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Sunnnary 

An electronic system is described, the obj_~t of which is to suppress 

an integral number (normally 10) of the 30 cycles of RF accelerating 

signal which correspond to one turn of a proton beam around the ISR. 

1. Introduction 

The circumference of the CERN Intersectb g Stora~e Rings (ISR) is 

li times that of the existing proton synchrotron (PS). Thus a proton 

beam ejected from the CPS into the ISR after one turn in the former, fills 

only two-thirds of the ISR circumference. 

The r.f. accelerating field of the PS bunches the protons : the 

bunched beam is transferred to the ISR , picked up by an r.f. field 

synchronized to the bunches from the PS and accelerated into an orbit 

near the outside wall of the ISR vacuum chamber, where it is parked by 

switching off the r.f. Successive beams ("pulses") from the PS are 

likewise accelerated and parked in urder to build up the intensity of the 

circulating beam. This process is called "stacking". 

The r.f. accelerating voltage creates regions of stable field, 

referred to as "buckets", in which the - ~ui:ic~~ -~ - o~ __ prot_o_?_s a_re considered 

to be trapped or enclosed. Each bucket corresponds to one complete 

The r.f. harmonic numbers of the PS and ISR are 20 and 30,respectively; 

this means that if the r.f. accelerating voltage in the ISR is uninter­

rupted, only 20 of the 30 buckets generated in the ISR will be filled. 

During each cycle of stacking, the empty buckets entering the previously 

stacked beam cause additional perturbation and scattering of the particles 

already there, without adding new ones, thus diluting the beam intensity. 

Viewed another way, if a number of cycles of r.f. field are applied to the 

circulating stored beam without the addition of new particles, the beam 

will be scattered and thinned out. Thus the number of protons which can 
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be stored in one revolution in the ISR is reduced by a factor equal to 

the ratio of empty buckets to harmonic number. For example, if there are 

10 empty buckets, then the beam intensity is reduced by one-third. These 

considerations apply onl.yin the latter part of the accelerating cycle, 

when the buckets (and the bunches undergoing stacking) approach the pre-

viously stored beam. Here the r.f. voltage is low. 

To eliminate this loss, the empty buckets must be suppressed. This 

is accomplished by switching off the r.f. accelerating voltage once every 

turn during the time when none of the newly injected proton bunches tra-

verse the accelerating gap. Hence the designation "missing-bucket 

system". For a harmonic number of 30 and n bunches circulating in the 

ISR, the system must generate a keyed sinusoidal r.f. signal consisting 

of a burst of n complete cycles followed by (30-n) r.f. periods of zero 

voltage. 

This report will describe a missing-bucket system capable of operating 

in two modes 

1) n cycles on followed by (30-n) cycles off, as described above. 

2) n cycles at full amplitude followe~ by (30-n) cycles at an 

amplitude decaying exponentially from full to zero over a period 

of about 1 second. This mode will be used in experiments with 

imperfectly suppressed empty buckets. 

2. Design criteria 

2.1. Maximum voltage level at which system must operate 

Towards the end of the stacking cycle, the r.f. voltage is at a low 

value which corresponds to buckets fitting closely around the proton 

bunches. It is at this voltage level l) ideally about 13V peak (per 

cavity), that the missing-bucket system must be capable of producing a 

clean keyed sinewave at the accelerating gap. 

In practice, the minimum r.f. voltage level is always higher, as 

beam dispersion increases the bunch area. For this and other reasons a 

bl f . 250V k ld b · · 2) system capa e o operating at up to pea wou e most interesting. 

The design target of 75V set here is a compromise between the above con­

siderations and the limit imposed by the existing r.f. power amplifiers 

and cavities. 
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•• 2.2. The r.f. power system from the missing bucket viewpoint 

The basic parameters here are 

1. The electromagnetic energy w stored in the cavity 
0 ,., 

of the 2. The peak anode current I tube 
a 

3. The characteristic impedance R/Q of the cavity. 

R 
The stored energy W

0 
can conveniently be expressed in terms of Q . 

where u
1 

R 

Q 
=-

2wW 
0 

peak r.f. voltage at cavity gap. 

The cavity with the P.A. tube, may be represented thus 

,., 
u 

L 

,., 

(2.1) 

---- - - -- ,.; -- - - ULQ 
If a current seep I = -- is applied to th~ cavity in (2.2) which an 

a R 
-amount of energy 

--------
w 

0 

iJ2Q 
L =--

2wR 
1s stored, 

it can be shown that this energy will be removed in i cycle. 

(2. 3) 

All these 

considerations apply in reverse, of course, at switch-on when energy 

must be transferred to the cavity. 

At any instant while the current I is on, the instantaneous power 
a 

flow from cavity to current sink (PA tube) is given by 

where I 
a 

,., ,., 

peak P.A. anode current. 

(2. 4) 
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Average power over i cycle = P 
2 

= -
1T 

A A 

[ -~12 2ULia 
sin2wtJ 

UL I 
a 

= 
1T 1T 

0 

-
Energy removed from cavity in 1- cycle = w P.t 4 a 

where 
1 1T 

t = - = 4f 2w 

i.e. 
UL I I 2 R 

w a a 
from 2.2 = 

a 2w 2wQ 
A 

u 2q 
initial stored w cavity L energy in =--

0 2wR Also 

I 2 R 
=-a--=W 

2wQ a 
from 2.2 

For the specific example of our cavity 

f = 9.5 MHz. I = 1. 6A 
a 

R - = 16S1 
Q 

These parameters are imposed by the existing r.f. system. 

(2. 5) 

(2. 6) 

• • • (2. 7) 

• • • (2. 8) 

Thus for removal of all stored energy from cavity in i period, 

from 2.2 

= 1.6 x 16 = 25.6V/cavity : 150V/turn 

For UL > 25,6V, the stored energy would have to be removed in several 

successive quarter-periods, I being fixed. (The same applies to the 
a 

build-up of energy in the cavity after switch-on). 
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k I R 
In general, for UL 

a = 
Q (2.9) 

u 2q 
w L 

(2. 3) = 
0 2wR 

k2I 2 R2 
Q a 

from 2.9 = q2 . --
2wR 

.... 
k2 I 2 R 

a 
2wQ (2.10) 

Energy removed per .k period W 
4 a 2wQ 

(2. 8) 

w = k2 w 
o a 

(2 .11) 

i.e. Ia must flow for k2 successive quarter-cycles to reduce the energy 

stored in the cavity to zero. For the specific case of UL = 75V/cavity 

I = a 

75 k=--::3 
25,6 

k2 = 9, i.e. the P.A. tube must conduct for 9 quarter-cycles at 

l,6A to "empty" the cavity of stored energy the phase relation-

ship being such that the tube removes energy from the cavity. 

If the amount of energy transferred from the cavity to the P.A. tube 

* per quarter-cycle is constant, the peak r.f. voltage any odd number N of 

quarter-cycles after switch-off is given by 

.... .... 
juL(n)I = juLI Cl 

N 

k 

assuming switching at the voltage zero crossing. 

••• (2.12) 

The instantaneous value 

* or any even number of quarter-cycles after switch~ff if switching takes 
.... N lz 

place at a voltage peak. Then UL= UL(l - k2 ) cos wt. 
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N I, 

k2") '2 sin wt (2.12A). 

The fact that the r.f. voltage takes several quarter-cycles to decay 

for U > 25V means that a number of empty buckets will be formed at the 
L 

beginning of the train of missing buckets. 

It is felt that if the peak amplitude of che r. £. cycle corresponding 

to one of these buckets is nearly equal to thc. peak steady state voltage, 

then this bucket could perhaps be filled with particles by timing it to 

coincide with a bunch from the PS, without serious perturbation of the 

stacked beam. This would have to be checked by computation and experi~ 

ment. 

On the other hand,it 1s believed that a bucket corresponding to an 

r.f. cycle having 25% (or less) of the peak amplitude can be disregarded 

as it will not dilute the beam significantly. 

