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Abstract

A new control system using man-machine interface tools
with workstations as consoles has been successfully put into
operation for the injection process of hadrons in the CERN
Proton Synchrotron (PS). This includes specialized modelling
programmes involving complex treatments for the control of
the timings involved in the process of injection, the
measurement of the beam emittance with an estimation of
how good the incoming beam is matched, and the correction
of oscillations at injection.

The outstanding feature of the internal structure of all
these programmes is that they carry out three kinds of data
interaction: the input (i.e. measurements), the physical
parameters, and the output (i.e. hardware values). Thus, the
synchronization of the injection process is treated via a matrix
corresponding to the hardware lay-out. The beam emittance,
the matching quality, the tune, and the characteristics of
injection oscillations are evaluated from measured beam
profiles and beam trajectories at injection, and appropriate
corrections are then calculated and proposed to the user for an
optimum operation.

I STRUCTURE OF HIGH-LEVEL MODELLING
PROGRAMMES

A control system provides the users with centralised
access to hardware control values. These values can be
obtained in various ways. They can be controlled
individually, for example tuning a power supply current via a
knob, or globally, setting all currents of a complete beam line
from a selected file. In those two cases, the final hardware
values are left to the user's appreciation. Their choice is made
either following the effect on the beam, as in the first case, or
at the time of the file selection, as in the second. Evaluation
of these control values does not require implementation of the
process involved in the control system.

However, in many cases the process involved is known
and several control values can be worked out from the
required machine and/or beam parameters. A dedicated
programme can then be used to evaluate these control values
from the user's requirements. Considering the previous
example of a beam line, if the relationship between the
power supply currents and the energy is known, setting a
complete beam line for various energies does not require as

many files as energies, but only one file and a dedicated
programme working out the currents from the required
energy.

This trivial example can be extended to more general
cases. In the example of beam steering, the trajectory of the
beam in a transfer line can be taken as input, physical
parameters such as angle and position of the beam at a
relevant position in the line can then be worked out from this
trajectory, and finally current variations in deflecting
elements can be computed to steer correctly the beam in the
line. More generally, controls values (output) can be
computed from physical parameters (parameters relevant to
the process involved) which, in turn, can be computed from
measurements on the beam (input). Modelling Programmes
perform such operations and take care of computations
between inputs, physical parameters and outputs.

In most cases, provided they are not too large, variations
of beam characteristics (AX, inputs) lead to variations of
physical parameters (AP) which can be expressed in a matrix
formalism. The same applies to the variations of hardware
control values (AY, outputs) which can be expressed from
variations of the physical parameters:

(AP ] =[M,] * [ AX] 1)
[AY ] = [M,] * [ AP] )

A Modelling Programmes can compute hardware values
from physical parameters or from beam measurements, using
matrix M, or both M, and M,. If matrix M, is not singular,

one can also work out physical parameters by reading control
values. This can of course be of great help for machine
tuning. In the following section we present how these
considerations have been applied to the timing process of
hadron injection into the PS!.

II INJECTION TIMING CONTROLS

In the injection process, timing pulses have to be delivered
to various equipments in order to trigger them correctly with
respect to the incoming beam. Preset counters are
interconnected in such a way that they can provide the
necessary pulses, with the proper time resolution, at
appropriate instants with respect to external time references.
One can then define the required times as physical parameters
and the output as the control values to be loaded in the various
counters. Looking at the timing lay-out, the required times



can be defined from the time of the External Starts and the
sum of the various count times elapsed in the relevant
counters. This can be expressed as the following matrix
expression:

[Required Times] =

[External Starts] + [M lay-out] « [Count Times] (3)

where M lay-out is a matrix reflecting how pulses proceed
through the various counters. Its elements are null if the
corresponding counter is not involved, 1 if the counter is
involved and its time has to be added, and -1 in the opposite
case. Count Times are simply obtained from the counters
control values and their clock periods Tck:
(Count Times] = [Control Values] « [Tck] 4)

If one defines as many Required Times as counters in the
lay-out, M lay-out is not singular and the control value can be
deduced from the preceding expressions:

[Count Times] =

(M lay-out "1« {[Required Times]-External starts]} (5)

[Control Values] = [Count Times] / [Tck] 6)
Clock periods Tck can be evaluated from the hardware
settings (for internal clocks) or from machine parameters (for
external RF or Field-derived clocks). Therefore all control
values can always be worked out from the required times, in
all machine conditions.

