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THE i)/ PICK-UP ELECTRODES FOR THE CPS

Summary
This is a report on the considerations and calculations which led

to the design of the new small pick-up stations. This new type of pick-up
stations fits into the pump manifolds, frees 20 straight-sections at present
occupied by the o0ld PU stations and offers the additional advantage of a

more accurate closed orbit determination,

l, Introduction

The PU stations used so far for the CPS take up the whole space in
the short straight-séctions between the CPS magnets. Some more straight-
sections (s.s.) will have to be cleared shortly for the new acceleration units
and for experimental purposes with the consequence that the already rather

inaccurate beam observation would become wholly insufficient.

At higher frequencies the old PU stations showed resonances, which
led to signal disturbances. In order to eliminate these, the electrodes
had to be ecnnected to the cathode follower via a low-pass filter which was
rather difficult to tuhe. Moreover, especially at higher proton beam in-
tensities (= 1012 prot./pulse), charging effects occur which disturb the

PU signal considerably,

The new PU system ains at leaving the straight~-sections clear and
at eliminating as far as possible the disadvantages quoted. The only space
at hand for their installation was in the pump manifolds for the diffusion
pumps, They are locatcd at one side of each magnet, between the magnet

coils (see Photo 1).

PS/4974



PS/4974

Whereever one side of this box is used for the connection of the
diffusion pump the PU system can be installed on the opposite side through

an aperture of 120 mm,

2, Electrostatic pick-up electrodes

2.1 Recuirements

The proton beam passing between the two symmetrical elec-
trodes influences the voltages Ul et U2 (see Fig. l). At con-
stant intensity the voltage difierence

must be proportional +to the horizontal beam deviation x and inde-

pendent of the vertieal beam deviation y , i.e.

§ U

X
35 = const = k

intensity=const.
and (1)

d U
————— = 0
d Y

This is required of the radial as well as of the vertical electrodes

analogous to

U = U, -0 Fig, 2
v 50 (Fie. 2)
3 U
lj--fx = const = k
6y intensity=constant
and 3 U (2)
——— = Q
S x
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Allowing for the dependence on intensity we obtain

= I « k. x
Ux {l
(3)
—_ ) <
Uy I K2 7

I = intensity

kl, k2 = constants

In order to find the beam co-ordinates -x the voltege difference

v 1
must be divided by one constant and the intensity. Hence the pro-
ton beam intensity must be measured either by the 4 electrodes

(Fig, 1 and Fig., 2) or with an addi‘ional fifth electrode.

As the electrodes must not be hit by the beam their cross-

section must of necessity be larger than that of the vacuum chember,

With a margin of 1 cm between electrode and chamber ellipse
a maximal length of 74 am is given for the electrode by the 120 mm

diameter of the installztion aperture (see Fig. 3).

If one pump manifold contained only the vertical,and the
following manifold (about 6 m away) only the horizontal electrodes,
the beam position according to cec-ordinates x and y could only be
neasured with the uncertainty causced by this distance. Apart from
that, a number of pump manifolds are used for housing targets so
that sometimes as much as 12 or even 18 m would separate the radial

and vertical mcasurenent.

If the x and y electrodes of the old system, with cylinders
cut diagonally, were to be housed in one pump manifold, only ca. 3 cm
length would be available for onc pair. Trhis would entail e sensi-

tivity 5.5 tires scaller than at present,
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2,2

For this reason an electrode arrangement of higher sensi-

tivity had to be found.

Czlculation of electrodes by means of conformal representation

The original idea had been to combine the radiel and ver-
tical electrodes in such a way as to form together a closed ellip-
tical cylinder (see Fig. 4). With suokh an arrangement the sensi-
tivity pergiven length as compared to the old system can be im-
proved by a factor of two. This gain would approximately be the

U1-Uo U3-U4

same for the ratios 71305 and UilﬁZ I? conparison with ine
old systen this would mean e double resolution, ' Supposing that

an undisturbed radisl field of the proton beam could be achieved
within the measuring electrodes (see Fig, 22) : for such an ellip%i-
cal cylinder arrangenent the conformal representation cauld bhe ap-
plied to determine the correct separation of the electrodes pro-
vided that their potentials differ only by negligible amounts and
the proton-beam field Iines approach the electrodes at right angles

(Fig. 5). This process is described in Appendix 1.

The separation lines for the required linearity (see
equation 3) were first calculated for circular electrodes by means
of the IBM 7090 computer, programme and result see Appendix 2, The
result were lines in the shape of cosine form when developed on a
plane which corresponds to a straight cut (see Figs. 8 a,b), After
this numerical computation a mathemetical proof of the. cosine

shape was found, which is shown in Appendix 3,

As the proof of elliptical electirodes would be much more
complicated (equations (4) in Appendix 1) and would in any case only

be valid for an accurate ellipse, a more general path was persued,
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2.3

Linearity for electrodes wita an arbitrary cross-section

In the following two electrodes

with any giver cross-

section of their x-y plane are to be investigated, (see Fig. 11).

In their x- 4 plane they are cut linearly,

Alongside of the cut

they are screened by electrodes at earth potential with the

same cros8s-section,

With a proton beam which is longer than the electrodes

and moves infinitely near the border-line (x-y plane) but not

touching it, the influenced signal on electrode 1 is obviously pro-

portional to the real component of P ., Thus, also the difference

signal between electrode 1 and 2 1is

AQ proportional to real component P (18)

However,with a proton bheam moving anywhere within the incircled

x-y plane (Fig. 11) e different approach has to be found.

2.3.1 Analogy between chargze distribution

and potential

according to Fig, 12 the charge Q

a charge on the electrode e which

in point p influences

is thus charged up to the

potential
q c C, +Q
k k
U = s = (19)
Cm+ E;;—a Ck + C CC, + Ckcm + CCm

If In the opposite case the electrode

otentizal in point is
P

e 1is charged by Q , the

Q C C, «Q
U = commmmm—ee o oee k. = X (192)
P CkC
C + 6-:—6; Cm + bk CcC, + Cka + CCm
i.e.
U = U (20)



Equetion (20) shovis that 2 chorge Q in p produces the same
potentizl on electrode e as the cherge Q on electrode e

produces in point p .