Buckets falling between these two limits could, however, be trouble-

some. Too many of these in the empty-bucket train would obviously 

vitiate the entire purpose of this proj~ct. They cannot be filled with-

out grave perturbation of the bunches involved, so their number and ampli-

tude must be kept to a m1n1mum. This obviously limits the maximum switch-

able gap voltage. 

The following curves give a rough indication of the number of buckets 

generated during switch-off of the r.f. cycle for the range UL= 25V ••• lOOV, 

as well as the relative amplitude of these buckets. 

UL 

lOOV 

75 

50 

25 

0 
1 

Fig. 2.1. 

2 number of buckets P 
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Bucket \loltage 100 - - - - -J 
% 75 

perhaps usable 

50 lOOV 

25 

0 Fig.2.2 
1 2 3 4 

number of buckets P 

The total number of buckets of less than full amplitude gener ated 

during the missing-bucket cycle is given by 2P, as this process is repeated 

at switch-on. In fact, the number of empty buckets generated _is doubled, . 

as just as many residual buckets are established at switch-on as at switch-off. 

The "fading-bucket" technique (progressive reduction of the ampli­

tude of the empty buckets in accordance with a fixed law as the accelerated 

beam approaches the stack) may be a useful method of minimizing the effect 

of the useless buckets. (One residual bucket may be usable as the beam phase­

lock reference.) 

We will examine the behaviour of the existing ~avity, with associated 

power amplifier and feedback circuits, and show that its response to fast 

switch-off of the r.f. drive is a fair approximation to (2.12) above. 

3. The ISR Cavity and P.A. 

3.1. The System 

A block diagram of the r.f. cavity system is given in Fig. 3.1 and 

an outline circuit diagram in Fig. 3.2. 

ring, six active and one spare. 

There are seven cavities in each 

The cavity is a capacitively loaded coaxial resonator and is driven 

by a 10 kW water-cooled tetrode mounted very close to it. 

gap voltage obtainable is 3,3kV peak (per cavity). 

The maximum 

The cavity has a loaded Q of 200. Its bandwidth is thus sufficient 

to allow about + 1% frequency shift without retuning. 
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The stacking takes the r.f. voltage from 3300V peak to less than 

lOOV peak; therefore the amplifier chain is operated in Class A to ensure 

linearity over a very large program voltage range. 

P.A. efficiency is low - of the order of 30%. 

This means that the 

This is acceptable here if the total power input is not very large -

less than 10 kW. 

3.2. Beam loading 

A serious problem for the r.f. power system is that of the voltage 

induced across the cavity gap by the beam. The peak r.f. component of 

the beam current at 9.5 MHz is 150 rnA; it is desirable that the voltage 

induced in each cavity by this current be less than 1. 5% of the minimum 

r.f. voltage, i.e. 1,5 V or less. 

Beam loading is minimized in two ways: firstly, negative feedback 

reduces the source impedance of the cavity (as seen by the beam) to about 

60n. Secondly, a be~m-loading compensation signal derived from a wide­

band induction pick-up electrode further down the ring is fed into the P.A. 

driver stage in the correct phase and amplitude relationship to cancel out 

the beam-induced voltage. 

For a peak beam current of 150rnA, the beam-induced voltage in 60n 

would be 9V : the beam-loading compensation circuit reduces this to 0,9 V 

which is acceptable. (See Fig. 3.1) 

3.3. The Feedback Circuit 

The feedback voltage is picked-up by a capacitive probe in proximity 

to the "hot" side of the cavity gap. 

The current flowing out of this probe at full r.f. voltage is in the 

region of 400 rnA; hence the two power tetrodes in the preamplifier. 
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During setting-up of the amplifier, the capacitive probe is adjusted 

such that the source impedance seen at the cavity gap is 60Q resistive at 

9.5 MHz. 

A typica l curve of impedance response is given in Fig. 3.3 • 
.. --· - ----- ----

We are interested in what happens in the feedback amplifier when a 

sinusoidal input is switched off at an arbitrary point. 

3.4. Response of Cavity and Amplifier to a keyed sine-wave 

In the most general terms, the r.f. amplifier may be repre­

sented thus for transient response analysis: 

e. 
1 

1 
e 

0 

Fig. 3.4 

A is of the form A= A -jSw where A= loop gain and S = forward 
e 

group delay of amplifier. 

delay. 

Assu..~e that the feedf ack path has zero group 

The system transfer function is given by 

T(t) 
e 

0 
=-

e. 
i 

-jSw 
A 

e 

1 - A 
e 

-jSw • • • • • 3. 1 

We apply to the system a sinusoidal input which 1s keyed off at the 

voltage peak. 
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·, 

-------

t 
0 

-ss Ae 
T(s) = ----

1 - A~Ss 
where S > 0 

Input I(t) = e. cos wt 
l. 

Output O(s) = T(s) I(s) 

= -

= -e .• A. 
l. 

From this, O(t) = -e .• A. 
l. 

1 

0 < t < t 
0 

t < t < "' 
0 -

[ O(t) - O(t 

1 We define O(s) = s2 +w2 • Ss - A e 

s 1 

where t 
0 

- to)] 

= s2 + w2 • 
( 

Ss - A) 
s e 

= 

Fig. 3.5. 

••• 3.2 

(2m-1)1f 
w 

••• 3.3 

t 0 s l -e 
Ss - A 

e J 

••• 3.4 

••• 3.5 

••• 3.6 
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Now O(t) = 0 for 0 < t < S 

= 
1 - An 
1 - A 

cos wt for n S < t < (n + l) B 

For 
2mlf 

O(t) O(t-t ) O(t) t =-- = i.e 
0 (.I.) ' 0 

t = 
(2!!1 - 1) lf O(t) = - O(t - t ) 

0 w 0 
For 

= 0 

i. e O(t) = 20(t) = - 2A e
1 

1 - An 
1 - A 

cos wt 

The condition for validity is that S > 0 

Initial conditions 

then, for 0 < t < S 

If ~e set O(t) = 4Ae. for t = 0 
l. 

O(t) = 4Ae. cos wt 
l. 

For n S <t <(n + l) S, 

n-1 
O(t) = 2A(l - A - A2 - ••• - A ) ~; cos wt 

For A > 1 

For A < 1 

O(t) -+ -oo 

O(t) -+ O· 

t 
0 

••• 3.7a 

••• 3.7b 

••• 3.8 

••• 3.9 

••• 3.10 . 

••• 3.11 

O(t) n-1 = 2A(l-A-A2 - •••• -A )e. cos wt 
. . . .. . - ··- - .. l. - . . - - - . 

Fig.3.6 

Initially t = t 
0 

O(t) = 4Ae. 
l. 
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Thus, if the input is keyed off at time t such that the instantaneous 
0 

value of output voltage is 

O(t) = UL = 4Ae. 
i 

the output signal decays to zero at a rate determined by the system loop 

gain and forw~rd group delay. 

In practice the above analysis only approximately describes the system 

as the P.A. saturates at I = l,6A. 
a 

The driver stage saturates just after 

the P.A. In addition, the concept of loop gain A used in the foregoing 

analysis refers to effecrive amplifier gain averaged over the group delay 

time. 

The system loop gain is determined by the source impedance desired. 

By altering the point t with respect to the r.f. cycle, it is possible 
0 

to optimize the shape of the decay envelope, as discussed in 2 aboveo 

The following curves in Fig. 3.7 will serve to compare r.f. gap 

voltage UL as a function of number. of quarter-cycles after switch-off 

as derived from Eq. 2.12 (r.f. voltage for constant energy removal per 

\-cycle), Eq. 3.11 (approximate transient analysis) and from experimental 

results from tests on the system. 

Consider the case for UL = 75V. 

Here k = 12_ ::: 3 for our system 
25.6 

N i;= k 2 = 9 

i.e. 9 quarter-cycles are required to remove all the stored energy from the 

cavity according to Eq. 2.11. 

