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Preamble

This document is not intended as an exhaustive reference. It aims, instead, to px!ovidc some physical
insight into how the LEA cycle of the PS came to have its present design. The theoretical
considerations which constrain the parameters involved in each of the operations comprising the cycle
are discussed, but laborious derivations are avoided. In addition, some technical details which remain
hidden at the level of the consoles are “exposed”. It is hoped that this note will promote a greater
understanding of the various features of the cycle which, together with the complementary reference
log diligently compiled by Claude Saulnier, will make troubleshooting easier for the operations crews.

Préambule

Le présent document ne prétend pas a l'exhaustivité. I1 vise plutét a donner un apergu des
justifications physiques de la conception actuelle du cycle LEA du PS. Les considérations théoriques
qui limitent les paramétres de chacune des opérations composant le cycle sont discutées, mais les
développements fastidieux quant a leur origine évités. En outre, certains détails techniques qui restent
cachés au niveau des consoles sont dévoilés. L’auteur espére que cette note.permettra de mieux
comprendre les diverses caractéristiques du cycle, ce qui, avec la liste des références diligemment établie
par Claude Sauinier, facilitera le diagnostic des pannes par les équipes chargées de 1'exploitation.
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1. INTRODUCTION

1.1 Purpose

The role of the LEA cycle is to supply a single bunch of antiprotons at a momentum
p=0.609 GeV/c (T = 180 MeV) to the Low-Energy Antiproton Ring.

The rather curious value of the momentum at extraction from the PS derives from scveral
considerations, some of them historical. The principal constraint is the lower limit of the frequency
that can be maintained by the RF cavities of the PS. In the absence of any radial perturbation, this is
given by

-\

2
o = h;‘:m{u(";"c) ] > 2.6 MHz, (1.1)

where myc=0.938 GeV/c for antiprotons (and protons) and R, =100m. The antiprotons are
provided by the Antiproton Accumulator at p=3.575 GeV/¢, which immediately implies a harmonic
number h> 5.6 in order to inject them into the PS. Now the circumference of LEAR 1is only one
eighth of that of the PS, which, assuming comparable RF voltages, would suggest h=8 for a matched
bunch-to-bucket transfer between the two machines (h ,,.=1). However, the PS normally operates
using h =20 so that the change in the relative phasing of the RF cavities becomes more straightforward
with h=10 = p=0.609 GeV/c.

Thus the PS provides a doorway between the AA and LEAR by decelerating antiprotons as far as
it can on a convenient harmonic.

1.2 Characteristics of the LEA Beam

The LEA cycle is a low-energy, low-intensity one and, as such, involves no longitudinal emittance
blow-ups and no octupole or poleface winding fields. Indeed, the skew quadrupoles are the only
correction elements employed during the cycle; the trim dipoles, (normal) quadrupoles and sextupoles
are all disabled. Thus the LEA beam sees the “bare machine”, save for the skew quadrupoles which
compensate for the coupling between horizontal and vertical transverse motion introduced, at very low
cnergies, by the earth’s own magnetic field.

The beam is below transition throughout the cycle.

The characteristics of the beam delivered to LEAR are, to some extent, governed by what is
unstacked from the AA. The principal ones are summarized in the following table.

Momentum 0.609 GeV/c

Intensity < 2x10'° antiprotons in 1 bunch
Longitudinal Emittance ~ 008 eV.s

Bunch Length ~ 100 ns

Normalised Transverse Emittances < 8 roam.mrad (in both planes)
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2. PLS PROGRAMME

Although the LEA cycle is a low-energy one, the user LEA (PLS line 40) is constructed from a
combination of PLS lines which includes so-called high-energy operations. This is merely convention.

The complete list of entries in the PS user matrix is given below.

LEA PLS Line
Cycle Type D 44
Harmonic Number 10 53
LE Werking Point LEDEC 60
HE Working Point NOHE 70
Particle Type ANTIP 74
"HE" Operation 16 FI16A )
"HE" Operation 58/62/26 FE26 14
Linac Destination = .....
Simulation (Y/N)
Ejection 58 Destination -
Internal Dump -
"Ejection 16 Destination” ATPA 30
PBAR/- PBAR 17
Miscellaneous -
Dump 48 Timing 0
Dump 47 Timing 0

The terms in inverted commas are misaomers for the LEA cycle.

