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0y THE CALISRATION OF T4® IHNTEHSITY PU-STATIO

Summary
This report gives the methods by which the intensity measurement with an

electrostatic pick-up electrode hzs been calibrated.

Two means of calibration are described and the result of the calibration
is checked by comparing digital intensity irndication (which is derived from the
electrostatic pick-up arrangement) with the readings of the current transformer

(Hereward transformer) .
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Introduction

For the intensity measurement of the proton beam in the PS an elec-
trode is used which encircles the proton beam.

The capacitance of this electrode fo earth is charged by influence
due to the charge in the wnroton bear,

A3 this beam is bunched, the voltage across this capacity has the form
of a pg}se train, If we call the amplitude of the fundamental of this pulse

train IIB s ther the following relaticn exists between the number of circulating

protons and this voltage :

(1)

where K is the calibration constant
and Ap the number of jrotons.

The calibration of the PU station consists in the evaluation of K, This K

is a function of the geometry of the FU station and the charge distribution in
the accelerator, as well as of the loading of the electrode by the input circuit
of the cathede followver,

While the geometry of the PU station of course remains constant, as
does the load, the charge distribution around the ring dees not, due to bunch
formation during the initial period of the acceleration, As this charge dis-
tribution can be considered to be rather constant and defined at energies above
transition, the intensity measurement is carried out in the energy range over
5 GeV,

The input circuit of the cathode~follower consists of capacitances
and resistances that safeguard the circuit against overloading. The influence
of the capacitive cowponent of the circuit is taken directly into account in
the calibration of the PU station while the influence of the resistive compo-

nent is considered separately in section 6.

Since the calibration constant K from equation (1) mist be evaluated
in the laboratory, the proton beam must be simulated.

It is rather simple to simulate the first harmonic of the beam signel,
moreover it is possible to simulate a perfectly debunched proton beam, Both
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ways of beam simuletion hawve been used and the resulting calibration methods
arc described in scection 2 and 3.

Bofore proceading to these descripticons, a brief summary of the fun—

dementals applicable to both calibration metheds will be given below,

The voltage across the electrode capacitance can be written as ¢

g = 2
U= 3 (2)

In our case the Q represents the charge which has been induced on the
electrode by the proton besm and the C reproscnts the totzl capacitamcce be-

tween electrode and carths For an eletrode with additional capacitive loading
the value of € is ;

C = ¢ +¢ (3)
e -

= glectrode capacity

¢ = sum of add. capacity

Assuning for the moment that the number of protons is constant, and with that

the induced charge Q, equations (2) and {(3) can be written as :

g = -E“af‘g (4)

Trhis shows that %— is a lirear function of CZ and that the ordinate is ocut
z e

After finding this point the slope of the function has to be evaluated
in order to complete the calibration ,
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2. £Celibration on the basis of coaxial transpigsion line theory

The fundamental of the beam signal is simulated in & reflexion-free

coaxial transmission line of which the FU station is an integral part.

a)
b)
c)

d)

a)
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This chapter is devided inte the following parts :
fundamental of the proton beam at S GeV and avove,
charge density on a coaxial line,
the coaxial line,

measurement results.

Fundamental of the proton beam at 5 GoV and above

The connection between the actuzl charge distribution in the
accelerator and ite fundamental at high energies is shown in fig. 1,

where

i

amplitude of everage charge

%
%

veak velue of fundamental

]

The relation :
2q, = 9 (5)

is valid cn condition that p & A (ref. Konopasek),

The number of protors in the accelerator follows from

_ total charge
Ab "~ elementary charge (1)

which we write as @

A =q.p-g (8)

P

where L = 628 m = circumfercnce of accelerator,

e = 1,6-10_19 coulomb = elementary cherge.
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From (5) and (8) follows :

A e

a, = 2 '%7 (9)

Now, in order to simulnte A_ protons, we have to generate on the coaxial

line a charge dengity as given in squation (9).