Assuming the same potentiels but with opposite signs
on the electrodes 1 and 2, it follows that, in order to obtzin
a lineer charge distribution on the electrodes, the same re-
quirements as in equation (1) are valid for potential U(x)

between the electrodes :

.a..g£§122 = Const = E
¥x
(21)
dU(x,y) _
__1;5___ = 0

From equation (21) it is clear that, resultant over the
length f, , a homogeneous field E must be produced (Fig. 13).
To achieve this, the rubber membrane model can be applied
(we are entitled to do this as the differential Laplace equa-
tion
2
-_a..fU <+ _b:.U = O
¢ x? §y2
is valid for the potentizcl in an uncharged space as well as

for a thin rubber membrane),

If the electrode length A were conctant a potential
plene would be produced, as may be seen from Fig, l4a. From
this figure it clso becones clear which shape an electrode
should have in order to obtein a potential with an even slope
(1ine = *= .. = = -, Fig. l4a), Fig. 14b shows the same po-

tenticl plene in profile.



(For electrodes with constant lenzth the use of the
rubber membrane model is admissible on conditicn that the elec~
trode is pressed into the rubber nembrane in proportion to its
potential. With electrodes of uneven length  every point
around their edges must be inserted into the rubber in propor-
tion to potential multiplied by its length ﬁa . To explain
this, one must imegine the electrodes cut up in small strips
(Fig. 14b), Each strip has the potential U ., If one imegines
the length of each strip to be infinitely small, it is again per-
missible to apply the rubber membrane model to find out the
potential between each strip, The sum of all these potentials

shows the resultant potential distribution on Fig., 14b),

2.3.,2 Proof of linearity by means of Cauchy's Integration Theorem

and Green's Integration Formula

In the preceeding paragra h 2,3,1 the analogy between
charge distribution and potential was proved by means of the
coupling capacity C, between beam and electrode, The value of

k
C. depends on the beam diemeter. hence the equivalent circuit

(?ig. 12b) is only valid for a constant beam diameter. There--
fore a nore general proof of the mentioned analogy and its a
applicability for the rubber membrane model is given in Appen-
dix 4 , The result shows that, if a beam near the electrode
edge influences a charge proportional to the co-ordinate x and

independent of y , this is also valid for a beam in any point

inside the electrode,

In general it cazn ve said that, if the potential
distribution between electrodes is known, the influenced charge

distribution as & function of beam position is known as well,
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2-4‘

Comvarison of linearity errors in various tvpes of electrodes

In our case, in order to prevent the incidence of primary
particles the best choice for the electrode o oss-section seems to be
an ellipse which is 1 cm lerger right around than the vacuum chamber

cross-section,

With the help of descriptive geometry and a planimeter
the sections cut of electrodes can be arranged in such a way that
the cutting curves touch each other and that all four electrode areas
are the same (see Fig, 16), The latter requirement is necessary as
the sum (intensity) signal should be produced from the signals of
tke four electrodes. Even then the sum signal is not perfect as
the four elcctrodes together (see Fig, 16) do not form a completely
closed cylinder, The sum error is however small (£ 5% for a beanm
which moves on an ellipse with axes of 10 and 5,0 cms ). A more ad-~

vantageous solution can be found, as further investigations will show,

An electrode arrangement without sum errer is shown in
Fig. 17a. The point of the maximal difference error can be found
inmediately with the help of the rubber membrane model (Fig. 17b),
At 5.5 cms distance from the centre the difference error is 5.9%
and increases to 14% for the meximal displacement of 7.3 cms (see

Fiz. 17¢).

Fig. 18a shows yet another arrangement which produces a
correct sum signal but has an error in the difference signal, Here
again the error distribution can ecsily be detected by means of the

rabber membrane model,

Fig. 18c shows the radial error value at 2 points, By
rmecns of conformel representation these errors were calculated for
electrodes of a circular cylindrical shape and then projected on to

the ellipse,



The errors were also ascertained experimentally with the help of a
shifting device (see photo 2). The sum signal was kept constant
during measurenents. The difference voltage was aoourately measured

with a digital voltmeter.

The electrode shape which was finally adopted is a compromise
combining the results of Figs. 16, 17b and 18b, Its form is shown in
Fig. 19. The linearity errors for the whole cross-section are dis-
pPlayed in Figs. 48a and 48b (mean values of several electrodes), They

show trat the maximal horizontal error for |y’ §:2 cm and lx' $\6,5 cm

is less than ¥ 2% , The maximal verticzl error for lx{ £ 4 cn and
'yl £ 2,5 cm is about ¥ 6% ,

It may seem that, because of its inevitable error, the new
electrode configuration compares unfavourably with electrodes in the
shape of “7iagonally cut cylinders (see Fig. 20) which when properly

screened have a constant sum and exact linearity.

However, in comparison, the new electrodes according to
Fig. 19 heve the advantocge of twice the sensitivity and resolution,
which should anply Jjustify their choice,”  Moreover, the error in the
new electrodes is a systematic one., In the rare cases where the
linearity mentioned above is not sufficient, precise values could be

taken from Figs, 48a and 48b.

2.5 Effects of Electrode Coupling

For reasons of space the electrodes are installed relatively

near each other. Hence 2 mutual influence cannot be avoided.

Fig. 21 shows the equivalent circuit for the coupling. for
reasons of symmetry the partial capacities between adjacent electrodes

are assumed to be equal. They are called k The particl

13 °
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copacitances vetwesn electrodes instzlled opposite each other are
cclled k12 and k34 The capacities to ground of the electrodes zare

called klo

Appendix 5 gives the calculztion of the coupling effects

produced by the portinsl cepacitances betwesen the clectrodes,

Results show that neither the linearity of the dif:ierence
signal nor the sum signsl is influenced by the coupling (equation (36))
end (37) of Appendix 5). Coupling entails however one disadvantage: the
scnsitivity is dinminiched, for the electrode type as displeyed in

Fig. 19 by about 18% ,

Signal transmissicn

The chearge Q(x) influenced on the electrodes produces the follow-
ing voltage

v - 9(_3952_- (38)

m
vic its capacity against moss,

Within the punmp mconifold with its fixed dimensions it nust be
possidble to adjust the electrodes in order to keep their centres on the the~
theoretical orbit., With conventional metal electrodes this adjustment
would chenge the capacity to ground Cm' ' To avoid this the electrodes
were enclosed in a mass layer of their own. At first a glass ellipse was
chosen as electrode support. It was lined with a metal layer. The sur-
rounding nass layerysitended beyond the edges of the electrode support into
the interior to ensure screening of the electrodes (see Fig. 22). By such
an arrangement not orly does the capacity to ground of the electrodes remzin
constant (independent of the electrode position), also the high freguency
properties i:prove in comparison with the all-metal electrode (self-induct-

ance is considerably diminished) .
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The electrode support chosen initially was made of glass of‘a

thickness of 2,5 mm which produced & capacitance per electrodec of Cm= 200¢F.