3. MAGNETIC CYCLE

The D cycle is unique in the arsenal of PS magnetic cycles in that it affords the deceleration of
particles. In addition to the LEA cycle, it may be used to decelerate protons down t0 T~50 MeV
(user TST, h=20) in order to investigate the low-energy closed orbit of the PS. Since the suppression
of direct injection from the linac, this possibility hasino operational consequences for the machine, but
it does mean that the D cycle has a magnetic ledge for injection from the PS Booster as well as one at
a field corresponding to 3.5 GeV/c. (In fact, this feature is common to most PS magnetic cycles.)

D cycle number 66 has an injection ledge of 804 Gauss, corresponding to T=1 GeV, while D
cycle number 65 was used for 815 MeV injection and is now redundant. Details of the former are
illustrated in Figure 3.I. Both are 1.2's cycles, which is the basic period of the Linac Beams
Sequencer.
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Figure 3./: The PS magnetic cycle for LEAR.

The D cycle has no ejection ledge. Instead, the ejection process is triggered by a specified value of
the B-ficld itself. For this reason, cjection occurs during the second phase of the deceleration when the
magnetic field is changing by only — 3 Gauss per millisecond (dp/dt= — 6.3 MeV/c/ms). The bulk of
the deceleration is achieved during the first phase, during which dB/dt=-13Ts™!
(dp/dt= ~27 GeV/c/s). The main magnet power supply cannot tumn off properly, however, if the
slope of the field is insufficiently stecp. Consequently, after ejection, the field is ramped back up
before being brought down to zero at a higher rate.
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4. INJECTION

4.1 Overview

The operation FI16A for the injection into the PS of antiprotons for LEAR is identical to that of
the SPN, h=6+ 12 cycle which supplies antiprotons to the SPS collider. Indeed, an h=6 RF train is
distributed for the fine injection timing of both cycles irrespective of the fact that, in the case of the
LEA cycle, the beam is captured on h=10.

The injection of a single bunch of antiprotons is achieved via a pulsed magnetic septum in
straight section 16. The closed orbit in this region is deformed by dipoles PR.DHZ12, 14, 20 and 22,
which constitute the 4-bump BSWI16LE. With four dipoles it would be possible to control both the
position and the angle of the closed orbit at the septum without perturbing the orbit elsewhere around
the machine. In practice, however, the four dipoles arc not powered independently but in series, so
that the angle at the septum is determined by the choice of bump amplitude. Nevertheless, since the
bump is centred on straight section 17, there remains a non-zero angle at the septumn which favours
injection. Normalized transverse phase space and real space representations of slow bump BSWISLE
are shown in figure Figure 4.1. Only two modules of the full-aperture kicker PR.KFA79 are required
to complete the injection process.
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The inje-ction optics are normally adjusted by means of the TST proton beam, but coherent
transverse antiproton oscillations provoked by any residual errors are, anyway, damped during the first
few hundred microseconds after injection by a transverse feedback (“damper”) system working in both
planes.

4.2 RF Synchronization

The h= 10 low-level RF beam control is, perhaps, the simplest in the Central Building. It relies
upon a synthesized revolution frequency generator whose output is multiplied by ten by a phase-
locked loop to produce the RF frequency that drives the cavities. The only feedback loop employs
wide-band pick-up 13 to provide the beam phase information (filtered at the revolution frequency) that
is used to correct the phase and frequency of the output of the PLL. The design is dominated by the
need to cope with the large frequency swing during deceleration and, consequently, features an
additional “fast” (ac-coupled) branch of the phase loop which can modify the PLL frequency in
competition with the synthesizer. The phase loop operates at the revolution frequency so that the
pick-up signal derived from a low-intensity beam is not masked by direct RF coupling from the
cavities themselves,

A couple of milliseconds before injection (ming PX.SDFRI10), when there is no beam
information, an RF signal derived from the AA cavity that unstacks the antiprotons is divided by four
and used instead. This enables the PS to synchronize onto the nominally-correct revolution frequency
to receive particles from a machine that is a quarter of its size. A few turns after injection (timing
PX.SSW3.5GEH10), to allow for the filling time of filters, etc., the so-called 3.5 GeV/c injection
switch switches back to pick-up 13, closing the phase loop on the beam.

If the dipole magnetic field on the 3.5 GeV/c ledge is incorrect, the injected antiproton bunch will
still circulate at the nominal frequency, but not on the central orbit. Then, when the phase loop
closes, its “slow” branch will enable the synthesizer gradually to impose the RF frequency that is
appropriate to the erroncous field and the beam will become centred in the machine,

5. EJECTION

5.1 Overview

The fast extraction of the beam towards LEAR is achieved very simply with a singie kicker
module mounted outside the vacuum chamber in straight section 28 and a pulsed magnetic septum in
straight section 26. There are no closed orbit bumps and no kick enhancement quadrupoles involved
in this operation.

