thick shielding wall divi.des the tunnel into two galleries. The wider one houses 
t he klyst rons and their modulators, while the remaining one is occupied by the accelerating 
structures a nd the beam transport line. The klystron tubes and the accelerat ing structures are 
connected with RF waveguides through the shielding wall. As shown in Figs. 1. 76 and 4. 77, 
the access doors for maintenance are prepared at every 500 m. The cross section of the tunnel 
fo r t he collimator and the fin al focus system is shown in Fig. 4. 78. The dampi.ng ring tunnel is 
shown in Fig. 4.79 and the detector-hall is shown in Fig. 4.80. 

The cost of the tunnels and the detector- hall has been estimated for the following two can­
didate sites as shown in Table 4.32. Type A mountain consists of a single geological formation 
with granite of class B - CH , which provides a good geological st ability in the tunnels . Type 
B mountain ha..<; a complicated geological formation with peridotite, diabase tuff, and andesite 
lava of class CM - CL(D ). The volume t o be dug out depends on the thickness of the tunnel 
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Figure 4.76: Side view of the access door between klystron gallery and accelerator tunnel. 
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Figure 4.77: Top view of the access door between klystron gallery and accelerator tunnel. 
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wall. T'ype B tunnel requires a thicker primary spray and secondary mask concreate than Type 
A tunnel. The construction cost of the main tunnel depends on the geologi al feature but falls 
in the rage of 2- 3 MY ns in both cases. 

Table 4.32: Cost estimation of the tunnel for main linac 

Mountain A B 
Periotit e, 

Geological formation Granite Diabase Tuff, 
and Andesite Lava 

Geological class B - Cn CM - CL (D ) 
Primary spray concreate t~ mm 100 150 
Secondary mask concreate tc mm 300 400 
Total Thickness of concreate tt mm 400 550 
Volume to be dug out m!'l / m 69.3 73.0 
Cost MYen ! m 2.2 2.7 
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Chapter 5 

Time Schedule and Cost Estimation 

5.1 Time Schedule 

T he time schedule of the JLC-T project is shown in Fig. 5.1. According to t he schedule required 
by the physics study group, the discovery run should commence around the year 2000. The 
construct ion of the straight tunnel for t he main li nacs is estimated to take three years , which 
are enough for the paTane] construction of the detector-hall and the tunnels for the injector 
complex. The fabrication of the accelerator components for the startup energy needs fOUT 

years, excluding the preparatory period fOT the plant a nd equipment investment, which match 
the schedule for the civil engineering. The installation of the machine components will be 
carried out in parallel with the component fabrication a nd will be finished no lat er than two 
years after the completion of 1,he civil engineering. This schedule assumes that t he construction 
speed is determined no t by the funding but solely by technical considerations. 

1992:1993: 1994: 1995: 1996: 1997: 1998: 1999: 200cl 2001 : 2002: 2003: 2004: 2005: 2006 : 2007 

I I 	 I I I I I I 
1 I I I I I I I 

I 1 I 1 I I 1 I 1 1 1 1 IFFTB (SLAC): 
I 1 	 I I I 1 I I I I 1 I I 

I ­ I I 	 I I 1 I I 1 I I 1 I 1 I
ATF C~>nstruc!ion & S.tudy (K~K) 1 I 	 I I I 1 1 I I I I.. 

1 - I I I I I 1 I 1 1 I I 
1 I 1 I I I I I I I I I 1 I I 

Discovery Run I Study Run I Energy UpgradeI I 	 I I I I I I 
Design Stud¥ 	 Construction ~OO . 500 GeV 1300. ~OO Ge\1 towards 1.5 TeVI 	 I I I ... .1 	 .1I -	 t I t I I i il I : I I I I I - l I 1 I I ~: : 

I I 	 I I I I I II I I 	 I I I I I
R&D of Mai~ Linac ~or Ene~gy Upw ade I 	 I I I I I I I I I 

I I I I I I I I ~ I I: I 	 I : I : : I I I I I I I I 
i .1 	 .1 I 

Figure" .1: The time schedule of the JLC-I project. 

5.2 Cost E stimations 

T he manufacturing process and the component massproduction are the two major fact rs to 
determine the required budget for machine construction . At presen t , however, it is not easy to 
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estimate the cost in the X-band J LC-I case, since the X-band t chnology is st ill in a developing 
stage. 

