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Introduction

This note describes the present thinking about the system which measures
the first turn trajectory, the equilibrium orbit and the dispersion and beta
functions in the LEP lattice, It also gives the general lay-out of the or-
bit correction system. However, its hardware, such as the correction mag-
nets with their power supplies, is described elsewhere. Furthermore this
presentation considers the LEP lattice only; special measurement devices

used in the vicinity of the interaction point will be dealt with elsewhere.

1. Relevant parameters and operation modes of LEP

1.1 Injection

In Phase 1 LEP will operate with four bunches per beam with the nominal

intensities!s2)

I =3.0 ma, N = 1.67-10%2 particles per beam
I

b =0.75mA, N =4.17410"" particles per bunch

These intensities will be accumulated by at least 47 SPS cycles as shown

in Fig. 1.1.
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Fig. 1.1 SPS cycle for LEP injection
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The intensities injected each cycle are therefore

Al/cycle = 63 pA, AN/cycle = 3.5+101° per beam
AI /eycle = 16 pA, AN /cycle = 8.610% per bunch

In each such SPS cycle there are two sub-cycles for positrons and two
far electrons. Each positron sub-cycle has eight bunches which are injected
into the four positron buckets of LEP using a twe-turn injection. The in-

tensities injeected in single pulse are

Al/pulse = 32 pA, AN/pulse = 17.6¢10° per beam
‘AIb/pulse = 4.0 pA, ANb/pulse = 2.2.10° per bunch

These are the minimum nominal amounts of intensities which are injected

into LEP and which should be detected by the beam position monitors. An in-

Jection efficiency of 30% had been assumed in deriving the above numbers.

During the initial running-in of LEP the trajectory has to be measured
on the first turn. In this case on-axis injection could be used for which
the assumed injection efficiency is rather pessimistic. We can therefore
regard the above intensity of 4.0 pA/bunch as the minimum current for which
the orbit has to be measured. The accuracy with which this first turn orbit
should be measured is of the order of 3 mm rms. This gives a minimum value

of the measurable product of intensity times displacement
-8
AxeI 3 1,24107° Aem.

With a maximum current of 3 mA/beam to be reached in Phase 1, the dyna-

mic range imposed on the beam monitors covers a factor of about 200.

Once the first turn trajectory is corrected and a reasonable lifetime
achieved the equilibrium orbit can be measured by averaging the position mea-
suremenpt over several turns. This should give a more accurate measurement

and a better orbit correction.
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During the accumulation mode the bunches of the same electron or posit-
ron sub-cycle are injected into LEP over several revolutions and injection
into the same LEP bucket are spaced by at least 80 ms. Once enough .current
is accumulated a better measurement and correction of the equilibrium orbit

will be possible.

1.2 Bunch numerology

The harmonic number of the LEP RF system is!) h = 31320 = 23.33.5.29
which gives, with the circumference of CLep = 26658.88 m, an RF frequency
of fRrp = 352,21 MHz.

The SPS has a harmonic number of hegpg - 4420 = 22.3.5.7.11’ the circum—
ference is Cgpg = 6911.5 m = 7/, CLep and the RF frequency fRrp(SPS) =

200.4 MHz = 33/54 fpr(LEP).

For nominal operation LEP will have four equidistant electron bunches
and four equidistant positron bunches. The closed orbit measurement and

correction system will be optimized for this operation mode.

Since the revolution frequency is fy = 11.246 kHz the bunch frequency
for one beam only is f, = 44.984 KkHz and the bunch spacing
Tp = 22.23 us. With both beams circulating the bunch spacing is maximal

in the centre of the arc tp = 11.12 us and gets smaller the closer to the
interaction point the observation is made. At the last bending magnet it is

T72p = 1.66 ps.

In some cases, such as the running-in period, LEP might oeprate with

fewer bunches per beam and also with one beam only.

If the beam-beam effect is worse than estimated or if the desired bunch
current cannot be reached an operation with eight bunches per beam could re-
gain part of the lost luminosity394’5). In order to make this possible
separators have to be installed in the centre of the arc which involves some

changes in the dipole magnets to provide the necessary space.

Collisions between electrons from LEP and protons from the SPS have been

considered for the far future. For dedicated e-p operation a considerably

larger bunch number (e.g. 540) may be used in LEP.
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1.3 Bunch length and bunch spectrum

Neglecting the fields induced by the beam in its surroundings the bunch
has its natural Gaussian form determined by quantum excitation. The instan-
taneous current I(t) seen by a pick-up station due to the single traversal of

such a bunch is therefore

(ct)? — (ct)?
- 2 an - 2
I(t) = Ie 200 = g4 e 20 (1.1)
P k, o
b
with o = rms bunch length (in metres), I, = peak current, R = average

machine radius and Iy = average current of ky bunches (Fig. 1.2),

~

The spectrum I(f) of this current seen in a single passage is also Gaus-

slan
-(2nf)?o?
~ 4o -jwt 1 2
1(F) = [ I(t)e V" dt = —2— o 2 (1.2)
- kbfrev
where frey = 11.25 kHz is the revolution frequency. The rms frequency of
this spectrum is
P £
s  2no
which is listed in Table 1.1. Note that the spectrum contains positive and

negative frequencies and that the Fourier transformation is normalized in

such a way that I(f) is given in A/Hz.

In LEP each beam has kp = 4 equidistant bunches. The spectrum of a

single beam with bunches of equal intensities consists of lines spaced by
befray. (Fig. 1.2).

@ 1 pkbznfrevU
Lp) = I Y exp S S — (1.3)
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The line spectrum of the two counter-rotating beams is more complicated
and depends on the location of the beam observation. This is due to the
fact that the time spacing between the passage of the e* and e~ bunches is

different at different monitor locations.

The monitors themselves have a broad-band response and cannot resolve
the line structure of the spectrum. Only the single traversal spectrum
{(1.2) has therefore to be considered for manitor response calculation. How-
ever the time spacing of the bunches is important for all considerations in-

volving measurements of individual bunches and beams.

For large intensities the fields induced by the bunch itself will alter
its form, an effect which is usually called bunch lengthening (or shorte-
ning). The bunch form is no longer Gaussian under these conditions but one

often makes a Gaussian fit through the little-known actual bunch form.

In Table 1 the rms bunch length ¢, the peak current Ip and the rms
frequency wppg/2n of the bunch spectrum are listed for different condi-
tions. At the low injection intensity self-fields are negligible and the
natural bunch length can be used. For higher intensities the bunch length

has been calculated with tracking program56!7’8)

condition (GEV) éi‘(mA) o {mm) 1p (A) fS = ;i; (GHz)
one injection pulse 20 0.004 16 2.7 3.0
nominal current for 20 0.75 19 427 2.5
acceleration

nominal current 50 0.75 12 670 4.0

Table *t. Bunch length, peak current and bunch spectrum for different condi-

tions.
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Fig. 1.2. Time-dependent current I({t), single traversal current spectrum
T(f) and multiple traversal line spectrum I{p kbfrev} of four
equal Gaussian bunches having a total current of 3 mA and a length

of ¢ = 12 mm.
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1.4 Electron and positron orbits

In LEP the energy loss per revolution due to synchrotron radiation is
223 MeV at 51.5 GeV. With only two RF stations being installed of Phase 1
the beam just leaving an RF system will have an excess of relative energy of
1.08-10-% while the other beam has a lack of enerqgy of the same amount.
This leads te a horizontal separation of the two beams which is maximal at
the end of the arc. There at the maximum dispersion of D = 2.22 m this
separation is about 4.5 mm. In the presence of field errors also the verti~
cal orbits of the two beams could become different?,10), As a consequence
of these effects the beams could be displaced relative to each other at the

interaction point and the luminosity reduced.

It is therefore desirable that the orbit of one beam can be measured in
the presence of the other at least for the nominal operation with four bun-
ches per beam. Furthermore these effects have to be taken into account when

the orbits are corrected.