KFA28 produces an angular deflection Ax’ which translates, two straight sections downstream,
into a honzontal displacement given by
Ax = ﬂg')Ax’sinAW .

where f%P=12.6 m and the betatron phase advance over the two straight sections is Ay=n/4. This
result follows directly from normalised transverse phase space (“circle diagram®) considerations. Since
the beam is some 50 mm wide at ejection, 2 jump of Ax> 80 mm is required to clear the 3 mm blade
of SMH26 which is located 53 mm from the centre of the vacuum chamber. This implies that
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Ax’>9 mrad or, since (for small Ax")

1
33.356p [Gev/c]

Ax' [mrad] = JrB.dl [{Gauss.m] ,

that the required magnetic length of KFA28 is ~200 Gauss.m. In practice this is achieved with a
charging voltage of ~30 kV.

The kicker and septumn voltage pulses are both shown in Figure 5.i. Due to the low extraction
momentum, SMH26 is not a particularly high-power device and this simplifies the circuit design of its
power supply since it is not necessary to “clip” the resonant discharge after the first half sine wave.

'
IFESET o 230V REY S°0f wrora -
TEESET -l 200y

§°3 42 S5EZ/D1y POSTIRIG 1aSEL/LIY
¢ =1 38-3EC  LEVEL 2 dMBy -

Figize 5.1 SMH26 (channet A) and KFA28 (channel B) pulse shapes scen on a split
timebase oscilloscope triggered by the timing puise PX.026 delayed 8 us.
(The kicker pulse is somewhat degraded by the ~20 MHz bandwidth of the
Signals Observation System.)

5.2 RF Synchronization

Since the LEAR machine is empty prior to éxtraction from the PS, it is the job of the LEAR
cavities to synchronize onto those of the PS. The process is, therefore, transparent from the point of
view of the PS machine.
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5.3 Influence of the B-train on Ejection Stability

The coarse timing which initiates the ejection process is derived from the B-train (see section .
Consequently, any variation of the B-train with respect to the true magnetic field will cause the energy
of the extracted beam to fluctuate. Furthermore, since there is no radial loop in the h=10 low-level
RF beam control, any difference between the B-train and the dipole field will also produce a radial
displacement of the beam at the moment of ejection. This is because the synthesized decelerating RF

15 a function of the B-train:
- mc g
he
f - —C |+(——)J (5.1)
RF Z:Rm[ eB_ .. Prom

(Cf. equation (1.1).) Here, ¢ is the magnitude of the charge on the antiproton, B_,  is the measured

field value obtained by counting B-train pulses and p, . = 70.079 m is the nominal bending radius.

In order to estimate the cffect of an error in B, =B+ AB, we substitute for f,;=hf_ in
equation (5.1) using f_, = Bc/2nR, where fic is the speed of the antiprotons and R=R__+ AR is their

mean radius. This yields
c ™7
R 1+(—m°—) ] (5.2)
Now, the fundamental guide field relation is

p = eapm(%';) : (5:3)

where p=m,fByc and y_x'37 is the value of y =(1 —%)"'? at transition in the PS. Hence

g = {H[’i’;':m (%),a]-z}"ﬂ (5.4)

Equations {5.2) and (5.4) together yield 2 non-linear expression in R/R, . which may be solved
numerically,

For example, suppose that the B-train field measurement is 1 Gauss higher than the true field, B.
The theoretically correct value of the field at cjection, B,=0.029 T, is obtained by putting
p=0.609 GeV/cand R=R,, into cquation (5.3r However, since ejection iy triggered when
B__=B, = B=B_—AB, the actual field at ejection will be 1 Gauss lower than the correct value.
Under these conditions, the numerical solution for R/R,,, gives the radial displacement at ejection as

[

AR = +9.7mm {AB = +1 Gauss]
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This radial position error produces a contribution to the momentum error which cancels, to some
extent, that due to the mcorrect ficld:

Ap _ .2/ AR ~ABY . _dp _ 2dR _ dB .
f:yu(R )+( 5 ).smccp _v"‘R+ B from equation (5.3)

nom ]

l
| - Ap/p = +1.4x 10°¢ [AB = + 1 Gauss]
]
i

6. RF

The tremendous flexibility of the 9.5 MHz ferrite-loaded cavity RF system derives from the fact
that, during one cycle, different voltage (and frequency) programmes may be distributed to separate
groups of cavities around the machine. The voltage programmes themselves are constructed from a
vaniety of user-dependent functions which modify the basic VRFLE/VRFHE programme according to
magnetic cycle type. (The VRFLE and VRFHE voltage programmes are governed by the low- and
high-energy working points, respectively.) A hardware matrix performs the mapping of the resultant
“analogue lines” onto specific groups of cavities. This mapping of the six possible analogue lines onto
cleven cavities (including one reserve) depends upon harmonic number.