In the case of S-band linacs, however, we know t he costs of the 2.5 GeV S-band linac 
of Photon Factory at KEK and t he 1.54 GeV S-band injector linac fo r t he AT F(Accelerator 
Test Facili ty) under construction. Taking into account the massproduction effects known by 
experience, we can thus roughly estimate the total cost of the S-band JLC-I. 

As for t he C-band JLC-I, we can scale the cost of the S-band linac. T he estimated cost 
turned out to be similar to that of the S-band J LC-I and is listed in Table. 5. 1 together with 
those of the t he civil engineering and t he detector on t he Japanese Yen basis as of 1992. 

Table 5.1: Zero-th order cost estimate of JLC-I 

CENT ER OF MASS ENERGY 300 GeV 500 GeV 
(Billion Yen) (Billion Yen) 

ACCELERATOR T OTAL 250 300 

Part icle Sources & S-Band Linac (34 GeV total) 10 10 
Polarized Electron Source (1 unit) 
Conventional Sources (2 units) 
Damping Ring Injectors (2 GeV x2) 
Pre-Accelerators (lOGeV x 2) 
Posit ron Generator (10 GeV) 

Damping Rings 30 30 
Pre-Damping Ring (2 units) 
Main Damping Ring (2 units) 
Bunch Com pressors (2 units) 
Beam Transport to main Linac (2 units) 

Main Linacs 150 200 
Final Focus system 20 20 
Instrumentation & Cont rol System 40 40 

DETECTOR T OTAL 50 50 

CIVIL ENGINEERING TOTAL 100 100 

Main Thnnel for Linac 60 60 
Thnnel for Approach 10 10 
Tunnel for Injector Complex 10 10 
Detector Hall 10 10 
Other Facilities 10 10 

EST IM ATED TOTAL COST 400 450 
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C hapter 6 

J LC a s a spearhead o f hig h t e chno logy 

6 .1 A pplication as a synchrotron light so urce 

6. 1.1 Introduct ion 

In the wide fiel d of experimental studies using "light beam" , it is very important to generate 
monochromatic and parallel beams with a small spo t size, i. e., a high brilliance beam. Needless 
to say, a laser is the most suita ble way to satisfy above requirements. But it is almost impossible 
to obtain laser beams in the Vacuum Ultra Violet (VUV) and soft and hard X- ray region with 
the exception of t he use of a free electron laser. Another candidate to g nerate high brilliance 
beams in this energy region is the synchrotron radiation from high-energy electron and positron 
accelera tors (Fig. 6.1(a)). Recent development of the various types of insert ion devices such 

High Emittance Syncrorron Light from
Bending Magnet Beam Bending Section 

.,~ ~... 
(a) .- .~ :t 

• ~•,,_ . .;.riCf:-t"•. 

Low Emittance High IntensityUndulatorBeam Syncrotron Light 

(b) _ . ~ __---' ~:C6-L...-.... ~ 
Syncrorron Light ~lrra Low Long Undulator Laser EmIttance Beam 

(c) ...... --.. U·······.E]
f 

Micro BW1Ch 

Figure 6.1: A schematic drawing of synchrotron lights (a) from high emittance beam with a 
bending magnet, (b) from low emittance beam with an undulator a nd (c) from ext remely low 
emittance beam with a long undulator. 

as undulators and wigglers makes it possible to generate a rather monochromatic and int ense 
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synchrotron light in the X-ray region as is shown in Fig. 6.1(b) schematically. The radiation 
from insertion devices in existing accelerators, however, is still inferior to the laser beams from 
the view points of monochromaticity and brilliance. The characterist.ics of the synchrotron 
lights are influenced very much by the quality of the primary electron beam which passes 
through the insertion device. As a consequence, we must d velop an accelerator which can 
produce a high brightness beam and a long insertion device to obtain high quality synchrot ron 
lights, as shown in Fig. 6.1{ c). 

The development of world synchrotron radiation facilities has been closely related with high­
energy acc lerators to explore the energy frontier physics. A typical example is the utilization 
of the TRISTAN Accumulation Ring (AR) as a synchrotron light source. A multi-pole wiggler 
and an in-vacuum undulator are used routinely to generate circularly polarized lights for the 
magnetic Compton experiments and intense X-rays for t he Mossbauer experiments, respectively, 
as a parasite of injecting the beam to the TRISTAN Main Ring (MR) . Also, the applicat ion 
of the MR itself is promising for generating ultra high brilliant beams as is shown in Fig. 6.2 . 
The very low emittance of 4 x 10- 10 radm is obtained by the MR when it is operated at t he 

-

5 10 15 20 
Photon Energy (keV) 

