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Abstract 

Design features and procedures of the high power RF system for the 

KEK booster synchrotron are described. The system consists of an RF 

power amplifier, a ferrlte-loaded accelerating caylty and an automatic 

cavity-tuning system, The RF voltage program ant the ferr l te properties, 

which are the determining factors for the genera' design and the operational 

performance of the system; are discussed. Procedures for estimating the 

power requirements are presented for both the RF power amplifier and the 

ferrlte bias supply. A general description of the system Is also given. 
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1. Introduction 

The KEK booster synchrotron 1s a rapid-cycling machine with the 
repetition rate of 20 Hz. The proton beam Injected Into the machine at 
20 MeV Is accelerated to 500 MeV by the RF accelerating system. The 
particles first travelling at one fifth the velocity of light move with 
three-fourths the velocity of light at 500 MeV. This necessitates an-
accelerating system which can stay 1n synchronism with the particles as 
their revolution frequency varies by a factor of 3.75. The frequency 
range 1s 1.62 KHz to 6.03 MHz. 

The RF system 1s composed of a low level system and a high power 
system. In the low level RF system, an accelerating frequency Is generat
ed by a voltage-controlled oscillator, the program voltage of which 1s 
derived from the magnetic guide field, Corrections to the frequency 
program are made by a slaw feedback loop which keeps the beam at the 
correct radial position 1n the aperture and by a fast feedback loop 
which damps the phase oscillations. In the high power system, the 
frequency-controlled RF signal 1s amplified and then supplied to the 
ferrlte-loaded cavity for appearance of the accelerating voltage across 
the gaps. The resonant frequency of the cavity Is varied in accordance 
with a particle revolution frequency by Impressing the biasing magnetic 
field on the ferrltes. 

Design studies of the accelerating system for the 40 GeV proton 
synchrotron were made for the period from 1964 to 1970 by the RF working 
group organized In the Institute for Nuclear Study, University of Tokyo. 
Several models of cavities, of the automatic tuning system and of the 
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power amplifiers were built and tested by the group. ' Though the plan 
was replaced by the present 12 GeV synchrotron with the 500 HeV booster, 
the experiences and the knowledge obtained during the period provided 
the firm basis for the RF system design of the present machines. For 
the booster, however, several problems were left to be solved, since we 
had not experienced a rapid-cycling machine, A ferrlte material having 
desirable properties under a rapid changing bias field had to be developed 
The system components had to be designed to work satisfactorily under 
the severe conditions arising from the high repetition rate. 

Construction. Installation and tuning of the booster RF system were 
completed at the end of November. 1974. In the first operation An 
December 4. 1974, the booster synchrotron 4. reeded 1n accelerating the 
proton.beam up to 470 HeV. After some modifications and adjustments of 
the RF system, the machine accelerated 8 x 1 0 1 0 p/p beam to the design 
energy of 500 MeV on December 12, 1974. Since then the beam Intensity 
has been steadily Increased with Improvements and adjustments of the 
machine components, especially of the RF system. Thus, the RF system 
has been proved to have expected performances. 

In this report are described design features and procedures of the 
high power RF system. The general parameters and the operational per
formances of the system are briefly described. Detailed descriptions of 
the system and the present status of its operation will be given else
where?' 
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2. RF Voltage Program 

2.1 Introduction 
A necessary accelerating voltage Is in proportionto repetition 

rate of amagnetlc guide field, sovthat the 20 Hz boosterrequires a 
higher voltage than that of a slow-cycling machine. The accelerating 
voltage ,1s one of the Important factors to determine the cost of'the 
high power RF system. Therefore, an economical voltage:program is 
necessitated to minimize the required RF power without any reduction of 
beam intensity. 

2.2 Acceleration Parameters 
Specifications of the RF system depend on such machine parameters as 

a particle energy gain per turn, a ratio of the final energy to the initial 
one, a repetition rate, beam intensity and so on. The parameters of the 
booster synchrotron, relevant to the RF system, are given in Table 1?' 

Acceleration parameters are derived from the magnetic guide field 
B(t) and the physical dimensions of the machine. Flg.l shows the time 
variations of B(t), dB(t)/dt, the kinetic energy T and the momentum p of 
a particle. The magnetic field is 1.97 kG at injection and 11.02 kG at 
ejection. 

The accelerating frequency, or the revolution frequency of a 
particle, f(t), and a particle energy gain per turn, 4E(t), are given by 

-3-



f(t) " f„ •j=z£l . (2.1) 
yj4 * B(t)2 

AE(t) - Cp 4 I M , (2.Z) 

where f„j revolution frequency of a particle travelling at the speed of light along the equilibrium orbit, 
B 0; magnetic field corresponding to the frequency f0("f.,/2), 
C; circumference of the machine, 
p; bending radius. 

The effective-length term Is neglected 1n the expression (2.1), though 
It must be taken into account In designing a frequency generating sys-

' tern. The frequency f(t) and the energy gain per turn, AE(t), derived 
from (2.1) and (2.2) are shown in Fig.2. The frequency varies from 1.62 
MHz at Injection to 6.03 MHz at ejection. Since E(t) Is In proportion 
to the time derivative of B(t), It takes a sine curve with the maximum 
value of 7.07 keV at the middle point of the acceleration period. 

The frequency change rate, df(t)/dt, 1s also shown 1n F1g.2. It 
takes the maximum value of 31S kHz/msec at 9 msec after Injection, where 
the frequency 1s 3.4 MHz. Acceleration parameters are listed In Table 2. 

2.3 Voltage Program for Constant Bucket Area 
The acceleration voltage must be higher than nE(t) to keep the 

particles 1n the stable area "bucket". As a first step, the voltage 
program for the constant bucket area was estimated as follows?' Injected 
particles are assumed to fill up the bucket produced by a given Initial 
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RF voltage. An Initial equilibrium phase angle <fs Is determined by the 
initial voltage and dB/dti $ 5 « 0 when injected just at the bottom of 
the guide field. On the asusmptlon of the adisbatlc acceleration, * s(t) 
1s calculated so as to produce the bucket with no free space. Then the 
voltage program 1s derived by substituting $ s program Into 

AE(t) = eV(t) sin * s(t). (2.3) 

The voltage and $ s program thus obtained are shown 1n Fig.3, for 
two cases of the Injection voltage, 1 kV and 2 kV. The voltage rises to 
the maximum of 11 kV for V 1 n J • 1 kV and to 12.6 kV for V 1 n J = 2 kV 
around 10 msec after Injection and drops monotonlcally to a low value at 
the end. The point where the maximum voltage 1s required Is just before 
the middle of the acceleration period, where 4E reaches the maximum. 
This can be understood by considering the effect of the adlabatlc damping 
of synchrotron oscillations. 

It 1s noticed from Fig.2 and F1g.3 that the region where the large 
voltage 1s required Is overlapped with the large df/dt region. This 
fact makes It difficult to design the high power system. 