1.5 Energy ramping

In Phase 1 the energy per beam could go from a minimum of about 18 GeV
to a maximum of about 77 GeV. It is planned that the energy will be ramped
linearly with a speed of about 1 GeV/s after injection is completed. the
total ramping time is therefore of the order of a minute. The closed orbit
has to be controlled during this process which can probably be done using
fixed correction files. It might, however, be necessary to measure the or-
bit several times during ramping. Furthermore the betatron and synchrotron

frequencies have to be controlled.

2. Distribution of monitors and correctors

The proposed distribution of monitors and correctors is compatible with
the two considered phase advances of 60° and 90° per cell and with the use of
local bumps for orbit corrections. It is the result of PETRos!!) and
PETROC12) calculations!3,14,15) where the effects of alignment and exci-
tation errors af the magnetic elements on the orbit are evaluated and sub-

sequent corrections simulated.
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A position monitor is installed at each quadrupole. Most of them read

only the beam displacement in the focusing direction of the adjacent quadru-

pole. Only a few monitors in the interaction regions read horizontal and
vertical beam positions. The correctors are small independent mag-
nets16), They are distributed in such a way that two out of three lattice

quadrupoles have a corrector in their vicinity, acting always in the focusing
direction of the quadrupole. Again a somewhat denser distribution is used
in the interaction region. With this lay-out localized correction bumps can
be made spanning 180° in the 60° lattice and with a span of 180° or 360° in
the 9P lattice. The distribution of monitors and correctors and the local
bumps are shown in Fig. 2.1, Minor changes of the monitor and corrector
positions around the interaction may be necessary when the other equipment to

be installed there is finalized.

With this distribution and using a minimization around the interaction
region and localized bumps elsewhere for correction PETROC calculations have
been carried out1®). The main results are shown in Table 2.1. The resi-
dual errors of the corrected orbits are first given without taking the error
of the orbit measurement into account. This measurement error is due to
alignment error of the monitor and due to read-out errors. The rms align-
ment error between the electrical centre of the monitar and the magnetic
centre of the quadrdupole is estimated to be of the order of 0.2 mm using
typical individual alignment errors of 0.1 mm rms, The rms read-out error
after calibration may be of the order of 0.2 mm. The measurement of the
beam position with respect to the quadrupole axis has therefore an rms error
of about 0.3 mm rms. External noise entering into the read-out system could
increase this error further. We assume here a total rms measurement error
of about 0.5 mm to get the final residual orbit distortions listed in
Table 2.1. As can be seen from these numbers the orbit corrections are

quite efficient for both phase advances.
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phase advance per cell deq. 60° 9P
dipole errors: horiz. alignment mm 0.12 0.12

tilt mrad 0.24 0.24 \
excitation AB/B | 2.5-10"" 3.10"
quad. errors: horiz. alignment mm 0.12 0.12
vert. alignment mm 0.12 0.12
tilt mrad 0.23 0.23l+
excitation AB/B | 5e10-" 5+10-
orbit stability:
number of machines tried 10 24
" " stable machines 10 (100%) | 19 (35%)
" " damped " before correction 2 (20%) 7 (37%)
" " " " after " 10(100%) 7 (37%)
orbit errors:
horiz., before correction mm 6.8 6.6
" , after " mm 0.4 0.4
" , " " incl. 0.5 mm
reading error mm 0.64 0.64
horiz. correction factor 0.094 0.097
vert., before correction mm 1.7 9.2
" , after n mm 0.5 0.7
" s " " incl. 0.5 mm
reading error mm c.71 0.86
vert. correction factor C.060 0.094
vert., dispersion before correction mm 598 540
" " after " mm 146 188
" " correction factor 0.24 0.35

Table 2.1,

advance per cell.

All errors refer to rms values.

Results of PETROC calculations for LEP 11 with 6P and S(P phase

The strength of the orbit corrector has to fulfill three requirements,
It has to be sufficient to apply the corrections called for in the PETROC
simulations; the kick due to a single quadrupole misaligned by 1 mm should
be able to be compensated by the corrector at top energy; local beam bumps
will be used to scan the available aperture at injection energy in order to
find possible obstacles.

listed in Table 2.2.

The resulting required corrector strengths are
In most cases the third of the three requirements
determines the corrector strength. If necessary this requirement could be
somewhat reduced by using longer bumps involving four correctors for aperture

scanning.
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The setting errors of the correctors should be small enough for their
contribution to the residual orbit error to be negligible. This gives an

error in the correctors' strength of ~2°107° Tm,

phase advance per cell deqg. 6P 9P

horiz. correctors in the arc Tm 0.029 0.026
vert. " oo n " 0.019 0.019
horiz n " " RF sections " 0.036 0.035
vert. " " "o " " 0.031 0.025
horiz. " near (52, Q54 " 0.050 0.050
vert. " Qs " 0.074 0.074

Table 2.2. Required corrector strengths

An additional requirement applies to the setting accuracy of the verti-
cal correctors. To minimize depolarization of the beam certain harmonics of
the vertical closed orbit should be corrected to a value which is below the
accuracy of the measurement system. It will be done by creating this harmo-

nic with a set of correctors and varying its strength while the polarization

is measured17). This optimization of the polarization requires small
steps in the corrector strength, To estimate this step size it was assumed
that the orbit harmonic mentioned is created by using 16 correctors. The

setting accuracy of the correctors was then calculated so that the bump cor-
responding to a step equal to this resolution should not affect the polariza-
tion by much more than 1% at 40 Gev18), Therefore we also obtain for the
step size or accuracy of each corrector about 2¢10-° Tm. About the same
value is obtained if the steps used in the polarization optimization at
PETRAY?) are scaled to LEP econditions. A setting accuracy of 2:10=° Tm
for the correctors seems to satisfy all requirements, This corresponds to a
relative accuracy with respect to the maximum strength of not more than
5¢10°" for most correctors. It should be noted that sometimes the orbit has
to be corrected and the polarization optimized while the beam is circula-

ting. Under these conditions the corrections cannot be cycled to avoid bys-
teresis effects.
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3. Beam monitor design and characteristics

3.1 General considerations

The bunch length being about 4 cm (4c), the probe system does not need

to be longer to "sense" practicaily all the charges of the bunch.

The monitor has to be integrated in the vacuum chamber made of extruded
aluminium tubing. Its position should be next to the quadrupoles with an

rms alignment tolerance of 0.1 mm relative to the quadrupole references.
Two short straight section (SSS) dispositions have been studied:

version 1 , from the "Blue Book"19), where the quadrupoles are appro-
ximately in the middle of the SSS and the monitors about 70 cm away from

the chamber end and bellows assembly (Fig. 3.1);

version 2 , where the quadrupoles are at the end of the SSS and the

monitors next to the bellows assembly (Fig. 3.2).

In version 1, the monitor has to be integrated in the quadrupole chamber
in order to avoid additional large flanges and the interruption of the cham-
ber water-cooling channels. It should also be repairable in situ which im-

plies the use of demountable flanges for the electrodes.

In version 2, the monitor can become a separate unit, independent of the
chamber fabrication processes, but is then next to the bellows system which
contains RF contacting elements such as bellows or sliding contacts. This
proximity may produce (especially with the sliding contacts) perturbations to
the monitor characteristies. These perturbations are being evaluated both

theoretically and by model measurements on the test set-up (see Section 3.6).

Since each of these solutions presents advantages, they have both been

studied.

In the bending arcs the monitors will be exposed to synchrotron radia-

tion and, in order to avoid direct impact on the horizontal probes and inter-

ference with the cooling channel, their assembly has to be skewed. The
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vertical and horizontal information can then be obtained by sum and diffe-

rence between the four probes.