Figure 6.2: Brilliance of synchrotron radiat ion as a function of photon energy for various 
facilities. 

energy below 5 GeV , with which soft X-ray free electron laser down to ,\ I'V III can be realized . 
However, a hard X-ray below I'V lA is not obtainable even with TRISTAN . The only possibility 
to generate a hard X-ray free electron laser is to use the extremely low emi ttance beam from 
JLC. 
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6.1.2 Hard X-ray laser with J LC 

T he condition for the beam emittance (E) to generate a synchrotron radiation las r results from 
the uncertainty principle and is des ribed as 

E ::; A, 

where A is a wavelength of light . For example , in order to obtain the laser of A = 500 A(VUV 
region ), E must be smaller than 5 x 10-8 radm, which can be realized by operating tIle Photon 
Factory Ring (PF ) at 0. 75 GeV. As is already mentioned above, soft X- ray synchrot ron radiation 

10(A "-' 4A) can be generated by using the MR at 5 GeV, where E of 4 x 10- rad m can be 
achieved. 

In order to realize a hard X- ray laser (,\ < 1A), t he emittance must be smaller than 1. x 10-10 

radm which can be achieved only by JLC. The extracted beam from the linac of JLC at the 
various stages between 7.5 and 20 GeV can generate hard X- rays with t he use of long wigglers 
of 85 "-' 330 m if the peak current is as high as 4 kA as is summarized in Table 6.1. The peak 
power of 8 "-' 18 GW is obtained fo r the laser wavelength ,\ of 0. 2 rv 2. 0 A. These features are 
summarized in Fig. 6.3. 

Table 6.1: Hard X-rays from JLC with long wigglers Ez,y 5 X 10- 10 at 15 Ge V, Ip=4kA, 
E wread = 3 X 10-4 

E Length of Period Length of Magnet Field Strength A Peak Power 
GeV em m gauss A GW 
7.5 5 85 2600 2. 0 18 
] 0.0 4 100 3600 1.0 18 
15.0 4 160 3750 0.46 1. 7 
20.0 3 330 5000 0.20 8 

6 .1.3 Application of X-ray laser 

The most important application of X-rays is to analyze the st ructure or materials such as a 
crystal , amorphous, and liquid, and also to make perspective drawings using the penet rativity. 
The X-rays from the conventional tube-type sources or from the insertion devices such as those 
in t he PF and AR, however, have no phase correlation between photons: we can make use 
of the intensity information only. Therefore, for t he reconstruct ion of the three-dimensional 
st ructures using the X-ray diffraction, various sophisticated methods are needed such as the 
heavy a tom method . 

These complicated problems can be solved easi ly by using the coherent hard X-rays of ,\ 1rv 

A. T he three-dimensional structure of materials can be uniquely obtained by a simple physical 
method. Thus the impa t to the field of solid state physics is drastic . 

Solid state physics: As is already ment ioned above , the array of atoms in a crystal, amor­
phous, and liquid can be made visible t hree-dim nsionally in t he A accuracy by the information 
both in intensity and phase . Moreover, the hard X-ray laser enables us to observe, in real time, 
the transient (dynamic) phenomena such as the atomic motion during the phase t ransition and 
mart ensitic transformation and that in liquid or melted state. 
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Figure 6.3: Wavelength of synchrotron light as a funct ion of beam emittance 

Life science: Up to now, the only method t o observe the structure of the biopolymer 
like the double helical D NA which is the source of life is to use an electron microscope. This 
method is almost analogous to imagining an active fish in the sea by observing a grilled fis h. 
The application of the hard X-ray laser opens the door to observe the activities of "fresh" 
microscopic living things such as HIV (AIDS Virus) and cancer cells. It will give rise to a quite 
clear understanding of the mechanism of breedings or proliferations. These studies are essent ial 
in finding out the ultimate weapons to attack such diseases. 

The hard X-ray laser is not only useful for the above microscopic level but also for t he 
macroscopic applications. Three-dimensional internal examination of a patient 's body can be 
made easily by taking a holographic picture which is useful clinically. 

Manufacturing in nano-meter range: The limit of the accuracy in manufacturing tech­
nologies using visible laser beam is the micro-meter range. The X-ray laser in the Arange is a 
key technology to step into the atomic level. A t hree dimensional placement and/or removal of 
individual atoms can be made quite easily. Also, by using the interference phenomena of X-ray 
lasers , ultra fine manufacturing in the nano-meter range can be realized , which is , for instance, 
useful to incr ase the density of computer memories drastically. 
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