2.4 Estimation of Maximum RF Voltage 
The voltage program 1n section 2.3 was calculated on the assumption 

that the longitudinal emlttance of the beam does not grow. In the 
actual operation, however, the beam undergoes various non-adlabatlc 
disturbances and consequently Its emlttance Is forced to dilute. Therefore 
the bucket must have some margin for the emlttance. It may be convenient 
to use the term, "a bucket filling factor", defined as e/A, where E 
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denotes the onittance of the beam and A.the bucket area. ' The voltage 
program shown In F1g.3 1s for the bucket filling factor of 1.0. According 
to the experience of the FNAL machines, the bucket filling factor should 
be less than 0.7 and 1s desirable to be less than 0.5. 

A longitudinal emittance of the Injected beam, e, 1s calculated as 

E • Aw x a* • (j " 4p f) * 2" » (fi -jr)P, * Z" (2.4) 

In w-$ units, where R 1s the.mean radius of the machine and h 1s the 
harmonl". number. Initial momentum P^ Is 0.19S GeV/c. The full spread 

• 2 

of Initial momentum, Apj/Pj. is 1 x 10 as a design value and can be 
reduced to 0.3 » 10 by using the debuncher. The emittance was calculated 
for several values of ap /̂Pf and the results are given 1n Table 3. The 
beam 1s assumed to be captured without emittance growth and to be accelerated 
adlabatlcally, so that c In Table 3 Is assumed to remain constant during 
acceleration. 

A stationary bucket area A0 1s given by8' 

A • rfieV Ml . E . - (2.5 
0 h z u / Z i r 4 - 4 l 

In w-4 units, where 

ID; particle angular frequency, 

E; total energy of particle. 

Si ratio of particle velocity to that of light, 

Y; total energy over rest energy, 

Y t; total transition energy over rest energy. 

-6-

A bucket area A for any given f>s is 

A » oA0 , (2.6) 

here a 1s a function of sin <ts which 1s related to the RF voltage as 

» < » • . • & $ • (2.7) 

The bucket area A at 10 msec after Injection, where the maximum voltage 
1s required, was calculated for several voltage values and the results 
are summarized In Table 4. The bucket filling factors, calculated from 
Table 3 and 4, are shown In Fig.4. From above discussions 1t has been 
concluded that the economical maximum voltage necessary for beam acceleration 
is around 18 kV. 

The bucket area 1s reduced due to space charge effects. ' At the 
voltage maximum point the bucket Is reduced by 5 percent for the beam 
Intensity of 1 x 1 0 1 Z p/p and the voltage of 18 kV. The space charge 
effects are more serious in the capture region where i 1s small and 
besides the RF voltage is low, but they are not discussed further here. 

Z.S RF Voltage Program 
The RF voltage program during the acceleration cycle of the booster 

has three phases. The first 1s the beam capture phase. The efficient 
capture Is not easy because, the emittance of the Injected beam does not 
match to the RF bucket of the booster. For a given energy spread the 
capture efficiency and dilution of the emittance are expected to depend 
on the RF voltage program. 
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A computer program has been developed 1ti order to simulate the 
particle behaviour 1n the longitudinal phase space. ' Simulations for 
various voltage programs show that the.adlabatlc capture method, where 
the voltage rises from a very low value and therefore particles are 
caught by a growing bucket, 1s desirable for both the efficient capture 
and the least dilution of the emlttance. A low voltage, however, creates 
beam loading problems to be solved before using this method. 

The second Is the acceleration phase of the voltage program. In 
this phase the voltage has a role to keep the particles In the bucket 
and to raise their energy up to the final energy. 

The third 1s the beam transfer phase. The voltage at ejection 1s 
determined by the requirements on the beam transfer system. For prevent
ing dilution of the emlttance the voltage must be reduced adlabatlcally 
to the final value. 

From considerations of these three phases, we obtained the programs 
of the accelerating voltage and the equilibrium phase angle, which are 
shown 1n F1g<5. The Injection voltage Is, 0.2 kV and the ejection voltage 
Is 5 kV. The maximum voltage Is 18 kV at 10 msec after Injection. The 
RF voltage for the ferrite testing described later was based on this 
program. 

A normal voltage program In the present operation 1s also shown 1n 
Flg.S, about 1.5 kV at Injection, 16 kV at the maximum and 5 ^ 6 kV at 
ejection. The Injected beam 1s now captured by a stationary bucket and 
the adlabatlc capture Is being.studied experimentally. 
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3. Accelerating Cavity 

3-1 Type and Structure 
A quarter wave coaxial resonant cavity, excited 1n push-pull, has 

been chosen as the accelerating structure. Ferrltes are loaded In order 
to shorten the cavity length and to allow the cavity tuning. 

Though one single-gap cavity 1s enough for obtaining the accelerating 
voltage of IB kV, bias windings of the cavity Is the problem.. The bias 
current flows through the outer and inner conductors of the cavity, so 
that RF noises are Induced In the bias circuit. To eliminate the noises 
the circuit must be devised to make "figure of eight" loops, which makes 
the cavity structure complicated. 

Me arranged two cavities 1n series as shown 1n F1s.6;\. '* The 
bias current flows through two cavities In series, while they are excited 
In parallel by the RF power amplifier. The RF fluxes 1n two halves are 
1n phase while the bias fluxes are out of phase. Therefore, the total 
RF noises Induced In the bias circuit Is zero if everything Is balanced, 
and the RF and the bias circuits are thus decoupled. Another merit of 
this arrangement Is that the voltage per gap reduces by half, which 
leads to soften some technical difficulties. The bias winding Is, 
however, a single-turn structure and requires large currents to keep the 
cavity resonant. 

3.2 Ferrite Cooling 
As operating characteristics of the ferrite are temperature dependent, 

an efficient cooling method must be used. A maximum temperature of 30 



to 40°C must not be exceeded to avoid thermal run-away effects and 
subsequent mechanical failure!2' The most straight forward way to keep 
temperature low 1s to Increase the surface for heat exchange, but the 
thickness of the ferrlte Is limited by physical.and economical considerations 

The cooling method based on interleaving ferrlte rings with solid 
copper discs water-cooled at their edge, can not adequately cope with 
the higher heat dissipation requirements of a large size ferrlte like 
that of the booster"' Cooling'discs with Internal water passages are 
therefore needed." An efficient cooling method have been developed by 
the RF working group In the course-of the design studies of the 40 GeV 
proton synchrotron!' Two hollow copper pipes with rectangular cross 
sections are wound close together Into spiral shape to make a cooling 
plate as shown in Fig.7. Two pipes are Jointed at the Innermost part of 
the disc so that cooling water may flow Into one pipe and return through 
another pipe. Therefore temperature distribution on the cooling disc 
can be .made homogeneous. On the other hand, too efficient cooling may 
be dangerous during switching on. When the ferrlte Initially at room 
temperature or higher could experience a thermal shock! , 1 3' 

•i. 