Since the same probes will sense both the electron and positron bunches,
it would be an advantage to be able to distinguish the two kinds of signal by

their polarity in addition to their timing sequence,

el 39500
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Fig. 3.1 Layout of a short straight section, version 1.
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Fig. 3.2 Layout of a short straight section, version 2.
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Different types of sensors can be considered:

- probes based on the pure magnetic coupling; they would not present the

polarity advantage

- probes based on the electro-magnetic coupling such as the directional
couplerszo); they would present the advantage of electron-positron
signals separation, with an isolation between the two outputs of ahout
40 dB. Their integration into the available space and into the extru-
ded vacuum chamber is more complicated and requires double the number of

feedthroughs

- probes based on the pure capacitive coupling such as button electrodes;
they present the advantage of signal polarity and simplicity of con-
structi0n21). This type of probe is already used in many electron

machines and has been chosen for LEP21‘25).

It results from these general considerations and from the geometry of
the chamber that the buttons can have a diameter between 20 and 30 mm and a

disposition as represented in Fig. 3.3,

Another very important aspect is the influence of the ionising synchro-
tron radiation on the materials of the probes, on the electrical signals and
on the long-term stability of the monitor characteristics. A study of the
radiation levelsZ6-28) to which the button electrodes will be submitted

shows an integrated dose of the order of:

at 51,5 GeV/c : 10'? rad per year of operation (3000 h)
at 85 GeV/e : 4.1010

The geometry of the electrode disposition results in a dose which is twice as

large for the outer electrodes as for the inner ones26,27),

Another important aspect is the peak dose rate due to the pulsed nature
of the y radiation, the peak value is very high due to the duty factor of
the bunch (bunch length versus LEP circumference). The calculation has re-
sulted in a time function?’) with a leading edge similar that of the bunch

current time function, since it is produced by the forward scattered photons
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Fig. 3.3 Position of the buttons in the vacuum chamber for version 1.

which have about the same velocity as the bunch. But the trailing edge has
a longer time constant since it is produced by the back-scattered photons
which have then a longer path to travel. This time function is represented

in fig. 3.4 .

The calculated peak dose rate has the following values:

51.5 GeV/c : 1.5 : 107 Rad/sec
85 GeV/c : 1.3 : 10% Rad/sec

for the outer electrodes.

For such integrated doses and dose rates, very little information is avai-
lable to predict with precision the ionisation effect on the ceramics needed

for the electrode assembly and its vacuum feedthrough.

The stability of the elctrode capacity is important for the monitor per-
formance. It imposes that the dielectric constant of the ceramic should not
change with the high photon doses absorbed. Here also very little informa-
tion was available. It resulted from specialist consultation (Commissariat a

l'énergie atomique de Paris) that its purity and metallisation procedure
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It was decided to have prototype electrodes (Fig. 3.5) tested with a
pulsed y source (Euphrosyn, 1.4 MV, 40 ns, 10'° Rad/s) with peak dose rate
in excess of the LEP worst case. In addition an inteqrated dose test should
show on the prototypes if the Al,03 dielectric constant varies with the
highest dose possible in future LEP phases (10'! Rad/year). These tests done
by the cEaZ9) gave favourable results and show that no mechanical damage
has been produced by the high photon current and that the dielectric constant
of Al,03 was not affected by the high radiated dose.

Another critical aspect of the high radiation level is the air ionisa-
tion in the coaxial line after the coaxial feedthrough (Fig. 3.3). The pul-
sed nature of the synchrotron light may produce an ionisation chamber effect
and therefore perturb the signal in addition to the secondary electron cur-

rent produced by photons on the electrode surface and volume3®s31),

Finally, the air ionisation also produces ozone and nitric acid with the

ambiant humidity, which may corrode the electrical contact within the connec-

tor.
I rodistinn t
Rad/eJ intenciix -
107 - .
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Fig. 3.4  Time dependence of the radiation intensity at the buttons for the

s

passage of a bunch with Np = 7.66¢10%! particles, ¢ = 2.25 cm
and £ = 51.5 Gev27),
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Fig. 3.5 Photos of model electrodes

3.2 Prototype button electrodes for electrical and radiation tests

A first design has been produced prior to having the results of the

radiation calculation. It is based on the following concepts:

- the version 1 disposition, whereby the monitor is away from the bellaow
system, has been chosen. It implies four flanges for the four elec-

trodes;

- the flanges are used for the transition aluminium to stainless-
steel32);

- the electrode mechanical support and the feed-through are combined;
this solution allows a mechanically stable and reproducible electrode

structure, metallisation on ceramic, and low cost;
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- the positioning of the electrode is independent of the flange (bellows).

This type of button electrode is represented in Fig. 3.3. Five manufacturers
have produced prototypes based on this design, but with some freedom in the

actual realisation.

These prototypes (Fig. 3.5) have been radiation tested, as stated in

section 3.1.

The electrical response of the capacitive electrode is described in sec-
tions 3.5 and 4.1. Prototypes with metallised electrodes were tested (see
section 3.6) in a chamber configuration corresponding to the PU version 1
with its four flanges. They presented a ringing due to the length of line
within the 3 mm thickness of the Al,0; disc where the wave velocity is re-
duced by vYe, ~ 3 and therefore is equivalent to a perturbing length in-
creased to about 10 mm. Different models were built and the conclusion was
that the electrode diameter is surprisingly not critical, the effective dis-
tance to ground should be minimum, <1 mm and the connected coaxial line as

free of reflexions as possible.

3.3 Beam monitor model 1

A final electrode model has been built taking the preceding test con-
clusions into account (Fig. 3.6). In addition its electrode disc is made
thicker for better shielding of the ceramic against the scattered synchrotron

light and the ceramic volume is reduced to a small centring ring.

The feedthrough25) which supports the central conductor and the elec-
trode is pushed as far as possible away from the radiation source in order to
profit from the collimation effect of the outer tube and external lead
shield. In this way, the first part of the coaxial line is under vacuum and
will not suffer from ionisation problems. The first connector and cable
should then not be submitted to too high a level of radiation. The length of

this electrode assembly has not yet been optimised.

The mechanical construction of the electrode should be very stable, re-

producible and possibly tunable. The next step is to build final prototypes.
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Figs. 3.3 and 3.6 show the beam monitor on a standard quadrupole cham-
ber. It does not interfere with the cooling channels and will house a set of
four balanced button electrode assemblies. The monitor chamber should have

the following characteristics:

- mechanical tolerances on the geometry of the electrode seats should al-
low an rms tolerance of 0.1 mm between the electrical and mechanical
axis of the monitor after all chamber treatments and lead shield appli-

cation. This tolerance should be stable in time;

- the monitor support should allow an rms alignment tolerance of 0.7 mm

between its mechanical axis and the quadrupcle references;

- the beam monitor chamber is a fixed point of the vacuum system and

should be rigid enough to support all efforts.

The construction of the monitor chamber is bound to the general vacuum
chamber technology. Feasibility studies are on their way, but not yet
finished. Electron-beam and friction welding are promising methods for
joining the extruded Al-alloy with forged or machined seat preforms. A final
machining should give the required precision. A machined monoblock solution

is also being studied,

If needed a final electrical test, with reference electrodes, will
determine the monitor electrical axis which will be mechanically transferred
on the external fixation and reference plate. This version 1 beam monitor
allows more isolation from electromagnetic interference due to the bellow
assembly. However, it presents drawbacks for its fabrication and installa-
tion due to the fact that it is bound to the SSS chamber fabrication proces-

Ses.

3.4 Beam Monitor Model 2

An alternative solution has been studied whereby the monitor and chamber
have different fabrication lines. It uses the same button electrode struc-
ture, but the coaxial lines, with feedthrough and connectors, are machined in
a disc which could be either stainless steel or Al. Fig. 3.7 shows the model
2 construction, This monitor having a disc form could be sandwiched between
the two chamber flanges. However, in order to save one vacuum joint, a wel-

ded assembly with its neighbouring bellows has been chosen. This type of
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monitor is well adapted to the so-called version 2 disposition (Fig. 3.2)
where the quadrupoles are at the end of the SSS5. This sclution has the
advantage of fabrication and calibration as being independent of the vacuum
chamber. In addition, it will require cooling for the higher energy level of
LEP. Model 2 should ease the fabrication processes to reach the required
overall precision. A model of this monitor version has been fabricated and

1s being used for the measurement of the bellows assembly interferences.