In our system S - 40 ns. 
1T 

Let us take S = - here • 
w 
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i.e. 1 = 2 cycle. In Eq. 3.12, assume A= 0.9 

We thus have the following picture • 

. . . . ,.; : . . . . ! : : : : . : ! : : : ~ 

o~-+--+---'--+---+--+---- - -+------<1-----+ 

Fig. 3. 7 

Thus, for UL = 75V, 2 buckets are generated at switch-off and 2 at 

switch-on. Of these the first, and the second, respectively may be 

usable. (See Fig. 3.8). 

It can be seen that by correct setting of the switch point on the 

r.f. cycle, a fair approximation to the idealized energy removal process 

discussed in Section 2 can be obtained. 

In the practical system, the switching transient excites parasitic 

damped resonances in various low-Q tuned circuits. These superimpose 

spurious signals on the output waveform. (See Fig. 4.2). 

A fast r.f. switch incorporating circuitry for eliminating these 

signals will now be described. 



Fig. 3.8. 
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Missing-bucket system performance: 

r.f. voltage waveform at cavity gap 

(U = 75 V). 
gap 
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4. The fast r.f. switch and ringing compensation circuits 

4.1. The basic r.f. switch is a conunercially available solid-state 

device using fast diodes. It is driven by logic circuitry controlled by 

a counter synchronized to the bunch frequency. 

the number of missing buckets required. 

This counter is set to 

The switc~ is a bistable changeover type ; its conunutation time is 

of the order of 2 ns o It can switch up to 1. 4 V peak in SO:ll ; its in­

sertion loss is about 1 dB and its isolation when "off 11 is 30 dB or better. 

By suitably delaying the control pulses it is possible to move the switch­

ing point anywhere on the r.f. cycle; the switching time is so short that 

a 9.5 MHz sinewave is hardly perturbed. 

4.2. The ringing phenomenon 

As mentioned above, the switching process excites a heavily-damped 

resonance (ringing)in the amplifier chain. There are four low-Q tuned 

circuits in the system; two coils which ser-,e to tune out interelectrode 

and stray capacitances in the intermediate amplifier (12 and 13 in Fig.3.2) 

the broadband inverting transformer and the filament choke of the P.A. tube. 

All these are broadly tuned to 9.5 MHz. 

It has been established from measurements on the already existing 

amplifier system that the spurious signal is of the form of a damped 

sinewave .- having an initial peak amplitude approximately 13 db below peak 

r.f. gap voltage, and decaying at a rate given by a Q of about 1. 

This signal appears across the gap after switch-off, and is super­

imposed on the gap voltage after switch-on. (See Fig. 4.2). 

Although the relative amplitude of this ringing is quite low, it is 

felt that its suppression is justified in order to minimize beam perturb­

ation. 
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4.3. The compensating circuit 

Investigations carried out on the existing r.f. amplifier system 

have shown that it is possible to neutralize the spurious ringing signal 

by injecting a damped sinewave at the input*. 

This compensating signal must bear the same amplitude relationship 

to the input as what the spurious does to the output, and must have the 

same damping. The compensating signal must as nearly as possible be in 

anti-phase with the spurious. 

The simplest method for generating the co~?ensating signal is to 

. drive with the chopped sinusoidal r.f. a tuned circuit of low but variable 

Q. For this purpose the drive signal is split off from the ~ain input 

and fed via a variable attenuator to an amplifier which drives the tuned 

circuit ("ringing circuit"). The tuning and working Q of the ringing cir-

cuit are variable by means of preset controls. 

The output of the ringing circuit is ad~ed algebraically via a 

. delay line to the main drive signal to the cavity. (Fig. 4.1). This 

delay line is variable and serves to set up the correct phase relation­

ship between the ringing and drive signals. 

The ringing signal is heavily damped by a variable shunt resistance. 

It is provided with trinnners for fine tuning and Q adjustment; these, 

and the delay, are adjusted for optimum suppression of the spurious ring­

ing signal. 

The ringing circuit is operated at a Q close to unity; its band­

width is thus sufficient to obviate any need for retuning in the band 

9487 •••• 9534 kHz corresponding to the energy range 9 •••• 28 GeV. This 

is the largest frequency shift which will be encountered in the ISR r.f. 

system. 

* See appendix II 
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Fig. 4.2. 
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R.F. Voltage waveform at cavity gap 

without ringing compensation. 
A 

(Ugap = 75 V). 

Upper trace drive 

Lower trace gap voltage 
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Fig. 4.3. R.F. Voltage at cavity gap with ringing 

compensation. (U = 75 V). gap 
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The ringing circuit is enclosed in a plug-in chassis module which 

also contains drive and output amplifiers. In keeping with a standard 

adopted throughout the system, input and output impedances are 50~ . 

The summing network via which the ringing signal is added into the 

main signal line consists of a pair of broadband grounded-base ampli-

fiers with a common collector load and output isolator. This device has 

a bandwidth of 100 MHz and thus passes the keyed sinewave almost un-

distorted. The same is true for the active signal splitters, which con-

sist of groups of emitter followers with a common input. 

Figures 4.2 and 4.3 show the r.f. voltage waveform at the cavity 

gap with and without compensation. It will be seen that the improvement 

due to the compensation circuit is worthwhile. 

4.4. The control circuitry. 

By this is meant the electronics associated with the fast switch. 

As outlined in 4.1, the r.f. switch is a commercial "black box". The switch, 

with its associated driver and control counter,is of a type used exten­

sively in other parts of the ISR r.f. system. 4) It was adopted here in 

the interest of standardization. 

The switch is controlled by a preset counter clock (CN2 in Fig. 4.4), 

built into the switch chassis module, which is synchronized to the 9.5 MHz 

master frequency and has a counting cycle of 30 pulses, corresponding to 

30 bunches. The counter generates a pulse which can be preset to any 

count from 1 to 30. 

The switch driver has two logic pulse inputs corresponding to the 

states of the switch. The counter is so arranged in conjunction with 

the switch that a "start" pulse sets the switch and starts the counter. 

After a preset number of pulses, the counter resets itself and the switch, 

and stops. The system is . now ready for the next "start" pulse. 
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The switch is connected so that it cuts off the r.f. drive to the 

cavity when in the "set" state*. Thus the number of buckets to be sup-

pressed may be s 2lected by a front panel contr ol on the switch module. 

The switch is started by a second preset counter (CNl in Fig . 4o4) 

which is similar to the unit described above. Counter CNl is, however, 

in a chassis on its ovm and delivers two output pulses, one corresponding 

to count 30 ~nd the other preset by a front p<illel control to any caunt 

from 1 to 30. CNl runs off the same clock as CN2. 

CNl is started by a pulse derived from the beam phase lock system 

and synchronized to the master clock. This "start" pulse passes through 

a gate which opens only when the r.f. accelerating voltage falls to the 

preset level at which missing bucket operation is desired (75 to lOOV 

peak). 

The· start pulse starts CNl; this counter starts CN2 and sets the 

switch after a preset number of counts. CNl is preset so that the switch 

is set just after the last bunch has passe~ the accelerating gap. CNl 

runs on and restarts the switching cycle until both counters are stopped 

and reset by a general reset pulse which coincides with the end of the 

stacking cycle. 

Counter CNl is also of a type used extensively elsewhere in the 

!SR r.f. system; both counters, as well as the switch control logic, 

use Texas 74-series TTL. 

A block diagram showing the control system is given in Fig. 4.4. 

Figure 4.5. us a time chart showing pulse and r.f. timing relationships 

in the system. 

* In the "fading buckets" mode, the "set" state corresponds to the 
variable-gain channel. See section 5. 
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By delaying the "clock" and "start" pulses going to CNl, it is pos­

sible to set the switch-on and switch-off points independently on the r.f. 

waveform. 

One minor but nonetheless important feature of the fast r.f. switch 

is that it is bi-directional; it will accept drive from either side. 

This is significant, as we shall see, in "fading-bucket" operation. 