Later, for reasons of precision and prcduction, porcelain of a thickness

of 6 mm was preferred which, however, has en electrode capacity of no

more than Cm= 50 pF .

3.1

Differentiation-Intearation Method

The simplest way of transmitting the voltage signal coming
from the electrode would be to connect it directly to a suitably

terminated cable,

At frequencies below

f = gEwEeREe ( 39 )

QQ
]

electrode capacitence

R, = cable termination resistance

the signal U, at the output is differentiated (see Fig., 23). It

can be restoied by subsequent integration. The main advantage of
this method is that it would not require any electronic equipment in
a radioactivc area, a fact which would become very important with
an increcase of intensity. TFor the equivalent circuit see Fig. 23.
The frequency response curve is required to be constant between

fu and fo , falling before and after (see Fig. 24), The conditions
nccessary to achieve this are derived mathemeticelly in Appendix 6.

The frequency response curve as shown in logarithmic representation i

in Fig., 25 results froz equation (44) in Appendix 5 .
The voltage rotio for fu Cf ¢ fo follows from :

U f

2 u
= o= v (47)
) 0



For
f = 20 iHz
0
f = 10 k¥z
u
and
2.,
7 =
o}
an anplification of
f R,C2
v = ?9 = .ﬁiﬁ_ = 2000
u 171

is rejuired., The order of nagritude of C 02 and Rl is fixed :

l!
Cl = 100 »F
Rl = 75 ohnms
02 = cannot be chosen much higher than
02 = 300 pI because of self-resonances .
Thus
_ 2000 « 75 « 100 _
Ri = —-— —366--—— = 50 kohns

With a simple integration circuit as shown in Fig, 26 and the values

quoted in the same figure, V Dbecones
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Using these results we obtain from equation (47), Appendix 6, and from

the circuit and dates of Fig. 26

U, f
= = V2t o= 1,25
o 0o

This circuit was chosen for the fact that ituses the anode capacitance
also as integration capacitance, with the consequence that the anode
resistance can be chosen very high, This would then also mean a

h..gh primary amplification.

The signals obtained by such a circuit are shown on photos
3, 4, 5 and 6, When these were taken, the integrator was placed
at the end of 2 cable with a length of about 100 metres, The circuit
has the disadvantage that, because of its high anode resistance Ra ,
a high supply voltage is required for adjusting the nominal working

point,

In order to manage with smaller supnly voltages a transistor
integrator was tried, A further transistor was used as collector

chcrge., Using this transistor integrator produced similar results.

The high amplification of the integration circuit had
some bad effects caused by noise and nmicrophony. Only at high bean
intensities a sufficient signal/noise ratio was obtainable. Further
disturbances were observed during the first beam cycles. At times
distortions occurred at transition which were similar to thosc observed
on the old PU stations and on the 400 MHz wide-band station, To a
lorge extent these disturbances could heove originated in the inte-
grator or in the 120 m catle, Hence it wes decided to concentrate
first on the conventi nal method of using cathode followers as impe-

dance transformers, .
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3,2 Ccthode followers inside the vocuun

Existing cathode foliovers of the old PU stations were con-
nected with the electrodes via relatively long lines, In order to
avoid possibly disturbing resonances from these lines the valves
were tentatively fixed next to the electrodes (see Photo 7). Unde:
vacuum, for a constant temprature of the valve bulbs, the anode dis-
sipation must not be mors than about half its nominal value, There~
fore the 6.5 W triode 3 4/167 M was used, Mounted in this place
the velves are in a2 magnetic fringing field of B 2 2500 Gauss
(Photo 7). Mounted in the most favourable position (see Fig. 27)
their anode current changed by about 5% , As is visible on vhotos
8, 9, 10 and 11, the distortion at transition could not be eliminated
even though electrode and grid of the cathode-follower were connec*ed
ogly through a 220 ohm stopper resistor, Many modifications were
tried on the cathode followcr (capacitive-galvanic coupling, automatic

and fixed grid biasing etc.) without effect on the distortion,

Hence the disturtances did not seem to be caused by an over-
load of the cathode-follower due to the high frequency components
at transition; they rather seemed to arrive via the electrode. With
a high intensity spiralling beam mostly negative charges, and some
positive ones, were observed (see Photo 12), These signel disturban-

ces depended very considerably on the position in the ring and on time.

Due to outgassing of the valves and circuit elements the
vacuun around the PU station deteriorated by a factor of 3. This

method was therefore abandoned.

3,3 Cathode followers outside the vacuum

,9ince there wes no advantage in having the valves inside
the vacuun, they were mounted outsi%e. Here the mognet fringing
field is still mex. 1.5 kGauss ( é%;ﬁ ~ 2% ) . BElectrodes and

cathode-followers were connected byhniniature coaxial cables (Z= 75/L).

'S/4974
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As agoinst the old one, ouly the supplementory RC filter at the en-~
trance was omitted in the new cathode-follower circuit. Allowing
for an input resistance of Rg = 500 kohms at the ccthode-follower,

the input time constant T would then be only :

= R C = 25us
g m °/

(with C:1 = 50 pF for the porcelain electrodes).