3.3 Ferrlte Filling Factor 
The necessary bias current Is considered here In relation to a 

ferrlte filling factor defined by L F 0/L 0; L F„ 1s the Inductance of the 
space to be occupied by the ferrltes and L 0 1s that of the empty cavity. 
The total Inductance of the cavity is obtained as the sum of the Inductance 
of the ferrlte and that of the non-magnetic materials. As the latter 1s 
Independent of the bias current, the bias sensitivity of the cavity 
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Increases with the ferrlte filling factor. The relation between the 
necessary bias current and the filling factor was estimated for the 
booster ferrlte and 1s shown In Fig.8, where I-, represents the current 
value for the filling factor of 1.0. 

The Increase of the cavity Inductance as a consequence of improving 
the filling factor also reduces the power loss of the cavity, this is 
because the shunt resistance of the cavity 1s 1n proportion to the 
inductance of the cavity as will be given by (5.1). The direct con
sideration of the power loss of the ferrlte also leads to the same con
clusion as follows. A mean magnetic flux density of the ferrltes, 
Bjjp" , 1s given by 

where V R F Is the RF voltage across the gap, f 1s the frequency and A 1s 
the total cross section of the ferrlte rings. A magnetic loss per unit 
volume of the ferrlte, W f, can be expressed as 

WF " TOT <w»"s/cm 3) , (3.2) 

where p and q are the permeability and the quality factor of the ferrlte 
respectively. If ona could Increase A by 10 X, Uf decreases by 17 %. 
Then total loss 1n the ferrHes decreases by 9 X (l.l x 0.83 • 0.91). 
The Increase of the ferrlte volume thus contributes to save the power 
under the condition of the same RF voltage. 
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4. Ferrlte Properties 

4.1 General Considerations 
The basic principle of using a ferrlte material 1n the RF cavity Is 

to use the change of Its permeability to vary the Inductance of the 
cavity. A cavity: tuning method using a ferrlte Is superior to other 
methods In Its response speed;and simplicity, Although ferrltes have a 
wide range of applications 1n communications, the manner In which they 
are used In accelerating cavities Is unusual and requires a very detailed 

& consideration ofall aspects of their behaviour. 

,Tha ferrtte properties are :he important factors for the general 
design of the high power RF.sysuisi, because they determine not only the 
operating performance but also Hie power requirements of the system. A 
ferrlte material having a good bias sensitivity allows cavity tuning 
with a relatively little bias field, and consequently saves the manufacturing 
cost of the bias supply and also lightens some difficulties 1n designing 
the tuning system. ' 

Though the ferrltes are indispensable for cavity tuning, they are 
subjected tohigh RF magnetic fields and dissipate a considerable portion 
of the energy supplied to the cavity, the load of the RF power amplifier 
is the sum of the power delivered to beam and the powers consumed 1n the 
cavity wall and In the ferrltes. Among them the power loss In the 
feiritei is most responsible for the power requirements of the amplifier. 
Therefore. 1t 1s required to select a ferrlte material having a low 
magnetic lots as well as a good bias sensitivity. • 
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4.2 Selection of Ferrlte Material 
The electromagnetic behaviour of a ferrlte is extremely complex, and 

multidimensional. To obtain a reasonable model, we have tried to eliminate 
as many variables as possible by standardizing our test procedures and 
by performing measurements under the same conditions as those encountered 
In actual operation. 

Dimensions of a sample ferrlte are 75 mm 1n outer diameter, 45 mm 
In Inner diameter and 25 nrn 1n thickness. The dynamical ferrlte testing 
was made on the quality factor Q and the Incremental permeability v. 
The shape of the bias current was a DC-biased sine wave and the RF 
voltage applied to the ferrlte was simulated to the voltage program 
shown in F1g.5. 

The test results show that a ferrlte has two remarkable properties 
unfavourable for Its application to accelerating cavities for rapid-
cycling machines. One property 1s that the RF loss depends on the sweep 
speed of the bias field, dN/dt. and Increases considerably for high 
values of dH/dt. This comes from magnetic lag and dynamic high frequency 
absorption, which are mainly caused by slow restabillaatlon of domain 
walls 1n the ferrlte! 4' 1 5' A relaxation time of the electron diffusion 
contributing to the restablllzadon of the domain walls Is generally of 
the order of 0.1 sec, ' Under the bias field changing more rapidly the 
loss Is considerably Increased due to this effect. 

Another remarkable property 1s that a ferrlte material having a low 
RF loss exhibits a bad bias characteristic, while a material having a 

-13-



good bias characteristic Is accompanied with a large RF loss. This can 
be explained qualitatively by B-H characteristic curves. A material 
with a sharply curved B-H characteristic permits cavity tuning with a 
relatively little bias current due to a rapid change of u with the bias 
field. This curvature, however, would result 1n a relatively large 
minor hysteresis loop area and a consequent high magnetic loss. On the 
other hand, a gently curved B-H characteristic would give a small minor 
loop area, permitting low magnetic loss. Such a material would require 
more bias current to cover the sane frequency range. 

The development of the booster ferrlte has been done In active col
laboration with the manufacturers, who have been very willing to make 
ferrltes almost satisfying our challenging requirements. Samples of 
more than 30 kinds of forrltematerials have bean tested. The ferrlte 
finally selected for the bu6ster;;cavlty Is"M4A23B1,1 made by Toshiba. 
Close tolerances have been Imposed on the manufacturer, both from the 
mechanical design and from the electrical and magnetic properties of the 
ferrlte. 

4.3 Size of Ferrite Ring 
A cholse of a ferrlte ring slza Involves considerations of maximum 

RF flux level, uniformity of flux' level 1n the material, bias supply 
requirements and cavity dimensions. From technological and economical 
considerations an optimum ring thickness may be of the o, Jer of 20 to 30 
mm. The maximum RF flux density, determined by the fl|. voltage and the 
ferrlte volume, should not exceed a level which would result In ferrlte 
heating averaged over the operating cycle lit ekcess of 1 watt/emr "' 
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The ferrlte ring size finally chosen 1s 500 mm In outer diameter, 
224 mm 1n Inner diameter and 25 mm 1n thickness. Mechanics1 and physical 
parameters of the ferrlte rings are given 1n Table 5. Thirty-two ferrltes 
are loaded In the cavity and the ferrlte filling factor Is 0.343. 

4.4 Results of Acceptance Testing 
Every ferrlte ring was closely tested by using the test cavity 

designed especially for this purpose. A block diagram of the testing 
system Is shown In Fig.9. The quality factor q and the permeability ii 
were measured under the simulated operating conditions. The average 
values of u and Q of 40 ferrltes Including B spares are shown In Flg.lO, 
together with pQf which Is In proportion to the shunt Impedance of the 
cavity. 