3.5 Electrical characteristics of the beam monitor

3.5.1 Sensitivity to beam current

If one only considers the image charge induced by the beam electrical
field, without longitudinal component, the influenced voltage follows the

Faraday's law in a pseudo static state, fig. 3.8.

a,(t)

V (t) = (3.1)
e

with Qg(t) the instantaneous charge on the button electrode and C, the

capacity of the electrode.

d-v

t:d/c
Fig. 3.8 Coupling from beam to electrode.
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If one defines Q (t) as the instantaneous beam mean charge over the

length d, it allows it to be related to the instantaneous beam current, I(t)
knowing that the beam velocity is ¢ :

t+AL

d
At = 7 and  Q(t) = [ I(t)dt =~ I(t) At (3.2)
t

Hence Q(t) = I(t)'g' (3.3)

The relation between the image charges on the electrode Qg(t) and the total
image charges on the cylinder of length d, equal to the beam charges of the

same length Q (t), is in our approximation simply the area ratio:

Qe(t) Ae nd

=] P = - (3-4)
Qlt) Acylinder “p

with p = perimeter of an ellipse with major and minor half-axes a and b.

It results from equations 3.1 to 3.4 that33);

nd
V() = I(t) st p = I(t) Z_ (3.5)

which can be expressed as a coupling impedance Z, in the case of unloaded
electrode (Fig. 3.9).
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I(t) Zoo Velt)

Fig. 3.9 Equivalent circuit for the beam-to-electrode coupling.

Remarks
Such a model is valid:
- for bunch length ) d

- for a simplification whereby the image charges have a constant density

on the ellipse perimeter p

- up to frequencies where the P.U. can be considered as pure capaci-
tance34). At higher frequencies the response is determined by

resonances.

We calculate Z, for the optimized model with the parameters: axes of
the ellipse a = 65.5 mm, b = 35 mm, circumference p = 323 mm, electrode

diameter d = 26 mm and electrode capacity Ce = 17 pF.
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Using (3.5) gives :

Z, =0.323¢,

Using the correct charge distribution in an elliptic chamber3>) we
get:

z = 0.34 Q.

«©

Measuring Z, by observing both the attenuation of the pulse response

and the transfer function gave :

Z_(measured) = 0.35 Q.

Since the final button parameters may be slightly different we take for

the time being round numbers :

Z_ =0.300¢, Ce= 15 pF ) (3.6)

3.5.2 Sensitivity to the transverse beam position

The transverse response of the monitor is expressed as the ratio between
the difference signal A and the sum signal ©. The difference signal for a
horizontal monitor (Fig. 3.10) is obtained by forming first the sum of the
signals from button 2 and 4 and the sum of buttons ! and 3 and then taking
the difference between these 2 sum signals. Ideally the response signal
should be proportional to the horizontal displacement x of the beam; in rea-

lity the response is more complicated and can be expressed as:

(%ﬁ = k{o,0)(1 + glx,y))x (3.7)
X

for a horizontal monitor.
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Taking as an approximation a monitor in a circular chamber of radius a =

50 mm with buttons at +45° with respect to the orbit plane, one gets :

/7 23?3 p202
k(x’y) =T ; g(x’y) ” - 2 + L + o seaen
a a a

A more accurate calculation gives :
9(0.2,0.0) = -3.8% and g(0.2,0.2) = 7.3%
With this circular approximation for the LEP chamber with a = 50 mm not

introducing the correction factor g(x,y) would result in a proportional error

less than B% for a beam position located inside a circle with 10 mm radius.

o

.

o) x

The sensitivity near the centre for x = 0.1 mm (

ponds to (%ﬂ = 2.8410-3,
X

= 0.002) corres-

i
Q

If we take the correct charge distribution in an elliptic chamber>2)

we find for the horizontal monitors on the medium plane v = {1

(8) =~ 0.041 (1-0.00071x2)x (3.8)
X

where x is the horizontal beam displacement in mm. This value agrees well

with that measured for the version 2 prototype (Fig. 3.11).

The non-linearity of the monitor response (3.8) is only important for
large deviations from the centre and does not affect the orbit correction
much if it is done in several iterations. However it has to be taken into

account if a large orbit distortion has to be measured accurately,
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Fig. 3.10 Position sensitivity for a circular chamher

Fig. 3.1

ﬁ(AIE)y

Measured horizontal and vertical position signals (A/Z)y and
(A/L)y, as a function of beam positions x and y in mm (simulated
by the central conductor). For a beam position x = 10 mm,
y = 0 mm we find (A/Z)y = 0.35 and for x = O mm, y = 10 mm we
find (A/Z)y = 0.26.
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Fig. 3.12 Test set-up.

3.6 Test bench and set-up

A test set-up has been designed and built in collaboration with the LEP
RF group (H. Henke), for the electrical test of the beam position monitors
and other elements of the vacuum chamber. Figure 3.12 represents the block
diagram of the set-up. The pulse generator gives pulses corresponding to the
LEP bunch signal, 5 Vpeak and 9DpS duration (mid-height) or step function
with 90,5 rise time and 27 Vpeak- The pulses are produced by step-

recovery diodes. Figures 3.13 and 3.14 show on the top the generator pulses

and their spectra.
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The test line is made of a pipe with the LEP chamber inner profile and a
circular central conductor having either 50 9 (for maximum coupling) or
higher impedance (200 @) for higher mode waveguide excitation or beam posi-
tion simulation. The set-up can also be used for comparative measure-
ments36-39) whereby a blank chamber response is compared with that of a

chamber containing the object to the measured.

Button electrodes transfer impedance, coupling between adjacent objects
mounted on the vacuum chamber, longitudinal and transverse impedances are
measured36“39). The time domain pulse signal is first sampled and digi-
talised with a modified Tektronix sampling scope. 1024 points are recorded
with 12 bits resolution. The system rise time is 25 ps corresponding to a
bandwidith of 13 GHz.

A parallel interface is used between the sampler and a computer which is
either PDP 11-23 or HP 9826. The sampler digital converter is fed by the
scope power supply., It is very stable and reproducible, allowing comparative

measurements by successive acquisition.

The computer calculates the FFT (see Fig. 3.13} and will calculate the
transfer function for optimum resolution of low coupling or low loss effects,

like the bellow assembly perturbation.

The tests made on electrode models have shown that the electrode dia-

meter d is not a critical factor even for d = the bunch length.

Fig. 3.13 shows the pulse response of the electrode and 3.14 its step
response, with time constant RoCes corresponding to the low frequency

response discussed in chapter 4,

These results demonstrate the feasibility of a very wide band monitor,
up to at least 13 GHz, with a button electrode of 26 mm diameter.
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Fig. 3.13 Response of the electrodg’in time and frequency domain V _(t},
Ve(f) to a pulse Vg(t), Vg(f) from the generator which simulates

the beam.
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Fig. 3.14 Response of the electrode in time and frequency domain V (t)
v (f) to a step with time constant R C from the generator.
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4, Beam signal characteristics

4.1 Button electrode and cable transfer impedance

Since the use of an active or passive high impedance transmission system
is not possible due to losses or radiation damage, the only feasible solution

is a coaxial cable of Ry = 50 to 75 Q.

The equivalent circuit for a button and the cable is then a simple R-C

high-pass filter shown in Fig. 4.1.

Cle Ro or » Ce R,

VL) S 1) Zo VI SR=R,
'R=R,

Fig. 4.1 Equivalent circuits relating the voltage V(t) at the end of the
cable to the voltage Vgo(t) at the button and to the beam current
I(t).

Expressed in the frequency domain:

from equation 3.1 ;e(f) = Y(f)&w (4.1)
and VIF) = I(F)Z(Ff) (4.2)
ch
Z(f) = 7
1

T j2nfR,C,

with lower eut off frequency
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1
f =
¢ 2nR,Ce
Zm
]Z(F)[ = (4.3)
Y1+ (Fo/F)2
¢Z = arctan(f&/f)

For Ce = 17 pF and Ry = 500 we get feo = 190 MHz and
for Cy = 15 pF, fo = 210 MHz.