This has been applied to the PS hadron injection timing,
The system layout has been translated into a matrix M lay-out
to define the required times. The resulting interactive display
is shown in Fig. 1.
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Fig. 1: Interactive display of the timing modelling programme. Present
times are computed from the hardware acquisition through Egs. (3-4).
Requested times are filled in by the user and provide control values through
Eqgs. (5-6).

III EMITTANCE AND MATCHING
MEASUREMENTS

A method for the measurement of transverse emittance in
the PS and matching of the beam between the Protron
Synchrotron Booster (PSB) and the PS rings was implemented
in the present control system2., A new version of this
Application has been designed to fit the method to the
framework of the new CERN-PS control system through the
concept of man-machine interface and using workstations>,

This method is based on the measurement of beam profiles
at three different secondary emission monitors with known
transfer matrices between them. The three monitors are
located downstream of the PS injection region, each of them
measuring a horizontal and a vertical profile.

With w; the half beam widths or heights measured at the i-

th monitor position and B;, the B-functions of the machine

(i.e. of the acceptance ellipse), the beam emittance and the
geometrical emittance increase due to mismatch of the
incoming beam* may be written as

e=9im )]
and
Ae Ikl k12
?=Ikl [?+‘\ /1+'4—' ®
with
1
k=—T=(G-1)?*+jB? 9)
N G B,

where j is the imaginary unit, B, and G, are the normalized
matching parameters which describe the beam emittance
ellipse and k is the complex mismatch vector of the beam?.

The mismatch vector k provides a measure for the
comparison of the emittance ellipse of the incoming beam
with the acceptance ellipse of the PS in the injection region.
The modulus of k has to be much less than unity for good
matching. For instance, ki is equal to l/\/-2- when the
emittance blow up reaches 100%.

From the three half beam sizes w; measured with monitors

at different positions and with the knowledge of the transfer
matrices between these monitors, the normalized matching
parameters at one monitor position, say B, and G,, may be
expressed as functions of the w;, B, and the phase advance
difference Ay, ; between monitors i and j5.
When the beam is perfectly matched, the normalized
matching parameters take the values B, = 0, G; = 1. Hence
the beam emittance may be estimated from a unique half
beam size measured with a monitor, say w,, using Eq. (7) in
which G, is set to unity.

A convenient definition of the half beam sizes when the
beam profile density is not exactly known consists in taking
for w; twice the r.m.s. value of the profile distribution.



In the presence of dispersion, the pure betatron half beam
width wg ; must be used instead of the overall half beam width
w; which includes both the betatron and momentum
dispersion contributions. No such correction has been
implemented until now.

All acquired profiles are analyzed prior to the beam size
evaluation since faulty grids, fluctuations in grid output
signals and random disturbances on the beam may perturb the
measurements. The treatment of the profiles are performed
only on the user request, and consists of the following:

- elimination of faulty grid measurements,

- treatment of the tails (for base line detection),

- profile smoothing using spline functions.
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Fig. 2: Display of transverse beam profile distributions at three different
monitors. The bars charts show beam profiles measured with 32 wire grid
monitors. The continuous lines show the smoothed profiles after elimination of
erroneous data (the smoothing coefficients are chosen by the user). Beam
emittance, mean and r.m.s. values of the smoothed profile distributions are
given.

Adapt. Form
Pewr (B): 13.63 = -0.12
e (G): -0.07 m 0.93
Emit at 20: 4.64 T.mm.mrad
Blow up. 0.16 %
40‘1<a)/ﬁ(¢): 5.01 X.mm.mrad
46’(5:)/[}(9): 4.29 T.ma.mrad

402¢0/Bse:  4.14 T.mm.mrad

Adaptation Vector

Cancel

Fig. 3: Display of the mismatch vector in polar form. The area within the
circle fits to emittance blow-up below 100%. The 2-r.m.s. emittance, the
emittance blow-up due to mismatch, and the nommalized beam matching
parameters (B,, G,) at the 1st monitor location, with their corresponding Twiss

parameters (a;, B,), are shown. Estimations of the beam emittance obtained

from half beam sizes measured with the three monitors, regardless to beam
matching, are shown for comparison.

IV INJECTION TUNING

A method for the correction of oscillations at 1 GeV
injection into the PS was introduced in a early version of the
control system®. As in the case of the emittance and matching
measurement process, an up-to-date version of the hadron
injection process has been assembled in order to be integrated
in the new CERN-PS control system.