The values of u and q are functions of the radius, since they are 
dependent on "ie magnetic flux density which varies 1n the radial direction. 
The measured values are considered to be the mean valves In the radial 
direction, and may be expressed as 

u • ft M ( r ) d r / £ 2 dr , (4.1) 

where r,; Inner radius of a ferrlte ring , 

r 2 i outer radius of a ferrlte ring , 

ft frequency (MHz), 

P(r)i power loss (watts/cm3) . 
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These mean values are sufficient for most of the RF system design. 

though the radial variation must be taken Into account when, high field 

effects are concerned. 

4.5 Voltage Limitation 

A maximum accelerating voltage 1s limited by the ferr l te properties. 

In a cavity loaded with relatively low Q ferr l tes, ultimate operating 

limits are determined by thecal run-away considerations. On the other 

hand, high Q ferrltes exhibit, under high RF f ield conditions, resonance 

Instabilities which l imit the maximum RF vo l tage ! 8 ' 1 9 ' The booster 

forrlte Is of a high Q type and therefore'the maximum voltage 1s limited 

by the resonance Instabilities rather than the power dissipation. 

Ferrlte materials have nonlinear properties In I tse l f , The most 

troublesome nonllnearlty In pur concern 1s the variation of Incremental 

permeability as a function of flux density, A ferrUe-loaded cavity 

w1th>an external capacitor can be represented 1n a parallel IX circuit 

with nonlinear L, as shown 1n Fig,12. Permeability u Is empirically 

given b y 2 0 ' 

u • y d - 1D R F) , (4.3) 

where ^ Is permeability measured at near-zero RF amplitude and J. Is a 
positive coefficient of the order of 10"4/fi. When the RF voltage 1s 
raised, the resonant frequency of a cavity drops due to the Increase of 
u with B R F . This results 1n an asymmetric frequency response curve 
shown In Fig,11, 1f the bias field 1s not changed with the voltage rise. 
The Instabilities would appear In the form of erratic jumps In amplitude 
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when the circuit Is at or near resonance. It could disturb the operation 
of the cavity tuning system, the AVC system and of course the beam 
itself. 

The critical RF flux density for the onset of the Instability 1s 
approximately given a s 2 0 ' 

» « • « • • * $ • (4-4) 

Qj being the quality fac*ir measured'at near-zero RF amplitude. Fxpresslon 
(4.4) shows that a high Q ferrlte has a low B c r 1 t and therefore 1s 
subject to the Instability. The experimental value of B c r 1 t of the 
booster ferrl'te Is 90 6, corresponding to the accelerating voltage of 19 kV 
at the frequency of 3.8 MKz. 

5. Power Requirements of the RF Power Amplifier 

S.l Shunt Resistance of the Cavity 
An equivalent circuit of the cavity 1s shown 1n F1g.l2, where the 

power amplifier Is represented by a current source I, The Inductance of 
the cavity Is represented by L and the total capacitance of the circuit 
by C. The shunt resistance R c (s derived from the measured properties 
of the ferrlte and R b 1s derived from the beam loading. The output 
resistance of the amplifier, R a, 1s of little Interest here, though It 
must be taken Into account when the total q of thr circuit Is concerned. 

The shunt resistance of the cavity can be expressed 1n terms of the 
Inductance and the quality factor 1n the form 
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Hc(«ii,V)'«.uU(M,y)q(M.¥). (5.1) 

Since L and Q are dependent on the frequency and the voltage, R c also 
depends on these variables. Upon substituting the experimental values 
of L and q Into (5.1), the resistance R c was obtained and 1s shown 1n 
the lower part of F1g.l3. The resistance R c 1s 4 kn at Injection and 
decreases rapidly to the minimum value of 0.9 kit at 3 msec after Injection, 
then gradually Increases, to 1,7 kn at the end. 

5.2 RF'Power Requirements 
The power supplied to the cavity 1s partly used to accelerate the 

beain and most of It Is spent to heat the ferrltes. The power requirements 
of the RF amplifier can be estimated as the sum of these powers: 

?l • % + p c • < 5- 2> 

where Pt', power supplied to the cavity , 
P b; power used for particle acceleration , 
P ci power consumed in the cavity, mainly 1n the ferrltes. 

The power dissipation P e 1s expressed 1n terms of the shunt resistance 
R c and the applied peak RF voltage V 1n the form 

P c ( t ) . j g | f . (5.3) 

The power dissipation was calculated by using (5,3), with R £ obtained 
above and V substituted by the estimated voltage given 1n Fig,5. The 
result 1s shown In the upper part of Fig.13. The power reaches the 
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maximum of 16 kW at 10 msec after injection. The dissipated power 
averaged over a complete'cycle 1s approximately 15 kW. 

The power delivered to beam, P b, 1s given by 

P b(t) » Njj|» NCpf(t)S|M . Nf(t)V(t)s1n*s(t), (5.4) 

where N 1s the particle number per pulse and the other symbols are the 
same as those used 1n (2.1) and (2.2), The power P b Is In proportion to 
the particle number, time derivative of the guide field and the revolution 
frequency, and depends on the dimensions of the machine. It 1s to be 
noted that P b 1s Independent of the RF voltage. 

l? The power ? b was calculated for the beam Intensity of 1.5 x 10 ' 
p/p, which Is about a half of the space charge limit, and the result is 
shown 1n F1g.l3, The power P b 1s zero at Injection where no acceleration 
occurs and Increases to the maximum of 8.2 kW at 15 msec after Injection, 
then decreases to zero at the end. The total power P t given by the sum 
of P c and P b 1s also shown 1n F1g.l3. The maximum power amounts to 53 kU 
at 10 msec after Injection, where the acceleration frequency Is about 
3.B MHz. 

The equivalent shunt resistance of the beam, R b, can be defined as 

R b(t) • j Q f j . . (5.5) 

19. 



The resistance R b for the beam intensity of 1.5 x 10 1 p/p 1s shown 1n 
F1g.l3. since P b 1s Independent of the voltage, R b Is quite different 
'from a usual resistance In Its strong dependence on the voltage. The 
total shunt resistance of the cavity, R t, obtained from R c and R b 1s 
also shown In Fig.13. 

5.3 High Power Tubes 
The power amplifier must supply S3 kW to the cavity for appearance 

of the accelerating voltage of IB kV across the cavity gaps. Since the 
power amplifier excites two cavities 1n parallel as shown In Fig.6, the 
peak voltage between the anode and the earth 1s 4.5 kV. This value Is 
well within the rated anode voltage of high power tubes having anode 
dissipations of several tens of kU, The design voltage has been determined 
at 5 kV, corresponding to the accelerating voltage of 20 kV. The design 
value of the output power has been determined at 80 kW Inclusive of some 
margin for future power demands, for Instance, damping of the cavity Q 
against beam loading effects. 