Using a cathode-follower with a compensated input divider (see Fig.28)

it is possible to increase the time constant T by the factor

_Eﬁ__§ (48)

In order to keep the divider frequency independent, it is necessary

thot

RC = RC (43)

Thus, the input capacity is compenscted and the stage can operate up
to very high frequencies, During one experiment using a D 3a valve
a bond-width of a2lmost 300 MHz was neasured, One disadvantage of

this sﬁ:ge is that the divider decreases the input signal by a factor

o

of =——3- . Finally, a cathode-follower circuit was chosen having

] . .
a low-frgquency input resistor of

R R
=8 = & =
BoT1T9 0,2 5 R

(v = 0,8 = anplification factor)



This circuit is shown in Fig. 29, Eith an electrode capacitance

of Cm = S50pP and Rg = 500 kohms, the grid time constant is
~
L = 5 R . C = 125 us
g g m /
This seems to be sufficient. The signal is attenuated only by the

anplification V of the cathode-follower,

3.4 Formation of the sum siznal

As mentioned before, with the new type of PU electrodes the
intensity signal must be derived from all 4 individual signals taken

together,

The sum is produced by a resistance network in the head
amplifier, Fig. 30 shows the basic circuit diagram, Fig. 31 the

equivalent circuit.

By means of the Millman Theorem the following sum signal

is obtained directly :
Us = (U1 + U, + U3 + U4) ¢ et (50)

for Rl ] Ri

3.,4.1 Recction on adjccent cothodes

The sun signal UZ reacts on each adjacent cathode

with 2 tension (Fig. 31)

R, s R R,
U = U . =EU . ———g—— . —E (r = 10.-4)
1T 1
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or approxinctely

I\.)|—'
=3
N

lp= /U, ¢ ===~ with (4R, ==+
1

il
2 Ry 1
~ T - m——— . -
Up 2 Ejr 5 h 5 (51)
1

Allowing for

UR 0
¥ §. 2.5 ~/oo

with equation (51)

(51a)

=
1\Ve

e

ahy

For R2 = 75 ohms and S = 35 mA/V it follows that :

Ry 2 755 ohms .

it

The value cnoscn for R 820 ohms , Thus, according to

equation (50) .
R
Uy = (U + U, + Uy U4) . E‘IgZR‘
1 2
4
Ug = 0,067 Z_Ur (52)
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3.4,2 Lovest measuracble bean intensity

Leaving aside such sources of disturbances as cavities,
inflectors etec, the smollest still detectable beam intensity
value is determined bty the S/N retio. Colculation must be
done a2t the input of the sum amplifier as here the signals cre
smellest. According to equation (33%), Appendix 5, the sum

voltage of the 4 electrodes is :

U+ U, + U+ T, = %:9 = Ug (53)
(Cm = klO = 50 pF = electrode capacitance)

with
sq-bed (54)

(bunching factor not considered)

L = ring circunference
= 628 m
P = Prot/pulse

1,6 « 1019 45

< O
l

electrode length

=6 cm
According to equs. (53) and (54)
Pee. £
US = ~=51- (55)

Anplification of the cathode followers is V = 0,8 , As a
result, ths following velue is obtained at the output of the

sun network (sec equation 52)

Uy =V U 0,067 = 0,8 + =222 . 0,067 (56)
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Two nein noise sources exist here @ R2 = 75 in series with

the equivalent noise resistance Req of the first step of the

sum amplifier (see Fig. 31).

Thus, the noisc voltzge is

Uy = \bk T af RN' = 0,126 \/RN[knj_ Af ficiz] | [/av]

With

RN = 400 ohas

Of = 30 MHz

UN = 0,126\’0,4 + 30000 = 14/uV
’r
Assuming & S/¥ ratio of 5= = 2 combined with equ. (56),
N

the minimum becm intensity value is

2UN . CmL

min _ e+ f < 0,067 * 0,8

= 1,7 « 109 Prot/pulse .

+d
|

min

PS/4974



Disturbance sources within the PU stations and their elimination

Several test PU stations with the new electrode arrangenent
(see Photo 13) were constructed and mounted in the machine. Signa s

tained with these new stations showed disturbances of various kinds.

ob-

Mainly, a negative devietion of the base line was observed at injection

and t. ansition.

4,1 Influence of the xrid current

Sorme PU stations showed a peculier slumping of their base

line (see Photo 14). The assumption wes thet the accuaulative

disturbance occuring at double synchrotron frequency was caused by

the grid current in the cathode-follower tube, Exanination of

these D 3a tubes revealed that the grid current was O,l/uA at a

grid voltage of -1,5 V., Thes effect disappeared, however, after

the working point of the tube had been displaced further into the

negative range.

4,2 Influence of the non-linear characteristic of the cathode-follower tubes

Appendix 7 contains an approximete derivation of vhat

haprens when a modulated signal at transition is transmitted by a

cathode-follower with a non-linear characteristic,

It was found that a supplementary modulation m* with the

double synchrotron frequencylrl occurs ¢

(65)

2 Z
oo msToz. e
(1+szk)
with Z,_ = cathode impedance RK|ICP
U, = cerrier azplitude of the fundamental (s. Fig. 34)
S = iutual conductance

= Curvature in the workiag point

k,mn = Constants .
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4.3

It can be seen from squeotion (65) that the moaulation factor
* . .
o is prepeortional to the square of the curvoture T and imversely

proporticonzal to the mutual conductancs S

Ags in gensrecl the curvature T decreases with increcsing
mutual conductance, operating with a high anode current ies an advon age
A linit is set however by the grid current and the maximal power

dissipation.

Resonances of the elsctrodes znd_their connecting lines

At trensitiorn the amplitude of the synchrotron ascilleticns
becomes very much larger, i.e. bunches becone very short and produce
pulses of o few nanosgecoxnds' length, The hernonics of these puls:s
are apt to excite resonanczs on the electrode and its supply lines.
Thus, the enhonced amplitudes of the harmonics might cause an over-

drive at the cathoda--follower input.

Frequency analysis of a pulse of 2 ns and a 10 MHz reve--
tition frequency revecled thot the 20th he—monic still has 65% of tho
. . 8 . . - .
fundamentel amplitude. ) 4% high frequencics resonances could

equally be excited by incident perticles,

Appendix & contains a jrephic anc mathenatical investige tion
as to vwhich amplitudes were cauzed by the higher harmonics at tThe end
of the transmission lire (before the cathode-followcr input}. The
naxinal amplitude o harmonics up te f = €00 Miz was found to be less

than 3  times the valus of the low frocquencics.