5. "Fading buckets" 

5.1. General 

This term describes a technique of progressively turning dmm the 

amplitude of the empty buckets to zero as the accelerated beam approaches 

the stack. It is hoped that this method will minimize the phase per-

turbation and dilution induced in the stacked beam by the residual empty 

buckets generated by the switching process. 

It 1s desirable to have the facility of reducing the amplitude of the 

empty buckets to zero, independently of the main ISR r.f. voltage program, 

during a period of time which is a compromise between the beam phase 

oscillation period (O.Ss) and the turn-round time (0.3s) of the machine. 

The turndown follows an exponential law in the present system, although 

this may be changed later. 

the simplest way of controlling the amplitude of the empty buckets 

is to arrange the fast r.f. switch so that instead of simply interrupting 

the signal path it commutates between two sources, A and B, A being of 

fixed amplitude and B being of variable amplitude but remaining exactly 

in phase with A at all voltage levels. 

avoid phase jumps when switching. 

This is essential in order to 

In practice the incoming signal path is split into two branches A 

and B. (See Fig. 4.4) B is the variable-gain channel corresponding to 

"empty buckets" and is connected to the "set" terminal of the fast switch 

via the gain-control device. "A" is the fixed-gain channel corresponding 
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to "full buckets" and feeds the "reset" terminal of the switch vi.a a 

phase inverting transformer (the gain control device has 180° phase shift) 

and a delay line whose delay is equal to tha t of the gain-control device. 

Incidentally, it is here that the symmetry of the fast switch comes in use­

ful ••••• the "in" terminal becomes the output. 

The compensating circuit described in 4.3 remains unchanged, as the 

spurious ringing s i gnal generated by switching channels has an initial 

amplitude proportional to the difference between the levels of channels 

A and B. This will be seen from Fig. 5.1. 

5.2. The gain-control device consists of a four-stage amplifier 

employing variable -µ pentodes. Thi3 was chosen in preference to a 

semiconductor amplifier as the phase-shift between input and output over 

the gain-control range is far smaller than that which could be attained 

using solid-state devices. Over a control range of 60 dB, the phase 

shift is less than 2° at 9.5 MHz. 

The automatic gain-control (AGC) amplifier unit, like the fast switch, 

is a "building block" used in other parts of the r.f. system for the ISR.5) 

The amplifier is in a closed loop in which the r.f. voltage at channel 

B is compared with the turndown voltage program. This ensures that the 

envelope of the empty-bucket gap voltage is an exact replica of the program 

law chosen. 

5.3. The fading-bucket voltage program 

The voltage program unit contains the d.c. amplifiers for the control 

loop, the voltage program and cut-off timing capacitor groups with their 

selector circuitry, and control logic. 

in NIM chassis. 

5.3.1. Operational features 

The unit is enclosed in a plug-

As will be seen from Fig. 5.2 the loop compares the. r.f. voltage at 

Channel B with a reference. When the missing bucket system is in the 

rest state (during the earlier part of the stacking cycle) this reference 

is provided by Channel A, which charges the voltage program capacitor to 

its peak voltage. 

bucket yqltage. 

This also sets the initial value for the empty-
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The 11 start11 pulse, as well as starting the counters, operates a re­

lay in the voltage program unit which disconnects this capacitor from its 

charging source. The capacitor now discharges into a fixed resistance, 

and the Channel B voltage follows it exactly. 

At the end of the stacking cycle, the general .,reset 11 pulse 

restores the reference to Channel A and readies the loop for the next 

cycle. 

The time constant of the voltage program is variable from 10 ms to 

10s with 10 ms resolution. Selection is accomplished by switching 

capacitors arranged in 1-2-2-4-coded group s . Local and remote control 

facilities are provided for this, as also for the "cut-off" feature. 

At a preset time after the "start" pulse the voltage program may 

be abruptly cut off. Experiments in stacking with this mode of 

operation may be interesting. 

The cut-off circuit consists of a monostable which 1s triggered by 

the "start" pulse and short-circuits the voltage program capacitor via an 

FET switch after a preset time interval. This time may be varied from 

!Oms to 10 s as described for the voltage program. 

It is possible to disable the cut-off circuit by means of a front-­

panel (or remote) switch. In addition, the system can be switched over 

to normal missing-bucket operation (empty buckets suppressed entirely) 

by setting the time constant selector to zero. 

S.3.2. Control loop considerations 

The grid control characteristic of the AGC amplifier is extremely non­

linear; a sensitivity variation of 1000 to 1 between the high - and low -

gain extremities of the gain-variation range is typical. 
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In order to achieve good tracking without the complexity of compensa­

ting circuits containing non-linear elements, the d.c. loop gain can be 

made very high wrile limiting the bandwidth to ensure system stability. 

To this end, an integrator employing an operational amplifier whose open-
5 

loop gain is 10 or more, forms the forward-gain-determining element of 

the loop. The integrator time constant is lOOµS, which ensures a res-

ponse time comparable to the shortest voltage-program time constant, 

together with a reasonable margin of stability. 

The disadvantage of this type of brute-force linearisation is that 

the frequency response of the loop is poor at low signal amplitude; 

however, this is not a great problem here, as the voltage program decays 

relatively slowly. 

The slewing rate of the loop is 1 V/s at an r.f. voltage level of 

10 mV, (cf. 2kV/s at a level of 1 V). By comparison, the rate of change 

of voltage at the low end of the voltage-program curve is of the order of 

O.l V/s for a time constant of 10 mS. 

Linearity and stability behaviour of th.e loop are discussed in 

greater detail in Appendix II. 

5.3.3. Loop circuit details (Fig. 5.2) 

The d.c. voltage level derived from channel A charges the 

voltage-program capacitor via an active isolator Al and the control 

relay. An operational amplifier A2 with FET input stages, connected 

for unity gain, ensures that the capacitor is loaded only by the dis-

charge resistor. The output of Al is SUIIIliled with the d.c. level from 

Channel B at the input of integrator A3. A further unity-gain opera-

tional amplifier A4 provides the possibility of "offset" adjustment. 

This is set so that the AGC amplifier is biased off when the reference 

voltage is zero. It .is set up by disconnecting the Channel A input and 

adjusting the bias on A4 for zero r.f. output voltage. 
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The high loop gain, combined with the good linearity and large dynamic 

_ _!~ng~ _of the c!_e_te c: tors ,_ e!lsu.re a control range of 50 db or better 

(IV ••• 3m V peak r.f on Channel B). Overall loop tracking error 

is 0.3%. Noise is 1 mV peak-to-peak at the gain control amplifier output. 

5. 4. The detectors are identical synchronous s&-npling rectifiers 

employing hot-carrier diodes. Despite their complexity and their need 

for a drive signal, they offer very good linearity(less than 1% distortion) 

over a large dynamic range (5µV to l,4V peak), together with good long­

term stability. 

The drive signal is taken from the signal splitter at the input to 

the system. The sinewave is converted to a pulse which opens the 

sampling gate at the negative peak of the signal to be rectified. The 

sampling period is 20nS • 

. Both detectors with their drive pulse generator are built into one 

NIM plug-in chassis. 

5.5. Overall specifications of the fadin g-bucket 

subsystem at 9.5 MHz 

1. Maximum r.f. output voltage: 1,4 peak into 50~ 

2. Control range : Better than 50 dB 

3. Decay time constant range of voltage program: 

lOms to 10s , with lOms resolution. 

4. Cutt-off delay range (time between "start" pulse and abrupt 

cut-off of output voltage) lOms to lOs, with lOms resolution. 

5. Loop control bandwidth : 1.6 KHz at full voltage. 

6. Tests on the Missing-Bucket System 

Various performance tests have been carried out on the system. In 

most cases the system was run in conjunction with a complete cavity and 

r.f. amplifier chain. A test has also been performed with the whole ISR 

r.f. system including the missing-bucket equipment, driving all seven 

cavities installed in the machine tunnel. (See Fig. 6.5A). 
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6.1. An overall system test was first set up, in which the cavity 

was tuned to 9500 KHz and driven via the missing-bucket system. 

diagram of the teci~ setup is given in Fig. 6.1. 