For a tube of the final stage, a tetrode Is preferable to a trlode, 
because 1t eliminates the neutralizing circuit and because It can be 
driven by a relatively low power owing to Its large amplification factor. 

From considerations of performance, maintainability and a cost, 
vapour-cooled tetrode 0F40 has been chosen. The maximum anode dissipation 
of the tube 1s 30 kW. The anode of the tube 1s cooled by water evaporation, 
which makes It possible to have a dosed cooling circuit without a pump. 
The flow and consumption of cooling water are extremely small. The 
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vreter circulation, and therefore the heat evacuation, are automatically 
adapted to the anode dissipation, 

Four tubes are used In parallel push-pull arrangement. Though a 
parallel use of high power tubes are sometimes accompanied with a parasitic 
resonance In higher frequency regions, 1t causes no trouble 1n several 
NHz region. Electrical and mechanical parameters of BF40 are given 1n 
Table G. 

6. Power Requirements of the Bias Supply 

6.1 Current Requirements 
The relationship between the bias current and the resonant frequency 

of the ferrlte testing cavity 1s shown In F1g.l4. The curves represent 
the average characteristics o f 40 ferrites. The required current value 
1s 2600 A for the OC biasing case and 2300 A for the dynamical biasing 
case. 

Since the ferrlte filling factor of the testing cavity Is made 
almost equal to that of tho actual cavity, the necessary Mas current In 
actual operation may be roughly estimated at 2300 A, The resonant 
circuit 1s, however, composed of all the elements connected to the anode 
of the power tube. As cavity tuning 1s done by changing Its Inductance, 
any other Inductance In the circuit will depress the bias sensitivity. 
These are the Inductance of the RF choke coll for the anode DC supply 
and that of the RF feeder line to the cavity. The equivalent circuit 
used for estimating their Influence on the resonant frequency Is shown 
1n Fig.15, where 
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C-, capacitance of the cavity side ( «1500 pF ) , 
C,j capacitance of the amplifier side ( = 7 0 p F ) , 
L; Inductance of the cavity ( 6.5-0.46 uH ) , 

Lp*. Inductance of the RF output feeder ( «0.4 uH ) , 
L rt Inductance of the RF choke coll ( =160 vW ) , 

Since L c 1s connected In parallel with L, It raises the resonant frequency 
and Its Influence Is stronger In the lower frequency region. On the 
other hand. L F connected 1n series with L, lowers the frequency and Its 
Influence Is stronger 1n the higher frequency region. One can therefore 
treat their Influence separately. 

The Influence of L F 1s considered first. From the equivalent cir
cuit, the load admittance Is derived as 

0,(1 - u?CU + -f) + C - 4 -
1 - U 2CL F + r^ 

(S.l) 

where L c is neglected. A resonance occurs when the condition of 

y . o »•« 

1s satisfied. From (6.1) and (6.2) one obtains the expression of the 
parallel resonant frequency 

, I C + L.C, 4CC,LLr 

^•Tc^tl.Jl-^J^,. ,6.3) 
where C • C, + C. Expansion by Taylor's series followed by some algebraic 
operation yields 

-22-

a> • [ r j r (I - |A + \l? - . . . . ) ] 1 / 2 , (6.4) 

where A • LFC,/LC. If Lp 1s zero, (6.4) reduces to 

u « • ] . (6.5) 

A(c, + c) 

When Lc Is absent, the bias current of 2300 A covers the frequency range 
of 1.62 MHz to 6.03 MHz. With the addition of L F the corresponding fre
quencies become 1.613 MHz and 6.87 MHz under the same bias current. If 
the minimum frequnecy Is raised to 1.62 MHz by adjusting the capacitance 
C, the maximum frequnecy becomes 5.90 MHz. An additional current value 
for restoring the maximum frequency to 6.03 MHz Is estimated at 125 A 
from f-I a curve shown In Fig.14. 

Similar estimation for L c leads to the additional current of 140 A. 
The total additional current caused by L and L. Is 265 A, so that the 
necessary bias current Increases to 2505 A. We have thus determined to 
prepare the bias supply which 1s capable of providing 3000 A. In the 
present operation the maximum bias current required for covering the 
sweep range 1s about 2450 A. 

6.2 Voltage and Power Requirements 
The necessary DC output voltage and power of the bias supply are 

considered here. The output voltage V s 1s required, under the maximum 
current! to exceed the sum of the vMtage drops across all the circuit 
elements. F1g.l6 shows the simplified bins circuit, where Zj represents 
the Impedance of tne load Including the bias feeder and R, the resistance 
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used for the current stabilization. The power transistors are represented 
b y T r . 

The voltage drops for the current of 2800 A, obtained from the 
estimated values of Z^ and R s, are also given 1n Fig.16. The voltage 
between the collector and the emitter. V C E , needs to be over 2 V 1n 
order to ensure the current control and was estimated at 3 V In our 
case. Thus the sum of the voltage drops amounts to 8.5 V. The design 
voltage of the power supply Is 10 V under the full load condition, then 
the required power becomes 30 kH (10V x 3000A). 

6.3 Power Dissipation 1n Transistors 
The power dissipation of the transistors In the final stage, P t r , 

1s obtained as 

Ptr ' T f0 V * > »«<*>"*' ( 6' 6» 
where 1 D(th bias current as a function of time, 

vc.{t)i voltage between collector and emitter as a function of 
time, 

T; period. 

Fig.17 shows the estimated voltage variations 1n one accelerating eyelet 
V s represents the output voltage of the power supply, V r and V ( represent 
the voltages appearing on the total resistance and the inductance re
spectively. The curve of V, was obtained by assuming a voltage regulation 
of 20 t. The voltage Induced by the Inductance of the cavity 1s given 
by 
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V ' > - - ^ " - « ^ < M d < t ) 1 b ( t ) . (6.7) 

where u; angular frequency of the bias current. 
At total cross section of ferrites, 
rt mean radius of the ferrlte, 

M d; differential permeability of the ferrlte. 

The voltage Vg(t) was obtained by using (6.7) with u d replaced by the 
experimental value of v given In Fig,10. It 1s to be noted here, however, 
that the Incremental permeability Is a little different from the dif
ferential permeability i^. Subtraction of (V r + v^) from V s gives the 
voltage across the transistors, V C E, The time variation of v C E shown 1n 
Fig.17 Indicates that the power dissipation 1n the off-acceleration 
period (25 msec to 60 msec) 1s larger than that 1n the acceleration 
period. 