In order o Coxd nove efficiently *he resonances cn the
electrodes the porcelcin support was covered with a loyer of antinony
(replacing the silver) which served ~s surface resistance, Its speci-

fic velue was
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4.4

This did not remove the signal Gisturbences, which shows thot the
electrode resonances are of minor importance omong the causes for
trhese disturbances. This is elso corroborated by the fact that
electrocdes with ccthode-followers cttached to them in the vocuunm

(i.e. without cables) did not eliminate the disturbances.

Influence of the residual w«os ions and secondary electrons

At injection the base line frequently showed a stronger
deviation than could be accounted for by the R.C., grid time constont

of the cathode~follower,

These indications of a recharging process seemed to be
ceused by electrons hitting the electrodes. To confirm this, the
electrode was biassed (with respect to the chamber ) with & negative
voltage which was supposed to ward off low-energy negative particles,
As canbe seen on photos 15 and 16, this was possible with V = =30 V .
Increcsing the negative voltage still further provoked a pesitive
charge on the electrode (photo 17), ie. positive ions were attracted,
The bias voltagze necessary tc obtain an undisturbed signal was not
constant but depended on where the station was placed in the ring;

also, it varied from tine to time of neasuring.

From photos 15 and 16 (signals of the radial electrode)
it becones obvious that the negative slump of the base line occurs
mainly when the becm is extremely displaced. In this case many pro-
tons hit the vacuum chamber wall and hence the supposition is that
the negative chorge is caused by secondory electrons produced
at the vocuum-chamber wall (and having a high secondary emission

factor of the smell incident engles).

At transition, also the protons are extremely displaced
transversally, Here, too, part of the distortion could be elimira-
ted by a negative bias-voltage (see photos 18 and 19), Unfortunate-

ly tiis could not be achieved in a reproducible way, In order to
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prevent charged particles of low encrgy from scttling on the elic-
trode the latter would have to be biessed corresponding to the

energy of the incident particles. This can be achieved with an au-

tonatic tiasing mechanisa,

If the electrode is protected by a dielectric layer,
charged particles will land on the electrode until the counter po-
tentiel Ugoupter corresvonds to the meximum energy of incident par-
ticles, This counter potential is reasched the more quickly the

smaller the capacitance between dielectric layer and electrode.

4t injection, four of five stations no longer showed signs
of charging-up after their electrodes had been protected by a Teflon
layer, Only the base line of the fifth station showed a negative
deviation after 20 bean revolutions. This may have been due to
particles of higher energies which did not chcrge up the Teflon

layer but passed through it.

At transition, the protective Teflon layer had no influence
on the charging-up effect. This effect nlso remained unchanged
when the H.F. signal influenced on the electrodes was suppredsed by
a low-pass filter (fC = 500 kHz) between electrode and cathode-
follower. Increasing the pressure of the vacuum by a factor of 10

was of no consequence either.

The frequency of the charging-up voltage is relatively low,
4 12 kHz high-pass filter at the cathode-follower output suifices to

obtein PU signals which ore nlmost completely without disturbances,

Sumnming up, it pay be said thoat it proved possible, by
approvriate counter-neasures, to eliminate disturbances of high fre-
quencies orizinating frow electrodes arnd supply-line resonances, or
fron the cathode~followers, To eliminate signel disturbances

£ low frequencies couzsed by incident chzrged porticles of high

energy or i7-radiation, ¢ filter is required,



5 Construction

A

Fig. 47 explains the construction of the new FU shtions. an
approrrizate woving mechanisnm will ensure thot the measuring electrodes

in the vacuun may be adjusted according to the theoretical bean orbit.

For adjustment, 2 measuring telescope serves as refercnce,
with o mark oriented towards =2 reasuring point on each of the 2 adjacent

nognet units,

The cathode followers with their sum network for signal trans-
mission described above can be plugzed in, i.e., they are easily ex-
changecble, The plug=-in unit is fitted with = test input. From here
a test signal can be coupled cepccitively, via 2 releys, with the cathode-

follower inputs on each of the four cathode~follower grids.,

It is also possible to plug in only four cables instead of the
cathode~followers, In that case the trensmitted signel nust be regene-
rated by the method described in paragraph 4.1 . This would hcve the

advantage of no electronics in < radio-active zrea,

Photo 20 shows the prototype in its finel shape, On photos

21, 22, 23 sun signcls rcceived by the prototype electrode con be seen,

In o loter report the ensuing quotient formation from diffcrence

and sun signal (JQL) as mentioned in paragraph 2.1 will be described,

G. Schneider
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AFPIOIDIX 1

Calculaticon of the electrode shzpe

ba_conformal renresentation

m

The trznsformction steps frem the 2z via the t +{to the w-plane

are represented in Fig. 6, The [unction fro z to t is

t = sn (g% sin ™t —no2l 2== ) (%)

ith
w1 TT/z

2 i a+b -
T = —-1-,_— lg 5:6 (gee ref.[2]) (3>

If the ellipse circumference is divided up into 4 n equal arc elements %z in

the z-plane, the transformed circumference sections 6_ appear on the w-plane

w
as arcs of the angle va (z end w-nlane, Fig. 6). Thus, that Traction of

the field-lines emanating from the proton beam P 1is obtained which hits the
arc element az . By multiplyins, each va(for a given position P) by an un-
knovn length ¢, and then adding uvp these products obtained for the individual
electrodes, the difference signal for the respective proton beam position P

is obteined as the diiference of these tewrms for 2 opposite electrodes. .'ith

k = n different positions of F +the n unknown lengths ¢, can be determined,

The formuleticon For horizental ~l.ctrodes (sce Fig. 7) is :

PS/4974
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Influenced charge on electrede 1

? 4n
Q = 2 Vi Ir
b e+ 2 Apv ?

v
1 3n+y

(6)

Influenced cherge on electrode 2 :

3n

0 =
2k n+4 v v

' N e N N N

vith ¢ = ¢ for 2n2 v 2 n
14 2n=V

and ¢ = for 3n2 v 2 2n
v V=2n

and ¢ = ¢ for lnz v 2 3n
Vv a4n—V

for reasons of symmetry.