Figure 4.2 shows this measured low-pass characteristic with a network
analyser. The measured high frequency attenuation of -43 dB gives the mea-
sured Z, = 0.35 Q of the electrode-monitor assembly. The same result is
obtained by comparing Fig. 3.13 and Fig. 3.14.
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Fig. 4.2 Transfer function between the generator signal R sent through the

central conductor of the test set-up (Fig. 3.12) and the signal A

obtained from the button with Z = 0.35Q and C, = 17 pF.
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4.2 Frequency response of a button to a_single Gaussian bunch

With the equivalent circuit given in section 4.1 and equation (4.2)
Vi) = T(F)ez(F)
"t
where I(f) is defined by equation (1.2) and Z(f) by equation (4.3),

It is important to see that even for a low impedance transmission
(Rg = 50 @) fe € fg, where fgy is the rms frequency of the bunch spec-
trum (1.2).

f z — see table 1.1.

7
The product of the 2 curves In(f) and Z(f) clearly shows three re-
gions (see Fig. 4.3),

(i) 0<f<F,

X
L =17 —— with x = F/fc; for x €1, Z > Z_ex;

Y1 + x2

Therefore for §f < fes Z 1is proportional to Rg and f and
becomes independent of Ces 1i.e. the equality between button
capacitance is no longer critical but the matching of the four

cable impedances becomes critical.

(ii) fo < F < fgq

where V(f) is almost constant but inversely proportional to Co.

~s
(iii} fg < f where V(f) is affected by the bunch length and by the

electrode resonances.

~J
In fig. 4.3 the voltage V(f) of the button voltage is shown for diffe-
rent cable attenuations for a bunch of 1 mA current. The bunch spectrum I(f)

is shown in the same figure.
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Fig. 4.3  Current spectrum I(f) and voltage spectrum V{f) of the button sig-
nal for a single bunch with 5.56+10'! particles (I, = I mA) with
Z,= 0.3 Q, Cu = 15 pF and different length of CK50 cable.
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4.3 Frequency response of the button to a circulating beam

With kp = four equidistant bunches, the time structure appears as a
convolution of the Gaussian bunch current (1.1) and a Dirac comb Y8 (t-nTp)
with Tp = 1/kpfrey = 22.23 ps.  The spectrum of this current of the
kp equal bunches consists of lines space by kpefr., = 45 kHz with amp-
litudes given by (1.3) and shown in Fig. 1.2.

The peak current signal passing through a theoretical rectangular band-
pass filter fg + Af is

~ 4 1 oAF 2 F2
I(F ) = 2I(f )2af = —2 o, (-_9-)= 4Q, Af ex (-—9) 4.4)
o o Kk f P 272 pAf exp 22 (
b rev s s

where Qp = Npe is the charge per bunch and ZAF/(kbfrev) gives the
number of spectral lines falling into the pass band of the fllter. The fac-
tor 2 in front of I(F ) in (4.4} is due to the fact that I(f ) containg
positive and negative frequencies. Note that (4.4) gives the peak current;

if more than one line falls into the pass band, the signal obtained will beat

in time.

2. Basic choices for signal transmission

5.1 Minimum of active electronics in the tunnel

Even if the radiation level in the tunnel due to synchrotron radiation
could be reduced by some shielding around the electronics, the maintenance of
such an electronics along the 27 km of LEP circumference is a difficult prob-

lem,

5.2 Standard equipment for all the position moniters

For cost and maintenance purposes, it is worthwhile having identical

modules for all the monitors. To reduce the dispersion in cable attenuation
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between pick-ups without using repeaters, one should not transmit the upper

part of the spectrum.

5.3 Two separate cables per pick-up

It will be shown that the signal level is relatively small. Any passive
multiplexing devices (hybrid, directional couplers) would introduce insertion
losses. Fast switches using active electronics might not withstand the high
radiation level. 1In both cases it is not easy to solve the cross-talk prob-

lems.

Having two separate cables per pick-up (three cables for the few pick-up
stations in the vicinity of the interaction region with horizontal and verti-
cal read-out) is a reliable solution since bad contact eliminates only one
pick-up. Using the alcoves for signal processing reduces the cable cost by
a factor 3, compared teo having only one data centre near the intersection. A

possible arrangement of the signal cables is shown in Fig. 5.1.

center lot arc

700 @

\ access pit

Fig. 5.1 Possible layout of the cabling for the monitors. The distance
indications refer to a rath alcni the beam and are only accuratg

to about a quadrupole length.
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5.4 Choice of frequency for the narrow band transmission

If a parrow band signal transmission is chosen the best frequency fg,

results from a compromise between:

the signal at the pick-up level which increases with f up to the fre-

quency corresponding to Z.;

the signal at the receiver level (alcove or pit) which decreases with
the attenuation along the cables. In the alcove solution the cable
lengths are between 20 m and 750 m. Without the use of the alcoves, it
would extend to 1700 m. The band-width Af determines the pulse duration

and amplitude at the ocutput of a Bessel filter. The larger is Af, the
larger is the signal and the smaller AT. The number Np of periods
Ty inside AT influences the quality of the synchronous demodulation.

The SPS experience shows Np must be > 5.

Number Np periods and cable attenuations are shown in table 5.1 for

different frequencies f.

F, 1/f, Af AT N, | «(CK50)
MHZ ns MHZ ns db/km
200 5 2 350 60 43
100 10 2 350 30 28

50 20 2 350 15 18

20 50 2 350 6 12

10 100 2 350 3 8

Table 5.1, Number Np of oscillation periods within a signal pulse and

cable attenuation for different transmission frequencies fg,.
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If in the future of LEP the number of bunches is increased it could be
worthwhile if f,; is a divider of the RF (frr = 352.21 MHZ) included in
the harmonic number (h = 31320 = 23 x 3% x 5 x 29) and keeping the periodici-
ty of 8. The frequency

f = = = 23.480 MHz

seems an interesting compromise. It would result in only 10 dB attenuation
difference between signals entering into the same alcove. Other frequencies

being a multiple of fy could also be used.

Having chosen fy and Af, the first signal treatment is to select the
band pass by a filter and to add the button signals 2 by 2 to get one plane
per pick-up. This can be done by two 18P hybrids having optimimum charac-
teristics (insertion loss, isolation, VSWR, amplitude and phase balance) only

in the required bandwidth.

) e
2 F F

Fig. 5.2. Solutions using two or four filters; F - filter, H - hybrid.

A solution with 2 filters is possible only if there are no saturation
effects in the hybrids by the large peak current before filtering. Otherwise
the solution of filtering before the hybrid must be taken which needs four
filters (see Fig. 5.2),
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To avoid multiple reflections between the filter input and the button
for frequencies higher than the bandwidth, leading to possible modulation in-
side the bandwidth, the filter inputs must be matched to these high frequen-

cies,

5.5 Cable losses consideration for the wide-band transmission with low-pass

In the case of low-pass filtering for pulse lengthening, added to the
high-pass characteristic of the button electode, the overall system becomes a
broad "band-pass" filter tg which the cable losses as function frequency have
been added.

Fig. 5.3 shows the overall frequency response for different CK50 cable
lengths, In this case the low-pass cut-off frequency should ecoincide with
the low-pass effect of the cable losses in order to keep a as large Af as
possible, which in turn will determine the peak amplitude of filtered pulse
and optimise the energy transmission. IFf one considers the 750 m length, the
low-pass filter cut-off should be around 100 MHz. This will be discussed

further in section 6.2.

5.6 Comparison between individual electrode signal treatment and that of
A and T

Two possibilities of signal treatment are investigated:

a) After summing buttons 1 and 4 and buttons 2 and 3, the two sum sig-
nals A and B are transmitted by two cables to two electronic chains
(Fig. 5.4), If the amplification or attenuation in the two chains has er-
rors of te the signals A' and B' can have errors of the form:

A' « A(14¢) and B' « B{1+c).