Instantaneous values of the bias current and the voltage across 
transistors can be expressed approximately 1n sinusoidal forms 

1 b " » * :dc * !ac s 1 n "*• < 6- B> 

v c e ( t ) ' vdc + vac s 1 n < u t + 9> • '6-9' 

Substitution of (6.8) and (6.9) Into (6.6) yields 

ptr " V d c + ^ V ^ c o s 8' <6'10> 
By approximating V C £1n F1g.17 by the DC-biased sinusoidal wave, we 
obtained V, c « (16 - 3)V/2 « 6 V, Vd(. « 3V + 6V • 9V and 8 « 230 deg. 
From the estimated bias current, I d c(»I B C) 1s about 1250 A. Inserting 
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these values Into (6.10), we obtained the total power dissipation of 10 kW. 

6.4 Power Transistors 
Next step Is to choose the active components of the final power 

stage. Idbes are particularly Interesting for high voltage use, but In 
low voltage applications transistors can be much advantageously used 
even In the high power region of the order of 10 kW. Transistors have 
much longer lives than tubes. Thyrlstors are not adequate for our 
purpose because of its slow response speed and generation of noises. 
Silicon transistors have well-known advantages of power dissipation, 
secondary breakdown.characteristics and reliability. Therefore we have 
chosen silicon transistors as the current controlling elements. 

The type of transistor finally chosen Is T200M, water-cooled 200 A-
slllcon transistor. The collectors and emitters of the transistors are 
cooled by water flowing through the cooling blocks in contact with them. 
The parameters of T200H are listed In Table 7. The bias currant controller 
uses 28 power transistors for the final stage and 2 for driver stage. 

As t|ie absolute maximum temperature of the Junction Is 150°C, water 
flow must be enough to keep the temperature below 120°C under tha normal 
operating condition. . Required water flow was estimated In the following 
way. The temperature on the ease containing the transistors, T c, 1s 
given as 
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where T.i temperature of the junction, 
T„; temperature of cooling water, 

8 . ; heat resistance between junction and case fc/watt), 
ecw" h e a t resistance between case and water (°C/watt). 

'i 

The heat resistance e.. 1s constant, while e ^ varies with the amount of 

water flow. The allowed power dissipation of the transistor Is expressed 

In terms of the junction temperature, the water temperature and the heat 

resistances as 

Pc " <TJ " T w"< e Jc + 9cw> • < 6 - 1 2 > 

Required water flow was estimated from (6.11) and (6.12). Water flow of 

U/mln per transistor can cope with the total dissipation of 10 kW. 

7. General Description of the High Power RF System 

7.1 Block Diagram 

A general block diagram of the accelerating system for the booster 

1s given In Fig.18. The low-level RF system provides the accelerating 

frequency which ensures the correct radial beam position and the correct 

phase relation between the bunch and the cavity gap voltage. 

The accelerating station has three main components; the RF power 

amplifier, the ferr l te bias supply and the accelerating cavity. The 

0.2-watt RF signal from the low-level system has a constant amplitude 

throughout the cycle. This signal, after modulated In amplitude, Is 

amplified and then delivered to the cavity. The resonant frequency of 
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the cavity Is tuned to the accelerating frequency by changing the per

meability of the ferrltes loaded 1n the cavity. 

7.2 RF power Amplifier 

The RF power Is fed to the cavity by the 80-kW power amplifier 

through the shielded Lecher wires 40 cm long. A block diagram of the 

powe* amplifier Is shown In Fig.19. Cascaded wide-band stages are 

adopteil for simplicity and re l iabi l i ty . Balanced (push-pull) circuits 

are selected because the cavity I tsel f 1s balanced, even-order harmonic 

distortion products cancel, and higher output powers result. 

The final stage consists of four high power tetrodes (SF40), working 

In grounded-cathode parallel push-pull arragnement. Class AD operation 

1s used to achieve linear gain characteristics and to mlnlmlie higher 

harmonics. 

The driver of the power stage Is the BOO-watt wide-band amplifier 

using four tetrodes (5F20RA) In a grounded-cathode parallel push-pull 

arrangement. The driver works 1n da is A. Hide-band push-pull trans

formers are used to achieve Impedance matching and to provide good push-

pull coupling. The pre-amp11f1er Is the transistorized wide-band 

amplifier consisting! of a single-ended stage and a push-pull stage. The 

O.Z-watt Input 1o amplified to 8 watts and delivered to the 800-watt 

driver. 

To obtain the programmed accelerating voltage, the amplitude of the 

Input RF signal 1s modulated with the PIN diode by the envelope signal 

from the function generator. The automatic voltage control system (AVC 
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system) 1s used to stabilize the output voltage against the variation of 
the cavity Impedance with the frequency and beam loading. The system Is 
also useful to reduce amplitude distortions and to Improve frequency 
characteristics proper to the amplifier. A part of the output voltage 
picked up by the capadtlve divider Is rectified and compared with the 
reference voltage. The voltage difference Is fed Into the AM modulator 
and thus stabilizes the output voltage. 

The total gain of the amplifier Is approximately 65 dB, Inclusive 
of negative feedback of 20 dB. The gain variation Is within ±0.5 dB 
over the operating band from 1.62 to 6.03 KHz. The general parameters 
and operational performances of the power amplifier are summarized In 
fable 8. The photograph of the amplifier is shown 1n Photo. 1. 

7.3 Accelerating Cavity 
A sketch of the cavity geometry Is shown In Fig.20. The cavity 

resonator Is essentially a coaxial system, consisting of two foreshortened 
push-pull quarter wave cavities connected In parallel. The accelerating 
gap 1s placed 1n the middle of each cavity. In this configuration the 
potential of the two sides of the gap swing 1n seesaw fashion about 
ground potential. The maximum peak-to-peak voltage across each gap Is 
g kV, corresponding to the accelerating voltage of IB kV. 

The Inner conductor of the cavity 1s electrically Isolated from the 
doughnut-tube by ceramic rings. Only the Inside of the Inner conductor, 
through which the beam passes, 1s kept at a vacuum. The other parts of 
the cavity are at atomospherlc pressure. Each accelerating gap Is 
sealed by a ceramic cylinder, with which the gap width can be set 
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precisely at a designed value of 20 ± 0.08 ran. Considerable attentions 
were paid to the aligning of the gaps, and also to the Installing of the 
cavity In a rather short straight section of the booster ring. 

The cavity resonator Is loaded with 32 ferrlte rings In order to 
shorten Its physical length and to allow 1t to be trned. The ferrlte 
rings are grouped Into four stacks of 8 rings 1n such a way that each 
stack has the same permeability and the same losses at high RF flux 
density. This tends to balance each cavity and make the resonant 
Impedance of two cavities the same. Since the ferrlte rings dissipate 
IS kW averaged over a complete cycle, they are interleaved with cooling 
copper discs with Internal water passages. 

The cavity Is Initially tuned at the lowest RF frequency with the 
addition of vacuum capacitors across the accelerating gaps. It 1s then 
tuned over the frequency range by means of the automatic tuning system. 
The mechanical and electrical parameters of the cavity are given In 
Table 9. The photograph of the cavity 1s shown 1n Photo. 2. 