Conditicn of linearity :

8Q, = Q) - Qy = «Re(P) (7)
or
n 4n an
And / - ~
? va L, + 2 AV 2 A¢v£v = «a Re(PK (8)
n-+y n+q

As o 1is yet another unlmown factor, a value has to be assumed in order to
avoid a homogeneous system of equations, (n-1) ev values as well as the

sensitivity « can be cclculated withh n beam positicns P .

First of all the curve form of a circular cylinder electirode w:s
calculated with the help of ths IBlLL 7¢90 ccmauter (see machine prrogromme in

fopendix 2).



The transformaticn function is

Z-P ]
e
1-2°F
and
In (w) \
Ly = arc ig R (7] (¢

The circumference was divided up into 40 sections, corresponding to n = 10 ,
Developed on & plane, the solution showed & cosine-shaped boundary (deviation
ca, 1%) of the electrodes, This cosine-~shaped boundary corresponds to a

straight cut in the projection on the x -nﬁplane (see Figs, 8a, 8b),
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ATOENDIX 2

PICE-UP EIECTRODE PROGRAMVE

COMPLEX Z,S (100), W

DIITI3ICN 31(100,2), DPSI(1000)

BQUIVALENCE (S,31)

DIFMENSIC D(1C00), R(200), DT(1000), RT(200)

C BEAM POSITICH

s(1) = (.2,.0)
s(2) = (.5,.0)
s(z) = (.7,.0)
s(4) = (.3,.25)
s(s) = (.5,.25)
8(6) - (02, -5)
s(7) = (.4,.5)
s(s) = (.3,.7)
s(e) = {6.c5,.3)
S(IO) = ( 2;-7)
NT =6

M = 10

X = -1

| =

M =1

M1 = M+l

M2 = 2xbi+l
M3 = Bxlil
M4 = Lxliel
ML = 101

MB = Mga2

MC = HA/2
DELTA = 3.1415926/FLOAT(MC)
JX =0

D030 K= 1,8

PHI = -DELTA

L0 1= 1,iB

PYI = PHY:DRLTA

z = CrrLx(cos(PHI),SIN(PHI))

10 = (2-5{x))/((1.,0.)-coure(s(K))*2)
11 pST (1) = AvAN2(ATFAG(W),REAL(W))

]

214 I = 1,MB
DESI (1) = oP3I(I+1)-DPSI(I)
113 17 (oesI(I)) 213,14,14
213 DPSI(I) = DFSI{I)+5.2831852
14 CCHTINUE
VRITE (NT,12)K,S(X), (DPSI(1),I=1.14)

s/ 4974
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12 FORMAT (////X14/%2F10.2//(X10F10.6))

DO 15 I = 2,M
I1 = M2+I-1
I2 = Mo-I
13 = Mg-I
J = JK+I-1
15 D(J) = (DPSI(I)-DPSI(I1))-(DPSI(I2)-DPSI(I3))
D(J+1) = -REAL(S(K))
R(K) = (DPSI(M2)-DPSI(1))+(DPSI(i2-1)-DPSI(¥4-1))
20 JK = JK+N

CALL MXTRP (D,DT,N,N,
CALL MXEQU (D,R,N 1)

WRITE (NT,32)(R(I),I = 1,N)

32 FORMAT (////6HOxxxx% 10F10.5/(6X10F10.5))
32 FORMAT (////9HO RESULT..//(6X10F10.5))

RETURN
END

RESULT
0.98078
0.92066
0.86536
0.75448
0.66111
0.51681
0.39146
0.22634
0.08920
6.30405
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EZEDIN S

Proof of linzarity of linearl- cut, circular cylinder elecirodes

If it can be showm that the differcnce of the charges influenced
by o beam P on the electrodes 1 and 2 (see Tig. 9) is proporticnsl only to
the real part oif point P , this would prove the linearity of the electrode

with the length

tlo) T @
In other words
2T 2
]‘g (@) dp prép Re P = r cos yx (12)
o]
2™ I
or I = ] ¢ (o) %g do prép r cos ¥ (13)
(o]

¢ can be integrated from O +till 27 , as the diiference between the charges
of electrodes 1 and 2 is caused by cos ¢ (the latter being negative in
the second and third quadrant.
It is
= 12T (
- 14)
T EPS

as the unit circle in the z-plane is projected on to the unit circle in the

w-plene (see Fig. 9) .
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Frem equation (5)

AT iel¥ 2 rfie?
a0 do (1 - reil® X))z
S CHERS IS
% (1- r cos (p-x))° + (r sin (¢=x))°
2
)/ -
T — e — )
¢ 1 +1r - 2r cos (¢g-y)

With this it follows for the integral I (equation (13)) that

2T

I - /’ (1 - r2) cos ¢do

2
o 1L +1r =-2rcos (@—X)

& = ¢ =-x substituted leads to

2m=x
I = (1- r2) cos (é+ x) a¢

-%x 1+ r2 - 2rcos

2T=Y 21T"X

Rl ~ 2 A 3 .

I= (1- r2) cos y cos § d ¢ - -1 j sin ysin £d¢

-x 1 + r2 - 2r cos ¢ -y 1+ r2 - 2r cos €
I = L - I



From [3] integral 12 can be found :

2 =X
I, = Kléf%l sin y 1n (l+r2 - 2rcos §) = 0 (16)
€=-x
From [4] :
2T =X
2 l+r2 2 (L+r®+2r)t 5/2
Il=(l-—r)cos X[gﬁ_’*..w' arctg “r/ve }/
- 5 RS e 1 ,
2r r <l+l,2)2_l+r2 J(l+r2 )Z_ L rl -

2T l+r2 27

2
Il = (= 57t I% E;) (1-r") cos x

I. =27 r cos ¥

Therefore alsc :

I prop. r cos y

Qe Co d-o
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APPENDIZ L

Proof of linearity of linearly cut, cylindrical elecirodes with arbitrary
crogs-section

In I'ig, 15 an arbitrary shepe of electrode is shovm with the co-
ordinates ¢ = £ + jn on the edge. If the proton beam moves on the edge (in-

finitely near but not touching ‘the electrodes) it influences a charge

0 o=cé¢ - (22)

for linearly cut electrodes in the x-¢ plane (see Fig. 15)s Q =C & is the

real part of the complex analytical function :

£(¢) =C L =Cé¢& + iCn=0Q+ jP (23)

7ith the help of the Cauchy Integral Theorem

1 £(¢) ag
f(z) = .f

= (21)

it is possible to determine a regular function f(z), if the function £({ )
is lmown for all points around the edge. Adding the imaginary component

JjP =jCn is permissible on the grounds that either rezl or imeginary part of

an analyticel function fulfils the Laplacc differential equation (5] . De-

termined by the integral theorem (ecuation (24,)) the function £(z) within the

encircled area is obtained by changing ¢ with z in the function £(L).