A block 

The system was optimized with the fading-bucket circuitry disableu: 

the waveform appearing at the cavity gap was then recorded both in normal 

missing-bucket mode and in fading-bucket mode. 

The results of this test are given in Figs. 6.3 - 6.5. Figure 6.3 

shows the r.f. signal in missing bucket mode for a peak gap voltage of 

75V, while Fig. 6.4 ,, is the fading-bucket modulation envelope for a time 

constant of 0.5s with cut-off 0.6s after start. Figure 6.5 shows the 

r.f. signal again with conditions as for Fig.6.4. Here the progressive 
.. 

decay and final abrupt disappearance of the empty buckets can be seen. 

6.2. A phase coherence test was next carried out. Here the phase 

deviation of the last three cycles after switch-off and of the first 

three cycles after switch-on was measured with respect to a reference 

signal derived from the system input. Fig. 6.6 illustrates the test 

setup used here. The test was performed only in missing-bucket mode. 

The x-y recorder was swept externally, via the oscilloscope,from a 

sawtooth generator. For each set of recordings (one for switch-off and 

one for switch-on) two passes were taken, one with the cavity output sig-

nal and one with the reference signal. The offset controls were adjusted 

so that the two signals would be recorded in precisely the same phase at 

the starting point. This facilitated phase measurement off the graphs. 

The recordings are reproduced in Figs. 6.7 and 6.8. Figure 6.9 

is a record of normal missing-bucket operation. All measurements were 

made at an r.f. gap voltage of 75V peak. 

It will be seen that phase deviation of significant half cycles is 
0 

less than 2 • Whether this will have any meaningful influence on the beam 
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remains to be investigated, although it is believed that this error will 

not be harmful. 

6.3. The fading-bucket loop was subsequently tested. The parameters 

measured were 

lA DC control range (dynamic range of loop). 

1B r. f. rbase shift over control range. 

2 Frequency resvonse of loop 

3 Step response of loop 

4 Noise 

Here the fading-bucket sub-system was isoldted, as will be seen in 

Fig. 6.10. 

6.3.1. The dynamic range of the loop and the phase shift of the 

AGC amplifier over this range were measured at the same time. The loop 

was set up for lV peak output and the phasemeter zeroed. The input to si g::al tc 

detector Dl (Channel A) was attenuated until the loop just opened, as 

indicated by saturation of the output stage of the voltage program generator. 

The attenuation and phase shift were noted. 

than 2° over a dynamic range of 53dB. 

The phase shift was less 

6.3.2. Referring again to Fig. 6.10, a modulating signal was super­

imposed on the loop via a series resistor at the main summing point in 

order to measure the system frequency response. The sinusoidal modulating 

voltage e was set for 10% A.M. at a chosen r.f. carrier level e and mod-
m c 

ulation frequency f • f was then increased until the recovered modula-m m 
tion signal voltage e 

m 
(derived from a detector at the output of the AGC 

amplifier) dropped by 3dB. This gave the 3dB bandwidth for a given 

carrier level. This measurement was repeated over the carrier voltage 

range 0.9V ••• 90mV peak, and a curve drawn up. (Figure 6.11). 
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6.3.3. A pulsed signal was then applied to the suilllfling point at 

two carrier voltage levels, lV peak and 10 mV peak. Slewing rates of 2kV/s 

at lV and lV s at 10 mV were obtained. (Figs. 6.12A/B). As mentioned 

before, this performance is acceptable. 

6.4. Noise was measured at the output of the AGC amplifier. The 

noise output in the band DC to 150 MHz was 1 mV peak-to-peak - i.e. a 

signal-to-noise ratio better than 66 dB at a nominal signal level of 

lV peak in SOQ. 

7. Conclusion 

A missing-bucket system, based on parameters imposed by the existing 

RF accelerating cavities of the ISR,has been desigr.ed, constructed and 

tested. The performance of the system is felt to be a reasonable co~­

promise between clean suppression of all empty buckets and voltage-handling 

capability. How good a compromise this is from the viewpoint of beam­

density gain, will be known only when the ISR is operational - especially 

as regards the usefulness of the "fading buc::ets" mode. 
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Fig. 6.3. R.F. output in missing bucket mode 

U = 75V 
gap 

Fig. 6.4. Fading-bucket modulation envelope 

Time const. 0.6 sec. 

Cut-off after 0.6 sec. 



Fig. 6.5. 
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R.F. output in fading-bucket mode 

with cut-off as i n Fig. 6.4. 
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Fig. 6.SA. Missing-bucket mode: 

U = 86 V at cavity No. 6. 
gap 

(Test run on complete ISR RF system) 
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Fig. 6.12 Slewing rate of loop 

t Sm V/cm 

-+ 10 mS/cm 

low end 

t 0.5 V/cm 

-+ 0.5 mS/cm 

high end 
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APPENDIX I 

Interfacing of the missing-bucket equipment to the !SR RF system 

I. l 

For this purpose the missing-bucket system may be thought of as a 

"box"with the following terminals, as indicated in Fig. I. l: 

1. RF input (lVpk in 50rl ) } nominal level throughout missing 

RF output (lVpk 50rl) 
bucket system 

in 2. 

3. Clock input (lV in 50rl ) 

4. "Enable" pulse input (20V in 50rl ). 

5. "Start" pulse input (2V in 50fl : TTL compatible) 

6. "Reset" pulse input (20V in 50rl ). 

The signal from the ISR-RF master drive unit, frequency-modulated in 

accordance with the accelerating program enters the missing-bucket system 

at 1. 3) The p~ocessed signal from 2 drives the !SR-RF master voltage 

program generator, which amplitude-modulates the signal according to the 

accelerating voltage program. Thence the drive signal is fed to the 

RF cavities via a line amplifier. 

The missing-bucket system must be in its rest state until the main 

voltage program has turned the r.f. voltage at the cavity gaps down to the 

level (75 to lOOV peak) at which suppression of empty buckets is to coIIIlllence. 

When the preset level is reached, an amplitude comparator in the main 

voltage program unit generates an "enable" pulse which opens a gate in the 

"Missing Buckets Control" unit, which forms part of our system. 

A "start" pulse derived from the beam phase-lock system and synchronized 

with the circulating bunches, now starts counters CNl and CN2, as well as 

the fading-buckets voltage . program, via 5. At this moment the main 

voltage program has stopped and the fading-bucket subsy~ tem (if it is 
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switched in) takes over the amplitude modulation of the r.f. accelerating 

signal. 

The counters are driven via 2 by a clock signal derived also from 

the beam phase-lock equipment. This clock drives all the other bunch­

synchronized counters in the RF system. 

At the end of the accelerating cycle, the "general reset" pulse 

generated by the ISR-RF master timer (not synchronized to the beam) stops 

and resets the counters and the fading-bucket circuitry, resets the 

enabling gate refe rred to above and sets the fast r.f. switch to Channel A. 

The system is now in the rest state and ready for the next accelerating 

cycle. 

Provision has also been made for by-passing the r.f. portion of 

the missing-bucket system by means of two r.f. relays. 

I.2 Construction and location of equipment and remote-control 

facilities 

As mentioned earlier in the test, the missing-bucket system is built 

up out of NIM plug-in chassis modules. 

The modules are fitted into three NIM 19" rack-style bins, with power 

supply units mounted o~ the back of the bin. (See Fig. I.3). 

The two systems are located in the auxiliary buildings Al and A8, 

close to the ISR tunnel. Remote control heads installed in the main 

ISR control room provide thumbwheel switch control of fading-bucket time 

constant,and cut-off time and cut-off disabling. 

These controls are repeated on the front panel of the voltage program 

module. 
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Local control only is provided for the settings of counters CNl and 

CN2. It is thought most unlikely that anyone might wish to change the 

number of buckets suppressed in the course of an experiment with the 

machine. 