The ratio between the difference and sum signals formed thereafter will have

an error
A A(1+e) - B(1-¢) A-B
- = R + €
b} A(1+e) + B(1-¢) A+B
. A-B
assuming m € 1.

The gain uncertainty e appears as an absolute error in the position measure-

mant
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Fig. 5.3. Frequency response of different lengths of CKSO cable, of the

low-pass filter and of the monitor with cable for Cg = 15 pF.

b) As a second possibility the difference and sum of the two signals A

and B are taken locally and the resulting signals are amplified after,

A-B

A
T " A+B(1+2e) for e € 1.

The gain uncertainty e enters here as a relative error into the position
measurement, or scaling factor error.
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-

amplifiers

B)

Fig. 5.4. Two possible ways of signal transmission for the example of a ver-
tical position monitor; top - the two sum signals of the upper
and lower buttons are transmitted individually; bottom - the sum
and difference signals are formed locally by a hybrid and trans-

mitted thereafter.

5.7 Approaches of signal treatment

In the next chapter two approaches for the signal treatment will be con-

sidered.

In the first possibility the signals from the buttons will pass through
a band-pass filter fgy + Af. Thereafter, the sum signals A and B of the



- 42 -
4.2.83

button pairs (1,4) and (2,3) pass to a second hybrid where the signals A-B
and A+B are formed as described in the option b) in section 5.6 and shown in
Fig. 6.2. These two signals are then sent to the alcove for signal treat-
ment. Here a synchronous detector could be used to measure the amplitudes of
the difference and sum signals A and £. This detection requires a good phase
stability between the two signals; SPS experienceaﬂ) shows that the phase

indeed stays very stable after the cables are adjusted.

The second possibility to be investigated uses a low-pass filter for
each of the 4 buttons. The sum of the pairs of buttons (1,4) and (2,3) is
thereafter formed and these two signals are amplified and sent by cables to
the alcove f,-detection as described in the approach a) in section 5.6 and
shown in Fig. 5.4, The amplitude of the two signals is measured preferably
with a peak detector having a threshold at very low voltage. ISR experience
with the p system shows that such signal processing is feasible in accelera-

tor environmenta1).

6. Signal level and expected resolution

6.1 Narrow band signal processing approach

6.1.1 Button signal level

Knowing the frequency response of a button and the basic choices, the
signal level can be estimated for a low impedance (= 500) transmission at
fo + AF = (23.5 + 2) MHz,

For R0 =50Q C =15 pF f3dB = 210 MHz Z_ =0.300
From equation 4.3 IZ(FO)l = 0.033q.

A good approximation of the peak voltage V. of the signal in the
bandwidth f, * Af is

+AF ~

vc = Iar V(fo) df = 2V(F0)2Af (6.1)
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~ ~
with equation 4.5 V(fg) = 1(fy) « Z(fy)
Ve = 4.0y AT - Z(F,)

with Q, being the charge per bunch. The first factor of 2 in (6.1) is due

~S
to the fact that the spectrum V(f) contains positive and negative

frequencies.

6.1.2  Synchronous demodulation sensitivity

The synchronous demodulation20) is a device with very good noise
rejection (Fig. 6.1).

low-pass filter
and amplifier

1 2 mixer B3

Fig. 6.1 Synchronous demodulation.

Experience gained at sps33) has shown that signal level up to 6 dB
above the white noise level in the bandwidth can be detected on the A channel
praoviding the B signal level at the input of the zero crossing is large

enough : typically B, > 10 mV ptp while the maximum for 8y is < 700 mV ptp.
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The input signals A1 and B1 can be amplified by programmable gain IF ampli-
fier with a gain up to 60 dB. With 500 input impedance the thermal noise in
28 is VN = (4kTRg 28712 = 1.8 uv ms. With a 6 dB noise figure for
the IF amplifier, VN becomes 3.6 uV rms or 10.8 v peak (30). Then the
minimum signals could be 20 pV peak on input A (6 dB above noise) and 30 N

peak on input B (10 db above noise for synchronous demodulation).

6.1.3 Signal levels for A and T transmission

With a 4-button pick-up to give the position in one plane (horizontal or
vertical), the sum and difference signals can be formed with a circuit as
shown in Fig. 6.2. It uses bandpass filters F with fy £ Af = (23.5¢2)MHz
followed by 180° hybrids H, and Ho . With a centred beam and a signal Ve

at each button, the sum signals are

Y2 v

A = Z2+3 = c

Lot B =

Ttotal = 2Vgr 845 = O.

The full length AT of the pulse is

2,2
TAf

AT = = 350 ns.

The estimated signals V. at the buttons as well as the sum and diffe-
rence signals IR and Ap after 750 m of CK50 cables are listed in table
6.1 for different conditions. For the difference signal, a beam displace-
ment of 0.1 mm was assumed. Under nominal conditions, the signals are large
enough (IF-gain) but at injection the A signal is too low for this small dis-

placement.,

Condition Np Qg Ve IR Ap

AS mv my v
1 injected pulse | 2.2.10° | 3.5.10~10 0.09 0.07 0.19
nominal current | 4,2.10'! | 6.7.10-8 17.7 13.1 36.8

Table 6.1 : Signal level V. at the button and Ip after 750 m of CKSO
cable for different conditions. The Ag signal is evaluated for a beam dis-
placement of 0.1 mm,



- 45 -

4.2.83

Fig. 6.2 Circuit for the narrow-band signal treatment.

More precise data can be obtained using the curves in Fig. 4.2.

the attenuation of V(f) in 750 m cable length into account,

Taking
an inverse
Fourrier transform can be performed after the signal has passed through a

band pass filter at frequency fg * Af.

By keeping fy high and Af small, parasitic signals can wusually be
avoided and the remaining noise is of thermal origin. Estimated signal
The

noise peak voltage Vgjge listed is measured at the end of the long signal

levels and resolution are shown in Table 6.2 for injection conditions.

cable and takes the cable attenuation of the noise of an amplifier at the

mortitor into account.

ro/fRF f:o V(ro) Af AT L= ZVC noise L/ noise ax
MHz pV/Hz MHz ns Y pv mm
1/15 23.48 4.0 yi 350 65 6.0 10.8 3.3
1/5 70.44 4.3 4 175 137 3.8 36.0 n.9
1/3 117.40 3.2 8 87.5 207 2.7 76.5 0.5

Table 6.2. Signal level, noise level and spacial resolution of the monitor as
a function of the filter frequency f, for injection conditions
with 2.2410° particles (3.5+10-1°AS) per pulse. For the buttons
Ro = 500, Zo =0.3Q, C, = 15 pF was assumed and a ratioc of
A/Zx = 0.028/mm was used to calculate the resolution Ax which is
defined as the displacement giving a signal-to-noise ratio of
unity.
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6.1.4 Possible improvements

fhe following improvements could be considered :

a) Introduction of two 30 dB preamplifiers per monitor in the tunnel, for

the injection condition (Fig. 6.3)

A amplifier
1
H
A amplifier
F H ‘()—"j//L————
— ! ¥ O—— 0 ZR
FoooMe T

Fig. 6.3 Possible improvement by switching in head amplifiers for low beam

intensities.

b) Combining the filter with an impedance transformer
c) Transmission via 9CP hybrid and a phase discrimination as receiver#2)
d)  Transmission of two (or more) monitor signals on two (or more) frequen-

ciesaz), to reduce the cable cost.

6.2 Wide-band signal processing approach

6.2,1 Circuit principle

The idea of this approach is to extract as much power out of the avai-
lable spectrum as possible and to compare it with the equivalent input noise
signal of the best feasible amplifier. As already stated in 5.5, the cut-
off frequency of the low-pass filter should not be beyond the cut-off due to
the cable losses (Fig. 5.3} in order to maintain quite similar response far
all cable lengths. This wide-band solution allows a shorter length for the
filtered pulse than for the detected envelope of the narrow band solution
and hence facilitate the signal treatment of monitors closer to the
intersections without intere#ference for the electron and positron signals.
The analog signal processing circuitry is simpler and may present reliability
advantages, But, on the other hand, it may be more sensitive to external

parasitic signals.
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The equivalent circuit of this approach is shown in fig. 6.4

A Z | detector
hybrid &2 CKS0 Vg4
cable
[ ] [l_Pfl ter | €750m
Y As0n
delay Y
signal
processing
50N
delay t
Vil
] |LPmteﬂ

detector
AJ [ Vg

Fig. 6.4 Circuit for the wide-band signal processing.
The transfer function of the system can be represented by two frequency
functions, the frequency response of the filter and the response of the

pick-up and cable, see fig. 5.3.