Therefore @

f(z) = C z

Cx'+JCy (25)
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Thus also

is valid within the area of the resl part.

A direct relation between the rcal part 7 of a complex analytical
function f(z) = 0 (x,y) + JP (x,y) and a function f£(¢) =Q (¢ o7 )

v

(man for all points around the edge of the electirodes) is indicated by Greeds

formula
1 ; dg
Q(X;y) = ‘2_7_ ? Q(é:”’)) 'a_ﬂ ds (27)
g=-1n |¢ (&,2)| = Green's function
where
ag 1 QP'({,Z)

ER i

with w = @(g,z) , @ transformation function, which maps point 2z in point O
of the w-plone and point ¢  of the limiting culve on the unit circle of the
w-plane., This alweys holds good, according to Riemann's Fundamental Theorem

velid for any simple coherent area with at least 2 points on the edge.

These theorems and considerations go to show that

Nn=CcX <26)

is as valid within the area as

"=

on the cdge. Tor the cose discucsed here this mcans thot the dilference charge
influenced on the clectrodes by the proton beam (everywhere between the elec-
trodes) is nroportional to one co-ordinate , provided this h2lds ¢lso for

FS/4974 2 beax positi n around the edge of the clecirede .



Electrode coupling

issuming that Qv(v =1 + /) are the chorgeson the 4 electrodes 1 + 4
(see Fig. 21), and U  the respective potenticls, it follows according to Max-
v
well that

Qp = Uyl + (U= Uy) Ky + (U= Ugie g + (U= U)) K5

Q = Uy + (U= U1) dqp + (U= Uglig 5 + (U= U ) Ky

(28)
05 = Ugigo + (U5= )l + (Ugm Uk, + (U= 1)) B
Q, = Ub_lio + (ULF- Ul) kyg o+ (ULF- U2)1c13 + (ULF— U3) ks),
or, rearranged
9y = Uy (ko Iy pr 25) = gk, = Ugly g = Uk
Qp = Up(ky o+ Ty ot 2iy5) = Ugky, = Uzl 5 = Uk
(29)

A = Uzl g g+ 2hy5) = Uyl = Ugiy g = Uy ks,

q, = U0 kg v 25) - Uyl = Uk g = Uk
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The dilfference betuwcen the charges of Yo onposite electrodes i

.“ithout

PS/4974
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0

4 r 21—:3-,++ 2k 3

- . 4 + Q_+ D_+ Q
' + U = v ~ -

Jl+ U2+ U3 1 2 73

L =

coupling capacitors
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1
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Do O “
ot ity
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At

+
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1=
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~
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and Tor the cuotients

U.-U U.'-U.! 1

1 2 1 2 . !

ST = i D TS

K9 550
(37)

Uu,- U U '-u

37 ) 370, L

Sg = I

14 Zkiﬁ . 21(1z

Yo Mo

This makes it clear that the sensitivity of the difference signal as well as of
the quotient signal is decreased by a constant factor, As the calculations show,
neither the sum signal nor the eleccrode linearity is influenced by the coup-

ling capacitors.

On an electrode laid out according to Fig, 19, with a disconnecting

strip of 2,5 mm, the values k15, k12, k34, klO were measured,

Ko = 207%F

ko, ~ kg ~0,5pF

93

|
W

3
=

Owing to the coupling effect the decrease in sensitivity in vertical as well

as radial direction, worked out on the basis of the above values, is

1

L -1 7500 T 50,1

13%
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APPEIIDIX 6

licthematical part of the differentiation - inteprztion method

The conclusions to be drawn from Pig, 23 zre

~

Ul R
= o= == 5 (p = ju) (40)
o R, +——
C
1 ¢ 1
- = 4.
i T+ 0.k, (21)
1
U oC.
2 2
vu. ~ 1 (42)
1 R+ =
i oG,
U2 1
T TIT R (43)
Vll 1+ p02 5
[ U
2% 1y . R (1)
- > ° . - n =
U, Vo, o (1+ 002ai) (1+ pClhl)
U2
/ithin a certain frequency range there arc 2 possibhilities of making T in-
- . o)
dependent of thc {requenc. :
a) a.) IpClRll > 1 U,
and (45) this leads to 7 =V (45a)
B.) chzRil <« 1 0

Condition « is impossible to roclice owing to the low ccble characteri-
stic iapcdance and the small capacity of the clezctredes.
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b) a.) IPClRl| <« 1

U2 ClRl
and (48) this leads to 7= = V » =5 (L5a)
i o 21
B+) lpCR. | > 1
1
Condition a.) must be met up to frequency fo = §;§;E;
Conditi ) . tdowa 1 ( Tig. 2)
ondition B.) must be me /to freovency fy = o Ricz see I'ig, 24

Thus it follows that

U f

2 u
7 = VT (&7)
(@] 0

In Fig. 25 equation (L4) is plotted with logerithmic co-ordinates, showing
clearly how the diifferentiaticn is compensated by the integration within the

frequency limits.,.
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APPENDIX_7

siodulation by th2 nen-linear characteristic of the cathode-follower

Shortly after transition the synchrotron frecuency is very small,
frem then on it inereases slowly. The time interval T = %F corresponds to
twice the synchrotron frequency, see Fig. 32. Since the synchrotron frequency
is changing continuocusly, the frequency spectre of the whole cycle becomes

rather complicaved,

Considdring that disturbances occur around transition and immediate-
ly after owing to double synchrotron frequency, this range will be examined

m

herc on the assumption thet the time interval T 1is more or less constant

{see Fig. 33).