7.4 Cavity Tuning System 
The cavity tuning system 1s composed of the ferrlte bias supply, 

the cavity tune detector (the phase detector) and the ferrites loaded 1n 
the cavity. 

F1g.2l shows a block diagram of the ferrlte bias supply, which Is 
capable of providing 3000 A to the cavity. Its final stage uses 28 high 
power transistors (T200M capable of 1 kW total dissipation) 1n parallel 
and is connected as a grouhded-emitter. In the emitters there are small 
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balanclng resistors to distribute the power equally among transistors. 
For the driving stage a "Darlington" control 1s used to reduce the 
driving power. The parameters of the ferrUe biss supply, are listed In 
Table 10. The photograph of the bias supply 1s shown 1n Photo. 3. The 
bias current Is delivered to the cavity via 8 m long coaxial copper 
feeder, which has been chosen for reducing the effects of Incoming 
noises and also for minimizing the emission of the magnetic flux caused 
by the bias current. 

Automatic tuning is achieved by controlling the ferrlte bias field. 
The cavity is roughly tuned by the programmed bias current. Information 
on the detuning of the cavity is obtained by a phase comparison,between 
the grid and the plate voltages of the final amplifier tube. The correction 
signal produced at the output of the phase detector 1s fed Into the bias 
supply to be added to the program signal, so that the cavity 1s kept 
resonant automatically. 

The phase detector works with the accuracy of ±2 deg and with the 
dynamic range of 40 dB over the frequency range. The frequency characteris
tics of the open loop gain of the system Is 45 dB at 10 Hz, reducing at 
the rate of -5.5 dB/octave to zero at 2.5 kHz. The ferrlte properties 
are most responsible for the bandwidth limitation of the loop and thus 
limit the response speed. Main performances of the tuning system are 
given 1n Table 11, 

7.5 Location of the RF System Components 
Fig.22 shows the location of the RF system components. The accelerating 

cavity 1s located In the straight section SS of the booster ring. The 
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final and the driver stage of the RF power amplifier 1s located close to 
the cavity. They use vacuum tubes and other radiation-resistant materials. 
The devices using semiconductors are placed In the radiation-shielded 
space at the corner of the machine room. These devices are the amplitude 
modulatori the pre-amplifler stage of the RF power amplifier, the cavity 
tune detector and the ferrlte bias supply. The DC power supply for the 
RF power amplifier 1s located 1n the booster power room. 120 ra apart 
from the machine room. The amplitude and the bias function generators 
are placed In the center control room. The distance between the machine 
room and the center control room Is about ISO m. 
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Table 1 

RF Relevant Machine Parameters 

Circumference c 37.7 m 
Length of a Straight Section L, 2.12 m 
Average Radius of the Machine R 6 a 
Bending Radius P 3.3 M 
Magnetic Guide Field B 

Maximum Value Bmax 11.02 kG 
Minimum Value Bm1n 1.97 kG 

Injection Kinetic Energy T1nj 20.83 HeV 
Injection Momentum p1nJ 194.8 MeV/c 
Energy Spread of Injected Beam ( M / E ) l n j 

without Debuncher ±1 t 
with Debuncher ±0.3 X 

Momentum Spread of the Injected Beam (4P/P), n j 

without Debuncher ±0.5 i 
with Debuncher ±0.16 X 

Final Kinetic Energy wax 500 MeV 
Final Momentum tynax 1.09 GeV/c 
Betatron Wave Number 

Horizontal VH 2.2 
Vertical vv 2.3 

Average Momentum Compaction Factor "p 0.1877 
Total Transition Energy over Rest Energy Yt 

2.308 
Maximum Dispersion Function "p'max • 1.40 m 
Useful Semi-Aperture of Magnets 

Horizontal 50 mm 
Vertical 30 mm 

Beam Intensity 
Design Intensity l.lxlO 1 2 p/p 
Incoherent Space Charge Limit 2.6«10 1 2 p/p 

Repetition Frequency 20 Hz 
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Table 2 

Acceleration Parameters 

Maximum Energy Gain per Turn 7.07 keV 

Number of RF Station 1 

Maximum RF Voltage 18 kV 

Programmable Range of V R F 0.2 -v. 18 kV 

Accelerating Frequency 

at Injection 1.62 MHz 

at ejection 6.03 MHz 

Stable Phase Angle 0* * 28° 

RF Harmonic1Number 1 

Nominal RF Bucket Area 0.3 eV-sec 
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Table 3 

Longitudinal Emlttance of 
the Injected Beam 

(%«i e 

fu l l spread (ev-sec) 

3 x 10" 3 0.074 
5 x 10" 3 0.123 

7.5 x 10" 3 0.184 
1 x 10" 2 0.2C5 

1.25 x 10" 2 0.306 

Table 4 

RF Bucket Area at 10 msec 
after Injection 

% A 

(kV) (ev sec) 

14 0.25 
15 0.2B 
1G 0.31 
17 • 0.34 
18 0.37 
19 0.39 
20 0.43 
21 0.46 
22 0.48 
23 0.50 
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Table S 

Mechanical and Physical Properties of the Ferrlte Rings 

Outer Diameter 
Inner Diameter 
Thickness 
Flatness 
Concentricity 
Parallelism 
Dielectric Constant 
Dielectric toss tangent 
Electric Conductivity 
Thermal Conductivity ' 
Specific Heat ' 
Coefficient of Linear Expansion 
Tensile Strength 
Crushing Strength 
Vbung's Modulus 
Density 

500 i 0.1 mm 
224 ± 0.1 iron 

25 ± 0.1 mm 
t 0.025 mm 

< 0.1 mm 

± 0.1 mm 

14 

5 x 10" 3 

1 * lO" 9 /n«cm 

1 » 10" Z cal/sec*cm*°C 

0.15 M 0.18 cal/g-°C 

7 * 8 « 10" 6 /°c 
300 <v> 400 kg/cm 

6,000 kg/cm 

1 . 2 * 1 . 4 x 1 0 l z dyne/cm2 

4.7 g/cm3 

Table 6 

Parameters of Vapour-cooled Tetrode BF40 

Electrical Data 

Filament thorlated tungsten 

Filament Voltage 8 V 

Filament Current 175 A 

Grid-Screen Amplification Factor 7 
Inter-Electrode Capacitances 

Grid to Anode 1.2 pF 

Input 203 pF 

Output 27 pF 

Mechanical Data 

Overall Length 355 mm 

Overall Diameter 190 mm 

Net Weight 11. S kg 

Mounting Position vertical (anode u 

Cooling vapour-cooled 

Maximum Ratlnas 

Anode Voltage 11 kV 

Anode Current 10 A 

Anode Dissipation 30 kU 

Screen Voltage 1.5 kV 

Screen Dissipation 500 W 

Grid Dissipation 200 H 
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Table 7 

Parameters of the Power Transistor T200H 

Absolute Maximum Ratings 

Collector-Emitter Voltage 

.'Emitter-Base Voltage 

Col1ector-Base Voltage 

i Collector Current (DC) 

• • , • < . . ' ; ' » : ' • " ( p e a k ) 

Junction Temperature 

Total Power Dissipation : 

"CEO 
vEB0 

"CBO 

100 V 

4 V 

ISO V 

ZOO A 

400 A 

150 °C 

1000 H 

E lect r ica l Characteristics . 