Charge density on a coaxial line

Independent of the place of measurement on a coaxial line the

charge density is giver by:
{
0
3 (10)

o

if the coaxinl line is without discontinuities and ferminated into its

characteristic impedance Z.

=2
It

Voltage on the central conductor

¢ = veloeity of light.

The velocity of charge on o couxial line is (with vacuum or air as di-
electricum) near enough the velocity of light. Ohmic 2nd dielectrie

losses can be neglected, if the line is short and has adir dielectric.

In equation {10) we way replace the value of Qg by the value
% of equation (9) if the protons in the P53 have the velocity of light.

This is given with geod approximstion at high energies,

S0 we get from (9) and (10] '

A o= 2 (11)
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If we call

o=t 2

>
Q

then (11) can be written as

K. L

A:—-—-oae

P 2 Zec

vhere ﬁe = yoltage on the electrode.

IT we collect all constants in o factor

X L
1

K = =

2 ecl

then we can write for (1la)

The coaxial line

(11a)

(11b)

Thoe outer conductor of the coexial line was constructed from the

complete FU station with an additional 4 @ of standard vacuum chamber,

The centre conductor was made of 2 wire of 2 mm diameter inside the 4 m

of vacuum chamber and with some additional diameter modifications inside

the FU station.

These modifications were necessary to maintain the

ristic: impedance inside the PU station 23 in the vacuum chamber,
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The diameter of the centre conductor in the space inside the
PU station tank which is free from influcnce of the FU electrodes is a
function of the diameter of the tenk and the characteristic impedance.
However, in the spaces whore the PU electrodes have influence, the diameter

dopends also on the additional capacities Cz or Cz

1 2*
In fig, 2 the coaxial line is shown schematically. In the space
where no influence of the clectrode is present, the diameter of the centre

conductor is ¢

d = De —.Z/Go (12)
In the space where the electrode has influence this diemeter is :
c*eo in D/D*
d*l,Z = D% e exp(-; —————— - 2/60 ) (13)
C'e + Cq,2
(For evaluation of (13) see appendix 1)
The meaning of the ¢apecitances is
c*eo is the capacitence of the clectrode without longitudinal eslectrical
field, C€*_ = 20 pF.
C*0 is the capacitance of the clectrode with longitudinal electrical

field,

As the oxnct value of C¥; is not known, we make the calibration measurc—

ments with two valuos which are considered the limits of C*e H

*, 1 = 20 pF

H]

o0

32,3 pF {measured valuc)

o
@
~o
L]
oQ
)
]
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Cz is the ex.ermally added capacitance.
Cc is the capacity between the two clectrodes (calculations and measure-

ments, see chapter 5)

leasurenent Results

The characteristic impedance of that part of the coaxial line
which consisted of the vacuum chamber and the 2mr cartre conductor, had a

measured velue of

2 = 224 ohms (14)

The value of the characteristic impedance in the PU station was therefore

designed to have the same walue,

Tre diamcters of the cenire conductor in the space where the

clectrode has influence were chosen as ¢

L
*
fl

6,3 mm

=2
fl
4

im

The loading capacitances for these two diameters were computed with equation
»*
{13) where capacitance C 5 ¥as taken as 20 pF ard 32,3 pF as min, and max,.

values for each of the two diameters.

Cr
]

12 pF; C = 0 pF

zll zl2

[
i

328 pF; C 316 pF

%21 z22

As it was not possible to reasure the voltage on the electrode with

°z12-= 0 pF {(the capacitanco of thu probe was already 2,5 pF) we had to

neasurc some points in the neighbourhood of Cz = 0 pF in order to find the



desired walue by extrapolation.