Circuit diagrams of all system componeuts are given in Appendix IV. 
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APPENDIX II 

The relationship between r.f. gap voltage, ~nput voltage and a 

spurious voltage source inside the feedback loop in the cavity amplifier 

chain. 

The amplifier chain may conveniently be.represented by the following 

equivalent circuit 

e 
0 

-S e 
0 0 
-t-

[A>·~~--~~Ci '>-r----+ 

· imo gml gm2 

2 

where e = input voltage to pre-amp. 
0 

el = spurious voltage 

UL gap voltage 

r4 
~ = feedback ratio B 
rl 

A ... preamplifier gain 
0 

Al ••• intermediate amplifier 

A3 ••• P.A. driver 

(gain 

We wish to establish: 1. The ratio e
0
/e1 for UL = 0 

2. The ratio UL/e1 for e
0 

= 0 

Fig. II.l 
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We have 
u4 ul 

-gmo e +-=-
0 r4 rl •• ~ II. l 

UL = u4 + u 
1 ·•··. II. 2 

-gm2 u2 
u4 

=-
R4 

••• II.3 

u2 = (-grn1Ul)r2 + el ••• II. 4 

1. To obtain e
0 

as function of e1 when UL = 0 

We have from u4 = - gfil2 u2 r4 ••• II5A 

UL = - gm2 u2 r4 + ul ••• II.SB 

gm2 u2 
ul 

-gmo e - =-
0 rl 

••• II.6 

from which UL = - gm2 r4 [-grnl ul r2 + el]+ ul ••• II.7 

and - gmo eo rl - gm2 rl[-gml Ul r2 + el] = Vl 

i.e. 

g e r + g 
2

e
1
r

1 mo o 1 m 

By equating UL to 0 we obtain, from Eq. II.7 

i.e. 
r 

gmoeorl (gm2r4gmlr2 + l) -gm2r4el (l + r:) = O 

... II.8 

... II.9 

• •• II.10 



Now 

so 

i.e. 

g r » 1 
m2 4 
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r 
and -1. « 1 

r4 

rl gml r2 • •• 11.11 

This gives the ratio of the· internal:1¥generated spurious e
1 

to a 

known measurable e
0 

for UL = 0 • 

The value of e
1 

established by Eq. ll.11 enables us to find the 

output voltage UL for a known value of e
1 

by assuming e
0 

= o. 

To obtain UL as function of e
1

, for e
0 

= 

So 

O, place -g e 
mo o 

r4 
From 11.12 and 11.2, we obtain UL = u1 (1 + rl ) 

ul 
=-also 

So 

Now, from II.15 and II.13 

gm2 rl el r4 
u = (1 + - ) · L g r g r - 1 r 

· m2 1 ml 2 1 

= 0 in II.l 

II.12 

II.13 

II.14 

II.15 

••• II.16 



For 

where B = feedback ratio 

g r a r >> 1 
m2 1 "ml 2 

:: ]- :1 
e 

0 

1 

Al = gain of intermediate amplifier. 

••• II.17 

Both II.11 and II.17 are linear, time-independent relations. 

In the e~ample of our system 

gmo = 60mA/V gml = 55mA/V rl -= 16012 r2 = 330Q 

so el 
-= -174 for UL = 0 
e 

0 

UL 
3;9 for 0 -= e = 

el 0 

Steady-state gain UL 
- = 70 for e1 = 0 e 

0 

So the ratio n = :eeak initial com:eensating voltage 
peak steady-state input voltage 

[:1 l x [:L] 
o Ju = o 1 e = 0 ... II.18 

L 0 

1S given by n = 

[ ~: ] 
el = 0 



= 174 x 3,9 

70 
= - 9,7 

In practice the compensating voltage 1s adjusted by means of an 

attenuator at the ringing-circuit input, for correct compensation. 

If the ringing voltage is of the form 

- w t/Q 
0 0 

where w and Q :Lcfer to the spurious ringing source, then a compensating 
0 0 

voltage of the form 

e = E 
0 0 

-w t/Q -E' -w t/Q 
0 0 0 0 0 

e: = --
n 

will cancel out the spurious ringing voltage exactly. 

Here E' = initial peak (steady-state) drive voltage. 
0 

E' 
0 

t = t o· 

- ..!: E' 
n o 

••• II.18 

Fig. II.2 

Q
0 

= Q of ringing circuit = Q of spurious ringing source e
1

• 

As there are several low-Q resonant circuits 1n the cavity amplifier 

chain, it is rather difficult to isolate one single source el of known Q. 

The equivalent Q was therefore determined by measurement, using a keyed 

sinusoidal drive signal. 
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1 From F1·g. 4.2 we see that the amplitude of e deca·'s to - • E 1n 1 J £ 1 
approximately 1 cycle. This gives 

Thus the ringing circuit parameters are 

"' = 9,5MHz .L 
0 

Qo = 1,5 

n = 9.7 Attenuation 

This provided a starting point for design of the compensating 

circuit. 
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APPENDIX III 

Linearity and stability considerations in the 

control loop of the fading-bucket voltage 

The loop may be 

simply, 

-u 
0 

Detector 

u 
0 ,. = 1 

e 
0 

by this 

-u 
0 

program 

represented thus 

Op.amp. 
--.,...------~-o -U 

e 

A 
0 

0 

so 
AGC amp 

-u 
g 

g 

Fig. III. l 

Fig. III.2 

The incremental control transfer function of the AGC amplifier and detector 

is of the form 
/1e '1u 

0 0 s = --·= --
0 /1u '1u 

g g 

From the slope of the transfer curve, we find that for r.f. gain A = 10 

initially. 

1,3 (high sensitivity end) 

0,00134 (low sensitivity end) 
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The initial DC open-loop gain A 1s 
0 

A = 5 x 105 
f(:)\. 

0 (breaking loop at \Cl) 

DC loop gain = t3 A 
0 0 

A = 5 x 10
5 

x 1,3 
Ll 

5 
= 6.5 },. 10 (high-sensitivity end) 

5 2 
~2= 5 x 10 x 0,00135 = 6,7 x 10 (low- sensitivity end) 

III.2 Linearity; An outside voltage 1s impressed on the loop via a 

resistive summing network. 

R A 
0 r-c:- u 

u g 
p r· I up -

R 

s 
0 

u Fig. III.3 0 

AGC amp. & <let. 

t.U S A AL 0 A 0 0 
-- = = = 
t.U p 2 - S A 2 -~ p 0 0 

Apl 
6,5 x 105 

-1. (High sensitivity end) = x ·105 2-6,5 

Ap2 
670 -1,003 (Low sensitivity end) = = 

2 - 670 

Thus deviation from linearity 1s +. 0,3% over whole control range. 

u g 



III. 3 Stability of loop · 

u 
p 

I 
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u 
0 

c 
t-

u 
g 

Introduce frequency dependent feed-back across opamp. such that 

Assume S wide band. 
0 

T = CR 

Condition : T l O. l T • , where T = program time constant. 
pm1n p 

Fig. III. 4 

Fig. III.5 

For Cf = 10 nF R = lOK 

fH = roll-off frequency for R = l/wC = 1,6 kHz 

~· = -45° for integrator gain A = 1 at fH = 1,6 kHz 
H . o 

The effect of the R - C decoupling networks in the AGC amplifier con­

trol line may be neglected in the frequency range of interest. 

The detector may be represented by I 1n Fig. III.5. 
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Here T
1 

= 100 µs : fill = 1,6k.Hz. T2 = 50µs fH
2 

= 3,2 kHz. 