The amplitude and the phase of the pure betatron injection
oscillation when the closed orbit is unknown are derived by
adjusting a sine curve to the normalized beam trajectory
difference between two consecutive turns measured shortly
after injection. Moreover when the machine tune is also not
known, the optimum tune value which minimizes the
summed-square error between the fitted sine curve and the
normalized measured trajectory difference is determined by
iteration. This yields a satisfactory knowledge of the betatron
oscillation at injection. Hence the correcting strengths to be
applied to a given pair of injection steering elements in order
to cancel this oscillation are evaluated accordingly.

For the beam trajectory measurements, 40 pick-up
monitors are installed around the PS ring, each measuring a
horizontal and a vertical beam position with respect to the
pick-up center. Trajectory position at monitor i in machine
turn number n can be written as

%cos(p.i + 0 + 2(n-1)nQ) (10)

in which z; is the closed orbit value at the i-th monitor
location, W, P, are the phase advance and the B-function at
this monitor position relative to a reference location R in the
machine, Q is the tune (not an integer value), and A, ¢ are the
amplitude and phase of the betatron oscillation respectively.

The normalized trajectory difference between two
successive turns is then independent of the closed orbit and
may be written as

BR xln Xi n+1
B, 2sinnQ
where C and D depend on A, ¢, Q and the turn number n.
Least square approximation of measured beam trajectory
difference provides estimators C and D of variables C and D
by minimizing the summed-square error

2
x l n+
ﬁR 2 sin nQ 1 2sinnQ - SSinrDeosk;

=Csin W+ Dcos 11

o= (12)




where x™, ., x™, ., are the measured beam trajectory in

two consecutive turns, N is the number of monitors providing
reliable signal data.

In case of faulty monitors, the rejection of erroneous
acquisitions is based on usual statistical criteria to decide
whether the chance of occurrence of some particular
measured beam position is less than some fixed number.

Hence approximate values A and ¢ of the betatron
oscillation amplitude and phase can be derived from the
estimators C and D. The position and angle variations Axg,

Ax, of the beam at injection point with reference to the

closed orbit can then be obtained from Eq. (10). Finally the
current variations values AI;, Al, to be applied at the two

correctors (septum and steering dipole) to cancel the injection
oscillation are derived from these position and angle by a
linear transformation written as a 2 by 2 matrix equation. The
components of the transformation matrix can be either
determined experimentally or from a programme for lattice
design.

The summed-square error o2 near the real machine tune Q
is well approximated by a parabola. Therefore a search
procedure may be carried out to estimate the unknown tune
value Q. The Fibonacci search has been considered as an
optimum Q-seeking method. This procedure starts from the
initial search interval, and successively reduces the
subsequent search intervals by means of a sequence of
numbers, which are determined from the Fibonacci numbers.
The number of search steps is fixed by advance. The
Fibonacci search is the most effective one-dimensional search
strategy available. An accuracy of 0.01 is then achieved with
8 search steps within an initial tune search interval of 0.5.
However, in some cases fluctuations in the monitor
acquisitions may be distributed in such a unpredictable way
that the tune calculated in this way is irrelevant. Assuming
that the trajectory measurements are done in the 1st and 2nd
turns, the tune error is inversely proportional to the signal to
noise ratio. For instance, rough estimate shows that when the
amplitude of the oscillation at injection is lower than 5 mm,
the tune accuracy cannot be kept within 0.04.

Consequently the tune search is mostly reliable at the first
stages of the correction process, when the injection
oscillations still have large amplitudes. Once an adequate
estimation of the tune has been found during the first few
corrections, the latter Q-value can be frozen and further
comrections may be carried on to refine the injection tuning.
Simulation from the trajectory data has shown the validity of
the above algorithm.

At any stages of the tuning process, no automatic
corrections will be performed, the computed corrections are
merely proposed to the user, who decides whether they have
to be carmried out. Fig. 4 shows the proposed Workstation
window for the horizontal and vertical interactive corrections
of betatron oscillations at 1 GeV injection into the PS.
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Fig. 4: Display of the interactive window used for the injection tuning.
For every two single tum trajectory measurement, the computed tune, the fit
quality and the characteristics of the derived betatron sinewave are anticipated.
The appropriate currents to be applied to each pair of correctors will be
displayed for possible user action.

V CONCLUSION

The injection timing control and the emittance and
matching measurements are presently implemented within the
new CERN-PS control system and are used in current
operation to the user satisfaction. The third application,
optimization of the betatron oscillations at injection into the
PS, although well under way, is not entirely set up. The
search of the optimum tune and the calculation of the two
corrections which will cancel the oscillations are finalized,
but the final stage, on-line connection to the beam trajectory
measurements, is in the process of being implemented.
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