The neagurenent results are tabulated in Table 1, The voltage
~n the centre conductor wrn Uy = 2,42 Vorp = const.  This voltage accord-

ing to equation (11) corresponds to the number of protons AP = 1011 protons,

Uo 2011 = 2,42 Vopp |
6;91.2 ! a : C, ; % ! Ue i Ue1012 ﬁ--}--—
(pF) (i) (pF) | (Vaps) (mVoee) (aVare) c1041
-ﬁv%;f
20 4 328 10 145 35,1 28,5
20 63 I 12 10 1080 261,5 3,83
32,3 ! 4 H 316 I 10 150 36,3 27,5
32,3 6y3 28,5 10 910 220 4,54
32,3 i 6,3 18,4 10 1020 247 4,05
32,3 i 6,3 12 10 1170 283 3,53
32,3 i 6,3 6,4 10 ! 1320 520 3,13
32,3 6,3 2,5 10 1370 331,5 3,02 |
Table 1
In fig. 3 the measurement results sre plotted with ﬁ;};;; as ordinate and C2 as

abseissa. We see that beth pairs of points produce practically the same straight

linre, Bu% this could be a coincidence,

Us was measured with a high impedance voltmoter making only a capacitive
extre loading of 2,5 pF. The overall calibration aleo needs to take account of
PS/4243
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the gain of the cathode~follower (including its input cireuit),
In order to show, that in drewing 3 one should find & straight

line, we used the formula (4)

C +¢C
e 2

T e

=i
[ M

Q

This assumes thet Q is constant along the line. This is not precisely

trmue for the following reasen : woe atiempted to make Q constent by calcu-
lating a suitable Cz for each d*, but this calculation needs C%, wﬁich is
not knowm, So we had to use an upper or lower limit estimate. So,in fact,
Cz and d* do not precisely have values cor-ectly velated to meke Q con-

stant, But we think this difficulty produces only a very small error.

The slope of the calibration curve is from fig. 3 :

- . 1wl (Lt
tg 2, = 0,0784 . 10 (wefr (15)

With this the factor K from equation (1) is

+C.) (26)

- 11
K = tga, + 10 (cel ”

30 that we find as relation between Ap and Ue :

A, = 78,4+ 1090 (C .+ C,) Uggpe

P (17)

The calibration curve cuts the ordinste (fig. 3) in the point
PS/4243 —Cyy = ~ 3 DF .
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Calibration with 8 charged rod

a) Method

In accordence with what we nave said in the introduction, the de-
bunched proton beam will now be simulated by a charged rod. The charge is uni-
formly distributed along a discrete pert (L) of the rod length,

£ was, of course, made longer than the space in which the influence
of the electrode is present,
The charge Qi influenced on the electrode, was collected in a defined

capacitance (.!,',.1 and evaluated by meens of a voltage measurement,

The evennesgs of the charge distribution was checked by a special elec-
trode (K), seec fig. 4.

To deternmine Qg, the total charge on £ y the rod was pushed into o con~
ducting cylinder, whieh was longer than £ . Thus on the cylinder the sane
nucber of elementary charges was influenced as the length ,Q of the rod was
carrying.

The total of the influenced charge was again collected in a defined

cepacitance Cyp and evaluated by means of a voltage neasurement,

It goes without saying that the cylinder was free from earth.
The charge per unit of lengthk is @

Q g (¢, +¢C,)
g = £ . & ¥ R (18)

s A A

whers

Qg = total charge
£ = length of cherged rod

U - Voltage an CI'}Z

(9]
t

Mg = standard capacitance

Cg = ocnpacity of the cylinder to earth »y 90 pF
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The equivalent charge in the accelerator czn be writien as (see

equation (8) )s

Ae
qp = ..E— (19)
L
The ration of q, and _qp is 3
U (C. +C
% A Y (20)
qp Ue (Ce + Czi

where

l) = electrode voltage as influenced by rod charge

i
C'Ml = gtandard capacitance
Ue = electrode voltage g3 influenced by debunched

proton beam
Substitution of (18} in (20) yields for T, :

_ U, (G + )% . (21)
e § e+ T L+ &) 4,

M2 'R

As we have chosen CPD. » Ce and CHZ » C, and while ch = CHZ =0,2 /uF,

equation (20) becomes :

2 Uy
™ E3e ' T % (22)
e =z g
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8o far we have only considered static conditions. The relation be-

twech the fundamentsl of bunched proton beam and debunched proton beam is given

by
. (23)
9 B E; ’

With equations (5). (19), and (23) we get for the number of protons !