A Bode diagram (Figo III.6) shows that the loop is unconditionally 

stable.. This is the case in practice. 
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APPENDIX IV 

Circuit Schematics of Units 

Fig. IV 1. Splitter (signal distributor) 

IV 2. Adder (suunning amplifier) 

IV 3. Bunch synchronized timing unit (CNl) 

IV 4A/B Synchronized fast switch (CN2) 

IV 5 Ringing circuit 

IV 6 AGC amplifier 

IV 7/8 Detector and driver 

IV 9/10 Voltage programme unit 

IV 11 .,~IB Control" unit 



.,.3ov----
t5r 

P,5tJ 

ZF!2 

f!Jtf:ttr 
r--------e'-------f-_..__ij---1 

71487 



~IJD.211. 

.Jov __ ...___......., 

~»~r.~,y 

22.a..sul 



.. , 

.. ~ 

... ~ 

.ft, J5 C'onfr.m .. .r !/vlf1$9Jlfc/, 

&1'• .Jfl-1/ot!l. 031 . 
J,,fcf.afe 4 c/rcvtl 

T. J.S.8.1.. N./4.l?.20. JNT-11?0¥ 

.2...4. .SK 1'42oK 

8J.lll./IJZ./3. .SK ?"l'ZK 
H.f?. .s,y f'-'.30.N' 

/8 SKN!OI{. 

~ 

0/l'f-3o tJ/I' Jo 

('~tJCk 

f,o N,,,p. 

ST#RT 

-iJ>.9"")'· 

STOP 

#,P ,9,,,1' . 

!IRK 

RESET 

ti.?.: n: 3: Pllf"t:A 9'«-'"1°.ifd i';H,i11f V/1///I.Sl.-'aZP 
fcNf 



~ I I 
+.JtJY... , 

t-5.IY I .I.~, I &_far o,~r 
~f!,14/I 

Pj.r -15Y~ 
I .. ,$4,,,R 

(lose 
IrtStbrl 
(/U1105()J'I 

~fl.far 
.,.J,f(... • 
t/; Jl'!l!l,r: 

P. 
ZN1o8 

Q ............... 

iD ~ 
ZllJ?o; 

-1-/lf I 
(~I/ - (U F 

'Y' f'.t 
1~F 

-fK RVz 

_P,2 r&;f... I 

l!JJ..(tV .. 

~$'7 
.ln.Sfof' 

~tt5f" 
I ~ -115.,,,,/ • 

~oSO.llj 
ZG! 

/Jo.fl. 
'/.GJ 

. t'fatI Zl/!.f r~F. 

r/.fJ'~ ~ _ .... ,_.. t30V 

PptF I ~.,.!51 t.~H 

Drir-.1 D,.iva2 -· . · 1 (O) e • 
lo .fAJifc,J, 

d ~ '/Bl.JI. 
I ___J B 

Swilch ---i L CPll. • ~ 1 j: -yyy. -- ,._/.ff 
/tr-,1/'/a"~lo'}' . ~F ~.l.f 6&t// 

~~J ' ,;- 7 ~ 7 ~ 
.l>rJ,u .~Lr-a/ I fi.f.Ir.41: ~sl I'/ sv;/,,J +dri//V l/JA'. 5PN) 

i'b.sUlild. 



,\:i.~ 

+f 
.,., .,., 

+I • IV! F 

®-
... 1~ 

,., 
~,,.If<' 

,., ,. 

A* 15 cc PD E 7r 

(!/ oc Ir ,;,/'ul 

t}wt/.slof' ,;,/',,; _,,,; 

{'/,uj.Jta,/1~! ! ~ : I. -~ .. n li'fl~_,_,,J ~ T 

JI Lt>t./IG 
.s lfJlfC.lt 

I" .J/,/. Boa./,$/ 

.J".1 .top<: 
s .... :f .. ~ 
h'"-.31-'-'o'-~ 

Jf/2 ...sr=-cri =t=ID 
J~ +5Y=-cri B tj 
Jf/l ,.5y =--°l c --Fi:> 
..rfS ,.51" =°1 C =ti)j 

,Sf====i u .J1/J 

~~~ -§ 
.rz~ ,.s.r= £-=~ -~Id. 
.J?'8 ,.Sl':--c?l T1.J 

,.5f ---CJ-, -

~·+5Y ' I ~ 
JfJ 

2Kfo8 
IFE,Y 

i l-0) .jTOP 
350.ll. 

.Z#'fp8 

.J3PJL 

(LOSE 
JT.l/lfT 

To .J&11i1:h a'r/v.zr 

[(l_-JT.18: J°J"eir""fJ•tr IJ1ls111iltJ /l"J6..Jo,(oj 
(C¥2) 



ZF/2 

-"'?2Y 

~,.-r 4f'nF a.~A' ! Qpl°~V. 

~ tjMH 4lnr 

('6'k 2N2475 

6'1r.s ~_,..r ,ibl).12. 
.t:lv-f'Pr ~ ... 

S,GI< 4./f'f,F .fi;.12. 

/tJ'v .JZ. ~u) 



:... 
t... ~ ~· ~ ... 
~ 

c:s >::;. 

r ~ 

~ ~ 
~ '~ 
~ ~ l... ... 

If) ~~ ~ . 
~ 
~ 
'-:... 

' ~ ~ 

'} 
i..: 
~ 
~ 

" ~ c: 
~ ~ ~ 
~ ~ 

1-----1 ~ 

1---it .. ..... ~ ~ 

~I 
~ ~ 

'\, ~ 
~ ~ 

~ 

~ ~ ~ ~ 

~ J---i!1 

~ ~ .,..,. 
~ 

I 

~ ~ ~ 
' ..----. ~ 
~ 

~ ~ ' "i' 
1----1 ~ 

' I 

\ ~ ~ ~ ~ 

~ 
1---.~ 

~ 
rl"$' ~ ~ q ~ 

~\ ~ ~ 

I 
........ "- ~ ~ ~ ~1---1~ ~ 

\-._ 
II-~ 
~ ~ ......... ~ 

c:t .I( .,..___.... 
~ 

~ ~ ..... :... " ~ ~ ~ ~"::...~ ~ 

~oc~ 's;:~ ... 

~ 
~ ~ 



......... 
/t'qr 

~:;';' 

-tZ:,# 

a Jf114/o'".n.. 
,ie,.,,i'1 3EJ //'~,,.,,_. 

'7f .- /tf/r.s nz = 8 .. a~~. 

~l?r. ol?r /#Pn 

.fJm,Pfi~ J.V1l'ch 

.'5.K 

---~--~---~--~---~----1 ....... t--c::J ' ' ' ' ' ' c:::J ' .. -/.FY 

/,.,m driver 
J4a JY..B. 

l:~li.r 25V 
(n,F 

• .w.a. 
451¥sg 

.Dl"iV4 I,., \ -#3.fl. bhF 2-"/6 

r: Son.. 

~51' Jl 
Zlhr.s. 

J?F T .2$'Y 

.JJk 

~ 

,,,, . 
"?Ff 

.2x 
2#.9/B 

.»1.a.. 
4sv 

IAl.F . 
'-1sr .,)z,..,J. 

.Drfy4r .S~f~ 

/3,f 

820K 
//'L 

• 

tuoK• 
di: 

4xllP.2.!1'o 

( mil,M4o' fvt1#. 

r/.bo>/_ 
.»n. 

-l!k 
zr.J? 

,VK 

"'"r 

HP.?J'DP 

#"F 

I 

./Pq,F /lil'J..a /SK 
t--c::J l I Z.fk · 1 .z.?/( l l c:::J ' .. .,,./$Y 

I#~.F 

Rl'"s~I ilJP,I· 

51/D... 

,IJ,,F .J;flr 

IJA ~,f 

Jn;bvl htl/q;o,/r 

f'So...a.. 

I 11,,,r 

~,,,~,. 
.«"""'1 / 
t/v~";-1 ~ 
~m11/ j 

Jn/11 fro lor 

I /h1F. 

.,./.51' ~.,.?I" .!el .!Jt' 6a/ gli!lovf ofr;r-e cu fi>r 
''~~I /or z.d!ro o"'~"~ 

_ Ill! tasislors f~w-~ 
7Jl/»)>~ RK..55 ff.tJ 
E.-a./'/ •· 

JFG,8 t 

S.01mpl1R.f pariod. 

.;: 

nc,. ..rcr ,er /,.ol w11' g',-,.,,,e ,6vf-
w1f'101tf .s/9p,g{ /or z:.,z-;::;;-0.,7.,/ ,/-. 

r,~.zr.7'.- fohC'A.r. 
--:; -- (/.Jli' .11J1".1/3) 



• 't ~' ~ ~ ' ~~~ 

~ 

~ 

·.~~ 

~ 

,~. 

~ 

~ ~ 

~ 

~ 

s 

~ 

~ ~ 

\ ~ 

'~ 
~ .~ 

~\ 
~ ~:.~ 

~· ~ 
lg ~ 

i... I 
!}--I ' ~ ~ 

~ ~ ~ 
~ 

\ 

~ ~ 

~ ~ 

~ 

J----1 ~ ~ 

....__.. 

) 
t"$ 

~~ \ 

~~~ 
~ ~ ~ 

~ 

a 
~ ~ ~ 

~ ~ 
~ 

~ ~ 

~ ~ ... ~ 

~ 
~ 
~· ' 

~ 
! 