6.2.2 Time domain response

The time domain response of such a system (fig. 6.5) can be evaluated in
a simplified way using the following approximate relations43,44), For a
given beam induced input pulse of amplitude G and duration tp =~ VZ2n.g/c
into the low~pass filter with a cut-off frequency f; the amplitude of the
output pulse V

~

A—S £ 'ti (6'2)
tr
Vi

where tr is the low-pass filter rise time
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0.35
tp = S (6.3)

The output pulse has a length t;. and a rise time t./2. The input
signal Vj(t) to the filter is the unloaded electrode voltage V., differen-
tiated and multiplied by the RyC. time constant

dVe
Vilt) =~ R C_ o (6.4)
for frequencies smaller than the high-pass electrode-cable cut-off frequency
fo

1
Fo= —
o 2nR C

o e

The amplitude VS of the total response is obtained from (6.2), (6.3)
and (6.4)

>

2t R C
Ve v —2C%F 0 a3y
s e t2 e '
r

2
b Ro Co f1 (6.5)

From (1.1) and (3.5) we get for the peak voltage Vg due to one buttan

q

~ - b
V, = 12~ —17
t

with. G, = Npe being the charge per bunch. This gives for the peak vol-
tage at the output of the low-pass filter

~

_ 2
Vo =163 0,2, R C_ (6.7)

The approximate form of this pulse is shown in fig. 6.5. It should be
noted that Z, is proportional to 1/Cq (3.5) and Qs is therefore inde-
pendent of the electrode capacity Ce but is proportional to the cable impe-
dance Ry and to the square of the cut-off frequency fy. This is important

for the precision of the system,
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6.2.3 Low pass filter

Such a filter has been built for a f; = 20 MHz. Its circuit is given
on Fig. 6.6, Its calculated input impedance is far from being 50Q over the
total frequency domain of the electrode signal spectrum. This will produce
reflexion of the non absorbed part of the pulse energy which will be sent
back toward the electrode capacity which also does not match the cable impe-
dance. This will produce oscillations, depending on the cable length and
its propagation delay tq, which may fall into the frequency band of the
system. After simulation in the lab., it was decided to match the low-pass
filter input impedance with a resistive high pass to absorb the unused part
of the spectrum. Figure 6.7 shows the result of the adaptation which makes
the frequency characteristic of the processing chain independant of the cable
length. Figures 6.8 and 6.9 present the overall transfer function in the
frequency domain. Figure 6.10 shows the overall time domain response and its
FFT transform for the pseudo step function sent on the line of the test set-
up (Fig. 3.11).

6.2.4 Optimisation of the system power transmission

In order to optimise the analog processing chain, the output voltage has
been calculated for different cut-off frequencies, In Table 6.3, the resul-
ting voltage v2 Vg from the sum signal of two buttons and the pulse length

are listed,

Fig. 6.5 Pulse form in a wide-band read-out system,
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Fig. 6.6 Circuit of the Gaussian low-pass filter with f; = 20 MHz,

Rog = 50Q using L; = 0.8935 uH, Cy = 148,35 pF, L3 = 0.21095 pH,

Cy = 28.2 pf and the Smith chart of its input impedance normalized
to 50%,
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-30
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Fig. 6.7 Correction of the input impedance of the filter shown in Fig. 6.6
with a capacity C, = 280 pF and a resistor Re = 50Q. the
Smith chart becomes a point at 500. The photo shows the frequen-
cy response (ratio between output A and input R) of the filter

with and without correction.
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0.5 to 1300 MHz

0 to 120 MHz

1 to 100 MHz (log)

Response of a button with 20 MHz low-pass filter.

Fig. 6.8
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button and filter around
the frequency
fm = 18 MHz of maximum

response.

8-"" 18 20.9 23y

response of the button
and filter with and with-
out a simulated 750 m
long CK50 cable.

]
50 400 MHz

O

Fig. 6.9 Frequency response of a button and low-pass filter with and with-

out the simulated attenuation in a 750 n long CK50 cable.
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Fig. 6.10 Response of a button with low-pass filter having f1 = 20 MHz, in
time and frequency domain Vg(t), V;(F) to a short pulse (see

top of Fig. 3.14) from the generator which simulates the beam.

fi /E Q t
s r

MHz mY n
s

10 0.13 35
20 0.51 17.5

50 3.20 7
100 12.83 3.5

Table 6.3. Signal amplitudes and pulse length just after the low-pass fil-
ter as a function of the filter cut-off frequency f, for injec-

tion condition with Ny = 2,2.10° particles/bunch and button
parameters Z = 0.3R Cq - 15 pF.
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For a finite cable length the signal is slightly changed since the cable

attenuation depends on frequency; fig. 5.3,

A more detailed calculation gives the resultant central frequency Y
band width *Af and pulse length observed at the end of 750 m of CK50 cable.

The noise of the wide-band amplifier has been taken into account by
taking the basic rms noise V. = /3ET§;Z§F, a 6 dB noise figure for the
amplifier and the proper attenuation of the noise by the cable having an ef-
fective band width of 2AF = 25 MHz. The results are listed in table 6.4
where the final signal to noise ratio of the final sum signal is also shown
and the corresponding position resolution Ax. For the case of f; = 20 MHz,

the results have been verified in the laboratory test,

A cable F tAF £ v V 2v Ax
p r d ns d
atten, —_
Y2
ns
MHz dB MHz MHz ns mV T mm
10 6 7 6.5 41 0.09 27 4,7 7.6
20 9 12.5 12 25 0.26 27 13.6 2.6
50 13.5 22.5 20.5 12 1.15 27 60.2 0.6
100 21 33 31.5 9 1.93 27 101.1 G.35

Table 6.4 Parameters of the complete wide band system for injection condi-
tion with 2.2e10° particles/bunch (3.5+10"'%as) as a function of
the low-pass filter cut-off frequency f;. The cable attenuation
corresponds to 750 m of CK50 cable, fpy Af and t. are the re-
sulting centre frequencies, bandwidth and pulse length respective-
ly, Vq is the peak signal from two buttons, Gns the final
noise voltage and Ax the resulting position resolution for a

signal-to-noise ratio of unity.

6.2.5 Wide-band signal processing resolution

For f; = 100 MHz the system resaolution limited by the front-end noise is
Ax = 0.35 mm as shown in Table 6.4. This represents the uncertainty of the
position measurement on the first injected turn with 2.2.10° particles in the

single bunch due to the internal noise without taking any external noise into

account. If the beam circulates the effect of the amplifier noise can be re-

duced by averaging over several revolutions. To give an example an average
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of ten turns would increase the signal to noise ratio by /10 and bring us

close to the desired resolution of Ax = 0.1 mm,

This result shows that the minimum number of charges per bunch, 2.2-109,
is a bare minimum to reach the desired resolution for the system prior to ac-

cumulation,

The low level of signal, 1.9 mV¥ with the best solution at fy = 100 MHz,
with no active part next to the chamber, will still require an amplifier in
the tunnel with a gain of about 30 to 60 dB for the transmitted pulse to be
above the possible picked-off parasitic noise, The amplifier will have to
be switchable in order not to be damaged at the highest beam intensities,

which may reach a factor from 200 to 1,200 times above injection level.

The next step prior to digital conversion could be a peak and hold cir-
cuit4t) or integrate and hold and a beam signal auto-trigger for the acqui-
sition sequence for both ete- signals. Such circuits are under development

and are feasible.