= n>1 (whole number is assumed)

The pulses below the envelop (Fig. 33) have the same area T (on account of the
fixed charge of the proton bunches). At the beginning and 2t the end of each
time interval T the pulse width is very small,and, as a consequence, the pulsc

very hi h. For this simplified pulse train the harmonic analysis 1is

A
0
u(t) = 5 + A cos Ot +A, cos 20t+ A3 cos 30+ ... (57)
wiith
2 T
Ao = 7 / U(t) cos KOt dat (K=1, 2,3, ...)
o
A T
In case of 1l< K << o
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Hence the spsctrum has the shape as showm in Fig. 34.

On a non~linear element such a mixture of frequencies produces new

frequencies, =mong them the frecuency Q .

Replacing the characteristic of the cathode-follower tube at the

operating point by a series expansion up to the gquadratic term, then

. 2 . _ dia 3
i0= I+ SUg +1/2 T Ug with S = 2= (58)
g
a2,
1la
T =
au
g

The freouencies w , w+ and w=(l, considered by themselves correspond to a
sinusoidal, amplitude-modulated carrier frequency. According to ref L 7]
and Tig, 35 the latter, demodulated on a non-linear characteristic given by

equation (58) produces a current with the frequency Q

UZ
m

.1
ig= 3 T " SZK m cos (Ot (60)

The rectificd current is

2 1

.o 1 2 oy .
io= 3TV (3 -3 5Z,.)?

when Um amplitude of carrier frequency w (see Fig. 3L4)

o}
1}

modulation denth
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Taking into account the higher harmonics 2w, 3w, .. etc, which, by demodulation,

deliver the samc frecuency €, with a factor of k > 1, then

1
R ~——— o IO COS5 Q
taQ ! 51 (1+ SZK -

(61)

iaQ = D cos (it

where 2
1 U
P :koET"—"’m‘* = ®
(1+ szK)‘

The voltage

iq . ZK = P . ZK cos Qt

is superimposed on the innut voltage the main components of which have the fre-

quencies w, 2w, 3w, ... etc. Hence
(62)

1
o (A1 cos wt + A

Ug = 148Zy

o COS 2wt + A3 cos 3wt+ ..) - PZK cos 0t

7ith this voltage the following current - among others - is produced at thc tube

characteristic :
A z
_ 2 1.2 2 ¥ )
i, =17 %2 (8 > kT U, zi:fgz;jz mcos (t) cos w t (63)
A Z
— 1,22 K )
* 1+SZK (S -2 KT Um z‘l—:"s'z;)'z mcos Qt) cos 2wt
A
+ L K ]
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The output voltage of the mein component is

ar
[Sr I

b
U, = i;fgz; (1- mcos Qt) (4 cos wt + 4,008 20t + h;c08 3wt) + eee  (6L)
with
Um2 2.
. S I
m*=m ., k5T o v (65)
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Resonances of uloctrodes

In the following tnc nossiblic sisnal distortion causcd by resonences

e ~

from the electrods and from the onnecting cables to the caothode-follower are

As in gencral the beaa influences charges all over the electrode, & co-
tinous aistribution of curr:int generctors may be assumed. Herc, in approxi=~
mation, 5 cquivalent circuit zencrators are assumed at points B, C, D, ©, and

I, with the respective currents iKB’ iKC’ iKD’ iKE’ and iKF (sce Fig. 37).

The load-indenendent currwnt is

dqv

iKv T (*U: B, C, D, L, F)

or, in case of a sine-wave current

The characteristic impedance on the electrode is not constant. According to

ref. [9] the curve showvm in Fig., 37 results from the geometrical data

- AL, 4
A 1..

of the

d = thickness }
electrode

width

dielectric canstant

m
]

The 75 ohm sunply cable is terminated by the input impedance of the cathode-
follower Rg l[ C 1in scries with an unavoidable inductivity L &nd a loss
resistance R2 . Via the supply ccble this terminating impedance is trans-

PS/4974 formed demendent on freaucncy. This dependence is shovm in the Smith diagrams



Firs. 38-41 for points 4, B, C, D, Z, and ¥, (sce Fig. 37), with R =2 MO,
C =10 pI'y L = 30 nH and R2 = 75 ohms). Within the electrode the line trans-

formation was done with mean charactceristic impedances.,

The current 1, in the output impedance 22 (see Fig. 42) is causcd

2
by a supcrposition of all cuirents coming from the 5 current generators

i, = /“i (v=3,¢C,D,E, r) (71)

Assuming that £ >> 7R C °? the output voltage becomes

P 5
U, =1 . jwc (?“)

. 1
For the frequencies (f << TR C )
g
q
tot
Usy = T (73)
tot
with
Ctot = Celectrode * Ccable +C
and

Yot = 2%

Consecquently, the resonance distortion becomes

T R T ()
T <3S = T T¢C *
3¢ “tot Kv
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Currcnt i2v can ve determined by means of the impedance curves TFigs. 38-41

and bty the princinle of continucus real power.

.2 _ . 2
v Rlv = oy R2
"
Rlv
i, = i, . ﬁ;“ (see Fi. 42) (75)

Allowing for the open eluntrode end which has the effect of a shunt reactance
Xp (see Fig., L2), it follows that

*

X
i = i o = RY
1v Kv R1v+j(le+ xp&;

and thus

i = i . Rlv prv - T
2v Kv I E R1V+Julv+

T2 PV

The currents coming from the generator points v (v = B, C, D, E, end F) axv

i
iz
nlotted in Fig. 43 as a function of frequency.

Due to the diiference in electrode lengths in point B, C, D, E, and F
the influenced charges, or gencrator currents respectively, in these points

are also different.

On the averags the ratio between these currents equals the ratio be-
tween the electrode lengths :

i R

KB KC : ikD : iKE : ikF = 0,7 :3:k:3 : 0,7

U
Bearing this in mind, the total output voltage excess ﬁé— as asscssed in
equation (74) is as olotted in Fiy. 44. Thus, the naxizgl signal excessup to

f = 600 MHz is less thou 3, which corrcsnonds to 10 db,
PS/4974
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