L(c +c) v
A= St £ L (24)
P 2%.e Uy
U K, L (c+c)
Ageinwecall £ = K, , amd K = s ..
T, 2
i 2 Lo
According to the introduction we get ¢
b = kK (25)

b) Measuring cguipment

The arrangement is shown in fig. 4.

The rod was of PVC material, obtained from the SB clectricity shop
and was c¢horged simply by rubbing it with shamry-lesther,

With the contrel electrode (k) the continuity of the charge was
checked. Voltage variations up to 15 % of UKmax vere tolerated., A
cord was used as o means of transport. The voltage was measured with a

Keithley-Electrometer Model 210.
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e time constant of the measurement wag practically determined
by tho resistivity of the supporting bars of the elcctrode (porcelain).
The input rcosiatmnee of the olectromctor wns of no proctieal imporiance,
3efore -the nocsursionis were nade, it was necessary to dry the whole arrange-

rwnt with not sir, In this way, a time constant of greater thar 1 hour was
achieved,

Fipg, 4 shows a simplificd skotch of the FU station, For the
actusl messurement the complete PU station was used (see fig., 2, without
central conductor). The second electrode was connected to earth., 1t
remained to be seen whether the surface conductivity of the rod was suffi-
ciently small so thot no charge displacement oceurred during the measure—
ment.,

This has been shown in the following way (see fig. 5)a

The rod was placed in a mwetslliic cylinder & which was connscted
to earth via capacitor C. The part of the rod which is shaded in fig. 5

was previously charged. The voltage across the capacitor C was U,

Hext, a second metallic cylinder B, which rarrowly encireled the
rod without however touching it, was brought into cylinder A, As the
ecylinder B had 2 galvanic connection with earth the voltage across the

capacitor C dissppcared.

Kow, when cylinder B was pulled out of eylinder A at a speed of
about 0.1 cm/scc rmd brought back into its original poaition outside the
cylinder A, the voltage across € was zgain at its original value,

We believe that, from this and similar experiments, we moy assuge

that the surface conductivity of the rod was sufficiently smell,

c) Result of measurements

We bave performed 20 indopondent measurements which resulted in

an average velue for K2 of :

Ky = 2912 (26)
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The sprond was smaller than 6% of KZm and the voltages of Ui and Ug were
in the order of 1 Volt,

With equations (24), (25) and (26) we mey write the calibrations

curve as @

K. L
1 K 2t (
aiem = et = emeee (€ +C)=tga (C +C) (27)
Yeers 4  Bler, ¢ F 2e @
where
K. L
tg o, = I (28)

2 \E'Jﬁehp

A factor VEi appears in the denominator if Ug is written as an effective
voltoge. If in (28) we take Ap = 1011 protons, L = 628n, d2= T0 en,
and e = 1,6 « 10719 coulombs we get

-
1

tea . = 0,0844 « 1012 -—1 (29)
‘VFJ

2

With this tangent we can draw the ecalibration curve as wo have done in

fig. 6. The voltage Ue is of course the woltege on the electirode, not
at the output of the cathode~follower.



4, Remarks on th: two methods

The two nsamurement methods should be regearded as complementary,
While in the first meothod (co:xial line) we measured the calibration line direct—
1y by measuring some points of it and computed the slepe of the curve from the
drawing, in the second method {cherged rod) we in fact moasured the slope of the

line and we constructed this line afterwards.

Comparing the results of the two methods we find some differences
both in the slope of the calibration. curves and in the effective capscity of

the eloctrede,

In fig. 7 wo give the differences of the two curves in % of the average

of these curves as a function of CZ .