7.  System test by beam simulation in the tunnel

It is very important to run in the system prior to the first injection
and during operation to maintain its calibration. This is feasible by the
production of a test pulse of high stability and equal amplitude on the two

channels for the wide-band approach.

This test pulse can be of much smaller amplitude and larger duration
than that of the beam. It should be introduced at the input of the filter in
order to test the total analog transmission chain. Since the voltage level
is independent of Ces there is no need to inject the signal on the elec-
trode, if the coupling to the beam is mechanically well-defined and stable in
time, The test signal can be distributed from each alcove by two 750 m
cables and passive pick-off circuits. There are still timing sequences to
be checked in accordance with the timing of the acquisition system and the

propagation delays.

8. Acquisition system

A simultaneous acquisition of all the LEP PU's has many advantages,

With the same hardware and only by software commands, one can obtain:
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an exact picture of the closed orbit (c.c.) at a given time

first turn trajectory

betatron oscillations

~ betatron phase advance between PU's and B values.

p-d

sequential multiplexer would have reduced possibilities and reliabi-
lity.

It is not foreseen at present to make simultaneously the acquisition of
the four e* and the four e~ LEP bunches. Only one bunch of a given sign
will be acquired at a time. The type of particles and the bunch number can

be selected before any closed orbit measurement .

The proposed system could give five different c.o. corresponding to five
programmable timing values within one LEP cycle, two c.o. acquisitions being

separated by at least 0.2 s.

The beam pasition acquisition software must fulfil two special require-

ments:

- the data base should be centralised in an accessible place (e.g.:
local computer in each auxiliary building er in the accessible inter~

section cave

- the local microprocessors (uP) directly connected to the hardware
should contain a very simple Data Module Subroutine (DMS), only hard-
ware oriented, to facilitate its use by maintenance teams mainly
interested in raw data. Moreover, since two out of three of these
uPs are located in the alcoves, it is better for reasons of reliabi-

lity to limit their hardware and software to a bare minimum41),

These requirements can be met by adopting a two level DMS philesophy.
One simple DMS (DMS 1) will reside in the uP, Whether the acquisition is
made from individual 64-word buffer memories or by direct transfer after each
LEP revolution to a RAM depends on the available technology. A uP dealing
with a maximum of 16 PU's {(one plane at the alcove level) seems compatible
with direct acquisition. The DMS 1 properties will be such as to give back
the raw data for first turn trajectory, closed orbit (by averaging over 40
turns) and betatron ascillations and to receive orders setting the gain and

the system mode of real-time operation,
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The other DMS (DMS 2) will be located in the beam monitoring process as-
sembly along with its data base. It will have no real-time tasks. The

properties will be more "operation" oriented, but still of firmware nature.

The DMS 2 will give back the processed first turn and average central
orbit (position in mm) and the difference between them, their mean value and
standard deviation upon request, It could also compute the phase advance
between two PUs and the corresponding averaged B value, It will set the ac-
quisition timing sequences (independently of the low level uPs) and the real-
time operation mode of the uPs (see Chapter 9),

The data transfer between each alcove uP and the BM processor will be of
the order of 64 words of two bytes per orbit acquisition (two data x 32 moni-
tors). Between the BM processor and the MCR the traffic will be 90 words

(position in mm) per orbit acquisition, i.e. 90 single-plane monitors.

If both first turn and first average orbit are acquired at the same in-

Jection, the data transfer could be doubled.

The B-measurement results will be given in two words, one for the magni-
tude and one for the phase, for 45 vertical and 45 horizontal monitors. The
B function could be given either in difference between two successive moni-
tors or in absolute valye relative to the injection point or some other fixed

reference point.

One of the advantages of this scheme is to maintain the same access pro-
tocol (i.e. DMS) down to the last intelligent piece of hardware. It will
allow any easy and straightforward access to low level kP's, even from the
MCR, for test or maintenance programs. Locally the technicians can test
their hardware quite easily (including the pP) by disconnecting the link to
the central control system and connecting it to a standard stand-alone sys-

tem.

The system design, in its firmware form, would be eased if the LEP con-

trol network accepts interrupts from the low-level processors.

Sketches of how this philesophy could be implemented are given in
Figures 8.1 and 8.2.
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Fig. 8.1  Two possible layouts for the acquisition system.

4,2.83

Another advantage of the multi uP system resides in the fact that the pP

can do surveillance tasks at the background level:
the low-

hardware surveillance by

level pPs and closed orbit surveillance by the BM processor.
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Fig. 8.2 Proposed structure of the alcove processor.
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9. Measurement of the lattice functionsk7)

9.1 Introduction

The beam position measurement system can also be used to measure the
beta function and the dispersion around the ring. The proposed method relies
on exciting a betatron or phase oscillation and measuring its amplitude and
phase with the beam position monitors. This requires a read-out system Fast
enough to follow such oscillation and a memory large enough to store these
measurements obtained for the duration of many oscillations. In the inter-
action regions, the proposed methods are not sufficiently accurate and

special measurements will be performed there.

9.2 Direct measurement of the relative B-functions

A continuous betatron ascillation having an amplitude A =~ 4 mm at the
average value of the beta function of.90 m is excited. The amplitude of
this oscillation can be measured at each position monitor with a precision of
A = 0.2 mm. The observed amplitude A(s) is proportional to /8(s) and

therefore:

This allows the relative value of the beta function to be measured with an
accuracy of ~8% at the quadrupales which focus in the direction of the ex-

cited oseillation.

9.3 Measurement of the betatron phase advance

In this case the phase of the excited betatron oscillation is measured
at two position monitors and compared. From this the betatron phase advance
H2-p) between the locations of the monitors can be obtained. By measuring
this phase for the upper (n;+Q) and lower (n_-Q) betatron side band, most of
the errors due to cable length can be suppressed. The measurement does not
depend on the monitor calibration and is therefore quite precise. Experi-
ments done in the ISR4%,46) indicate that the accuracy of this phase mea-

surement is about Ap =~ 5° = 87 mrad. The phase measurement does not give
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the beta function directly but the integral over its reciprocal value and can
be compared with the calculated value for the ideal lattice. In particular
the phase advance from one interaction point to the next might be of inte-
rest. Another application is the location of the quadrupole error A(KL).
Such an error produces a wiggle of the beta function around the ring with a
period length being half the betatron wave length. The phase advance between
two points which are nominally b2=K1 = M apart, is not changed by the quad-
rupole error unless it occurs between the two points. In the latter case it

gives a phase error:

Using the short lens approximation for a FODO lattice with a phase ad-
vance p. per cell and lenses with focusing strengths K%, we obtain for the

beta function at the lenses:

2
max/min T gy cos(py/2)

B (12 sinlu_/2))

The relation between the focusing error A(KR) and the resulting change p in

the phase advance is therefore:

AKL) cos (uC/Z)

A
K 1 4+ sin(uc/z) .

The resolution for the measurement of a single quadrupole error obtained

by observing the phase advance with an accuracy of ¥ is listed in table 9.1.

A(KL)
Yo K&
6P 5%
9P 3.6%

Table 9.1 Resolution for the measurement of a quadrupole error using a
phase observation with 5° resolution,
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If the quadrupole error is due to a horizontal displacement of the sex-
tupole this phase measurement could determine this orbit error in the 6P
lattice with a resolution of Ax = 22 mm in the F sextupole and AX =& 7 mm
in the D sextupole. The resolution of these measurements is not very good
but could be useful to locate something which is grossly wrong. It would be

nice to improve the accuracy of the measurement.

9.4 Dispersion measurement

We assume an excited phase oscillation with an amplitude A ~ 4 mm at
an average dispersion D ~ 1.8 m which corresponds to Ap/p ~ 2.2+1073.
This amplitude is measured at the position monitors with a precision of

AA ~ 0.2 mm which gives a dispersion measurement with an accuracy :

D 28 0.1
= 2p/p A m
for both planes. A phase measurement would not be accurate enough to give

any useful information since the phase advance of the phase oscillation is

only about 36° per revolution.
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