Forward C e r e n t Transfer, Ratio 

Collector-Emitter Saturation Voltage 
"•••'* • •' ( re . - " :8oii"Ai'..Mtj'"*i 

Collector Cutoff ''Current 
( V C B • 75 V, I E - 0) 

Emitter-Base Reverse Current 
J y E g - Z . 5 V , I c • 0) 

Sain Bandwidth Product 

"FE 

VCE(SAT) 

'CBO 

'FB0 

20 

1 V 

5 mA 

5 mA 

5 KHz 
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Table 8 

Parameters and Performances of the RF Power Amplif ier 

Maximum Output Power 80 kW 
Anode Dissipation of a Power Tube 30 kH, 
Power Tube Arrangement parallel push-pull 
Maximum Peak-Voltage between 

Anode and the Earth 5 kV ' 
Frequency Range 1.5 to 6.5 KHz 
Operation Class (of the power stage) AB 
AVC Unity Gain Frequency 30 kHz 
AVC Low Frequency Gain 20' OB 
Total Gain 65 dB 
Gain Variation over the Frequency Range * 0.5 dB 
Amplitude Linearity (0,2 kV to 5 kV) ± O.S dB 



''^•vTaBle;?. 

Parametres of the Accelerating Cavity 

Mechanical Parameters 

Total,,jiehgtlu , ' . . , ; >, ; 1654 ran 

Cavity Length 736 mm 

Diameter of Outer Conductor 540 ran 

" Diameter of Inner Conductor ' 150 ran 

''''J,.Gap,;Wldth '". ~" "* 2 0 * 0 . 0 8 mm 

. Number of Ferrlte Rings 32 

r Total Weight of Fii^lte Rings 630 kg 

Coillhg'Water Flow 70 a/mln 

• ; ' * i '• \ , ''•. . ''•> 
Characteristics '•. 

1 Accelerating Voltage ' IB kV 

' ! Axial Field Strength In Ga'bic 0.45 MV/m 

j Maximum Ca^ty RF current.••' \ ' - '• • 340 A 

"'•'•'•; RF Stored Energy at Maximum Voltage / 0.03 J ; 

J. Cavity Impedance v ; / 1 to 4 kn 

] Cavity quality Factor '':20 to 60 

}. Maximum Ferrlte LossV ,/' 46 kU 

Average Ferrlte Loss , | j " ' ' 16 kW 

, Mean,Power Density 1n>Ferrlte 0..12 W/cm 

' Maximum Beam Loading 8 kU 
1 Ferrlte Bias Current 20 to 2500 A 
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Table 10 

Parameters of the Ferrlte Bias Supply 

Maximum Output Current 
Output Voltage (at 3000 A) 
Voltage Regulation 
Type of Transistor 
Transistor Connection 
Number of Transistors 
Ripple of Output Current 
Bandwidth 
Feedback Loop Gain 
Cooling Water per Transistor 

3000 A 

10 VV 

•25 . * 

• .' T200M: 

grounded emitter 

• V30 '' ' ..' .•'.' 

< 1 x 10"?-

10 kHz 

- ,30dB '-• 

/ 1 */m1n . 

Table 11 

Performances of Tuning System 

Unit) Gain Frequency 
Low Frequency Gain 
Open Loop Phase Margin 
Open Loop Gain Margin 
Tuning Range 
Tuning Accuracy 
Repeatability from Cycle to Cycle 
Slew Rate 
Small Signal Rise Time 

' 2.5 kHz 
45 dB 
60 deg 
8dB 

1.55 to 6.2 MHz 
i 3 deg 

±0.5 deg 
0.3 kHz/usec 
0.3 msec , 
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Fig.3. Estimated RF voltage VRF and equilibrium phase angle <t5 for 

the constant bucket with no free space; Injection voltage 
as the parameter. 
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F1g.4. Estimated bucket filling factor e/A versus accelerating 
voltage at 10 msec after Injection where the maximum 
voltage 1s required. 
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Fig.6. Schematic diagram of the fen i te- loaded cavi ty. 
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F1g.7. Perrtte cooling piste 
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Fig.9. Block diagram of dynamical ferrite-testing system. 



Voltage 

Frequency 

F1g.l1, Resonance curves of nonlinear parallel-RLC 
circuit: skewed response appears due to the 
dependence of permeability on the RF voltage. 

F1g.1Z, Equivalent circuit of ferrlte cavity. 
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S 10 15 20 25 
Time (msec) 

Fig.13. RF voltage VRF, RF power P, magnetic flux density BRF and 
shunt resistance It: subscript c,b, and t denote cavity, 
bean, and'total respectively. 

http://F1g.l1


I I I I I I I 
0 BOO IOOO IBOO 2000 2S00 

Ferrlta Biai Current (A) 

Fig.14. Resonant frequency of the ferrlte testing cavity 
versus bias current, 

POWER 
AMP 

h*» CAVITY 

rtrri 

Fig.15. Equivalent circuit for estimating the Influence 
of Lc and Lp on the resonant frequency: Lj Is 
the Inductance'of the choke coll; and Lp 1s that 
of the RF feeder. 

F1g.16. Voltage distribution of the ferrlte bias circuit 
at the full load: T r denotes the power transistors 
R s the resistance used for current stabilization 
and Zj the Impedance of the load. 
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Fig.18. General block diagrae of the accelerating system. 
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F1g.l9. Block diagram of the RF power amplifier. 



SKETCH OF KEK SYNCHROTRON CAVITY 
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F1g.20. Sketch of accelerating cav i ty . 
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. RF ore-amplifier r AM modulator 
^phase detector 

DC supp]y for, PA ,<D 
Is located 1h the booster 
.power room 120m apart. 

ferrlte bias supply 

AM and bias function generators 
are located 1n the center control 
room 150m apart. 

F1g,22, Location of the high power components of the HF system. 
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(a) Front view (b) Rear view 

(c) Arrangement of the power tubes 

Photo 1. RF power amplifier 
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(a) Without RF shield 

(b) With RF shield 

(c) Cavity seen from the inside 
of the ring 

Photo 2. Accelerating cavity in position in the booster ring 
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(a) Front view 
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(b) Rear view 

Tt ' "V-

(c) Power transistor used as current 
controlling element 

Photo 3. Bias supply for the ferrite in the cavity 