It is of course very difficult to declde which of the twe curves ias
the more exact., TPerhaps we may regard a line between the two as the most

exact.

5. The influence of thc coupling capacitance Ce

The capacitnnce between the two electrodes in the two halves of the
station is neot completely negligikle, 1In the cass of the proton beam in the

PS we can distinguish 3 posgibilities :

1. The two halves of the station have the same loading C,y» so the electrodes
pick up the same veltege (neglecting the smnll phase differcnce between
them}. In this case the capaeitance betwecn them has no voltage across

it and s¢ no effect.

2+ We work with one elecirode, the other is earthed or has a much larger Cz
than the one we are using. Th: cnpacitance between them, or most of it,
acts as extrs capscity on the onc that we 2re using, and we obtain lese

signal thzn in case (1).

3. Weo work with one electrede, the other has a smaller Cz and goes to a higher
veltage. The capacitance mukes the electrode we are using read higher
than in easc (1).
PS/4243
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The combination of cascs (2) nnd (3) very nearly deseribe the nctunl con-
ditions, To ccleulatc the effcct of Cc we may rogard the problem as follows

(sce rig. 8) :

2 c Q
¢
N
- € b €
u -t 1 -I!r 2
NG »
Fig. 8
We found the relation :
2 Cc + 02
U, = Q (30)
1 0102 + ClCc + CZCc
We measured Cc = 1,5 pF .

The capacitances of the cleetrodes with their actual totzl loading are s 52 pF
and % 252 pF. With this and equatinn (30) we get for case (2) a reduction
of the signal in the order of about 1,6 %,

For caso {3) wve get =n incroase of about 2 4. To examine our calcu-

lations we mede a very simple messurermont with the PS ¢

We connected the electrode which has the big loading capacitance
with the intentity reading system amd the other electrode was left under normal
woTking conditions. Then we noted down the reading of the pick-up electrode
and the rending of the current transformer during 20 machine pulses, After
that the electrode which has normally the smzll loading capacitance was con-
neated to carth and we wede the rcadings agnin during 20 machine pulses. We
found a reduction of the pick-up signal of about 1.85 %. With equation (30)
we found for this cnse a reduction of sbout 2.6 £, It secms that Cc is a

little smaller than the value we have nessured,
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MTia effect of Cc may be taken into account for the measurement results
according to methed 2 (charged rod), We remember that the second electrode
was earthed during these measurements, So we have to decrease the value of

tg a, (see equation 29) by about 1,85 %.

It seems difficult to say how to take account of the effect of Cc

in the result of the measurements according to method 1 (coaxial line).

6, The influence of a resistance between electrode and additional capacitance

As was mentioned before, a resistance is cornected between the elec-
trode cap-city and the additional capacitance in order to prevent overloading
of the cathode-follower.

The capecitance which we have so far called Cz is split into two
parts by this re¢sistance, one part is Czo' formed by the capacity between elec=
trode and test probes and vacuum~tight connectors, the other part is the added

capacitunce which for reasons of simplicity we call again Cz « S0

where c ~s B pF .

The influence of the resistance was measured with the PS, The measurement
is rather simple as we have two separate PU-clectrodes at our disposal, One
was used for the measurement itself while on the other the fundamental of the
signal as a function of R and Cz was measured, After normalization of the

mecasured fundamental to intemnsity we get the attenuation factor b dependent

on the values of R and C;. TFig. 9 shows the resulting curves,

With fig. 9 2nd the results of chapter 2 or 3 we can construct the
final calibration curves, This was done in fig. 10, basing on the result of
chapter 3 (charged rod) and neglecting the effect of the capacitance €
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between the two electrodes. In fig. 10 Ue means the input voltage of the

cathode-follower measured in veff .