~ 
~ ' 

i._._ 

s 
~ 
~ 

~ 
~ 

~ 
'\,; I l t 

"\. 

~ ' 
~ 

~ ' 
' ~ 

~ ~ ~ ~~ 
~ 

~ ~~ ~~ 
~ 
~· 

~. ~ 

~I t 
~ ...... 

~ ~ 

-----~ " 
.__..... 

' 
~ 

~~ ~ 

~ "~ 
~ 

~ 

~ $ ~ 

~ 
~~ 

~ 

~ -~~ 
·.;.. 

~ 

I \: ~~ 
~ 

~ 
~ 

~ "' 
.... ~~ 

~ ~~ 
-~ 

~ 
'-i. 

c.,,; ~ ~~ 

~ ~ I 
~ 

't 

" ~ 
i..... 

~~ 

~ ~ ' 
~~ 

~ "'t 

:c~ 
~ 

.......... 

~ 

~! "'.. 
~-~ 

~ 
~ ~~ 

" ~ 
.. 
~, 
~ 

~~ 
~~ 



DI 

. U4,/,;. 
O:t/!J. 

c.-&cn:> 

c,,1,,11 t1mv 
3

gp.fZ. 

.u,,r 

-~~ 
~~ " ~ 

R=i 
-111.IJ.. :J. '¥, t't1lf'K. /dnF1%. 

A ~ ~ -llf .fl 2% 

I l1 I T CJ i I 
2.~3820 

.J;fl( f%. 

PJ. < o}+-C:J-----+-->-.... r(r} r9'i • 

0:81< 

<;F T-2 
112. .,,5( 

15K 

"' ll/.0.2% . 

R ;?" fo5 

-t'e?Jf' 1%. 

~ F tok -11111r 

ll=t 
lt1Kf'I.. 

(P,,/ft.msl} 

If,,,, /p,., ;,.! 

D:fa c.f.,,? "-J'Chsa/,;,,, g I 
£;1f. C,,lo/I' (lo/Jo/0V1~ e-v:lp-rp,r I ' - .....1..... - /5Y 

~« J'o sei'c.~rrt1;'l -151'~ ..,. FCK-1of I II • ............ 1-tO /nt:::.Q/,:i~. FFTsw/leA / lpK 

Ol'rse.t f41o 
.12 

c 

flllil f,f 011.261 

f"/#v~l)Sf ' ltt ,P1 1 , a 
,s,,,..9y-@ ~ 

QJh.J'(j Cl • I a 
,111~ 

.ZNl.893 . 

z~ru el.I cfrJ 
.»c .t.7. IC 'elf. 

StCJrf 

'·· -15JI 
,2: ~lh 
3: -1-Jj}' 

4: '1'5t' 

11/( o/'.U-Jf/ona/ .a"')'~fr"tz.r5 
#"$.(V.S ?ft' ,.,,-• 

P~;s CR Jm/rC.s s~,/~.zr. tt7-.8 . 
.Pc~}' P ' Cl~ 11/tSJI- ~o~'f' 

Jlo)/l'a~ 

II 
ktc : Ill! ec11nu~n t?r~ '"' 

/k.llr ;A¥.1,,./ a.;c-J>I i"~~lfiJ,,. ,t l I ~/.51' 

UK 
.!Zf.- .lr.9: t/fJ//df6 /r"fl"~/11 v111/ ( IPof' ·e~nl'j. 

( J.s/l • ..Jo.fl/l ... (j. 



I E;tf'loPafory IJnt.Jt I 
. 'R • 

L ,, __.. 4 ~.Z.4V _J 

1- - -
· n11fto!r4/tt/l/JllJ1fcJ, /ib3Z 

I o/' 3 f rct1/ s · 

H.tf 

L_ __ 

1¥.JOG.2. 

M2o2. 

/?,L2 

~Ll~/.1~[1~1:1 ! 1'rots· 
caf8C:lor ,asst1.P1Uj'. 

T I I T I 
~- --l-- -
~ I 2 2 4 1't7vf 1 
~ tJ.1 (1_2 "'Yf"V/' 2 
~ (), P P 1P2 O,P ~VJ' 3 . 
~ 

1111 ~s ErA/ (fjoe E/i'/£) 
Ill/ c.aj'ac.i/or.s /~ r 

-~ r - -
- ------·- -

... 
a)/1,,'l't11S J& r-h 

th• t11l.l1r ,fn;rJ/''· 

f,f".3t76Z t¥3o~Z. 

~ 

J 

<..Zk ~F,Z,? 

(),f',2~2 

,(',,/.~ 

I 

4 

{)/1Zo2 

• • 14 +Sr" 

" 
2k'J3G9 . 

• I I~ Za.ro do./. c:Jc1f. ,, 
11far 

I _(1-S"Y Vha.n all 
.su1ifc.k.s af .zlSro} 

~ I .. ~a,f;,. 
.z 

rl,JJ..:ZC. ftJ/l.· dll«jU- /',-of r4m v111I: cor~c1'/e,; .J'~cA,>" 
e/t) t',a,c:I. ( J.SK. 3061/1.,z). 



£x/'l~h4fory onlf 

~ • .. .,,.2Jv 

,-
' [onfrdV'flJ l'v/lis111i/dt Jai32 

/ 0 / 3 yrov;s. 

·1 
I rh tli"""t?hS fo 

pf /,~r )?"'OV/'f' 

I I I 0 

I 

fh'j(J6Z. 

/ZPZ L_ ~f~ !w~.~2~ I ~ i 1 1 
_J 

Pll2PZ. 

IU.,t. 

":'t-. I ~l IV) 11 :::t 
~'l "~ l~'l "~'l I J f ro?s. 
I . Q~c/lbrdil~4A11/.j'. 

~-~il_!_J 
~ / 2 2. 4 f'NJ?:/ 
~ tkt tJ.2 az ak j'l"t7P)> z 
~ atJt qn ao2 ~P'- ,,.,,"/' 3. 

Ill! ra!dp_ £/'ot' (/l_p4 E/?/p 
1111COl/<:5lc.//or.s1~F. 

tJ,f'2pz 

z 
Clll ~ £-,.fir 

---e.R~ 
cs 2-o 

~ t ..g,_ I ,, .. 
I 14 

~ vk r ~ c. 

7,F2,1 

r'}l..lF. fP!J.· ~l~.f'4 ;;,rofr4m 1//1/I• a/at:/~r Stl~e?br 
c(cq) ~cl. (Jtz.#/Jf..lr. '~.8/ (.!JR. .1tJl//4-~} 



•I .I If 

Jtt:Jrt in 

Jf~ "1'n 

______ ... -1-sr 

..Tn 
.__...____~ tJ11f J'l,;urolJ1ro' a~/&r 

/o/lo...,c.r. 