Te Corparison of the intensity indieations as obtaired by the current transformer
and the PU arrangement

The intonsity station was calibrated according to fig. 10 for
Ap = 5,101 protons. The actual values for R and Cz were ¢

R = 3%30 ohns
¢, = 200 pF
vhile
'=
Ce 40 pF

Any change in these values of c¢ourse results in a change in the calibration
factor, One should pay attention to the fact that any chenge in Ce' y Gl
& chonge in test probe sensitivity ete., may result in a considerable change

in the calibration factor.

The intensity reading of the calibrated station was compared with
the reading of the Hereward transformer. This comparison was made in three

inteneity ranges (in total over 2500 machine pulses).

The result is shown in fig. 1ll. The thick line is the average and
the spread is show. It should be pointed out here that in the low intensity
range the printer printed one digit less than in the other two ranges which

moans that spread and also average could not be accurately drawn.

In the higher intensity ranges the current transformer indicated a
current higher than that given by the PU station (sec fig. 11). We supposed
that some sort of overloading occurs between the input of the cathode-follower
and the digital reading. A plot of cathode-follower input voltages versus
digital read-outs zlso indicates this tendency (see fig. 12),
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APPENDIX 1

In this appondix somc additional consideratiors on the structure of the

coaxial line are given. The total measuring set-up is showm in fig. 13 (scale 1:2,5),

a) fentre conductor

For the calculation of the certre conductor, the procedure is the

following

The load capacitance Cz is considered to be compensated by a chango
in tank diameter in such a way thet between electrode and tank the capacitance
equals C*e + C,. Thus a fictional tank-diameter D¢ is obtained for the space
where the elwcirode is of influence., With this fictional value for Dy and the
alread¢, obtained characteristic impedance 2, the diameter of the centre conductor

is calculated,

According to this approach we cen write :

* ® _ 25 a
Clyp*AC,+C, = STocdeee (1)
1n Dg/D

*
IAC o is sny extra capacitance that comes from the longitudinal electric field

in the PU station, From (1) follows :

D, = D'oe * 2% =
f XP 5 eo +AC o+ C, (2)
with
Dy
Z = B0 1n B‘; (3)
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#2 obtain
L% % 2n £ &
d =D ¢ ex » -~ 2/60
P (C got 2 ¥, )
(4)
with
e _ 2ng &
e0 - T %
in D/D
or
21 & a = Cgg 1n DD
and
Coo + 130*9 = C*e
we get for equation (4):
&t ee (c 39 1n D/D 2/60)
e+ C
(5)

In order to obtz=in an idea of the characteristic iwmpedance of the
PU electrode with the 4 m of the vacuum chamber, the generator voltage U,

(fig. 13) wzs kept constont and Uz wes megsured as a function of the frequency.

The frequency was chang ed betweer 10 end 20 MEz., In this frequency

v
band a minimum for ﬁE was foundi
o

I;I_.é

7, = 0,972
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The line, conmtructed from the wacuun chamber directly terminated

in Z, showed no detectable mismatch ir the samw froequency band.

In this measurement, the total length of the wacuunm chamber was 4,5 n

(i.e., the complete measursment set-up without the FU station),
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APPENDIX 2
For completion the cathode~foliower circuit is given as it was designed
and measured by P. Cottfeldt,
The eircuit of the cothode follower is shown in fig, 14,

The design is sicple and the principal difficulty encountered was the
avoidcnce of high frequency oscillations due to the 200 pF at the grid., This

necissitated the use of a fairly high valuc grid stopper.
The D,C. operating conditions and the RF gnin are indicatcd belows

D.Ce operatine conditions = IEL = 28 mi; Up= 23V (vith 75 ohms termination)

RF gain (9.55 Mc/s)
0,7, including

0,16.

b

from grid to cathode gain

i

330 ohms resistor gain
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Photo no, 1
The electrodes of the PU station with centre conductor

Photo no. 2

Terminal resistance
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Photo no, 3

Measuring arrangement for charged rod measurementse

FPhoto no. 4
Test electrode with rod
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