Thus, for the LEA cycle, the programming of h= [0 in the PS PLS matrix results in cavities 81,
86, 91 and 96 being supplied with the voltage programme known as analogue line 1, cavities 36 and 46
with analogue line 2 and cavities 51, 56, 66 and 76 with analogue line 3. Analogue line 1 is produced
from a fixed combigation of several function generators, viz. PA AFGVRFLE/PAAFGVRFHE -
PAAFGVREDBU!1 -PA.AFGVREDBU2-PA AFGVHJ1 - PAAFGVLM2-PA.FFGVBCl. It
reduces to YRFLE—-VREDBU! —-VHI1, however, when the magnetic c¢ycle type is D, the start
tmings for the other functions being disabled. Similarly, analogue line 2 is the combination
VYRFLE -VREDBU1—~VHI3 and analogue line 3 is VRFLE—~VREDBUI1 —VHI1 —VHI2 for LEA.
The voltage reduction function VREDBUI for the 1 GeV blow-up is, of course, superfluous since it
occurs before antiprotons ever enter the machine. It remains by virtue of the similarity which is
deliberately maintained between the LEA and TST cycles in order t0 permit the deceleration of
protons. Dunng the normal TST cycle, protons from the Booster are accelerated to 3.5 GeV/c using
analogue lines 1, 2 and 3 and they are kept bunched on h=20 by analogue line 2 while the other
cavities jump from h=20 to h=6+ 12 prior to ejection towards the AA Compiex. During the LEA
cycle, cavities 36 and 46 remain on h=20 while the others jump to h= 10 prior to the mnjection of
antiprotons from the AA and they are switched off after this harmonic jump by reducing analogue
line 2 to zero with the gating function VHI3. Thus the antiprotons for LEAR are captured and
decelerated using only eight PS cavities.

The total detected (h= 10) RF voltage during the LEA cycle is shown in Figure 6.1 together with
dB/dt. Prior 10 injection, the voltage is set at a level of ~12 kV (peak), which matches the RF buckets
in the PS to the incoming bunch from the AA. “Matching” prevents quadrupolar synchrotron
oscillations and simply means that the phase-space aspect ratio of the buckets is made equal to that of
the injected bunch. Thereafter the voltage is increased, first in a parabolic fashion and then linearly,
until ~115 kV (peak) is reached before the end of the 3.5 GeV/c ledge. The longitudinal acceptance is
now so large that there is no need for the voltage to follow dB/dt during deceleration. However, in
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order to adapt the bunch in the PS to the RF bucket waiting in LEAR, the voltage is gradually

reduced to ~50 kV (peak) before ejection occurs. Immediately after ejection, the RF cavities, having
reached the lower limit of their tunable range, are turned off rapidiy.

Figure 6.1: Detected (h= 10) RF voltage (channel A) and dB/dt (channel B) triggered at
the LEA coarse injection timing, 420 C. (For the first part of the trace, the
RF voltage programme mimics the TST proton cycle and the h= 20 voltage
is not properly detected.)

The term “adiabatic” is used fairly loosely in accelerator physics to describe anything that happens
over a timescale which is long compared with the synchrotron period, 1,. (This is to be contrasted to
its use in thermodynamics, where it applics specifically to processes which involve no energy loss from
the system and which are, therefore, very rapid.) The RF voltage manipulations that occur while the
LEA beam is in the machine are adiabatic and this has particular consequences just after injection
when the voltage is low and the synchrotron period large. We recall the principal parameters of a
general RF bucket:

Bucket half-height, H = H_;

Y(sing,) H |:?zV”,ﬂpc ]‘”
N zthin|

Longitudinal acceptance = Bucket area, § = Sn'a(sinqb.); S, = %H“
RF
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eV rcosd, :I .
—RE_— g,

Synchrotron uen ,f = — =
yn frequency Znhfpe

T
[]

where V. is the peak RF voltage summed over all cavities, ¢, is the synchronous phase and where

1 _
L B
v

In the special case of a stationary bucket (e.g. on the 3.5 GeV/c ledge), sing, =0 and the moving-
bucket functions become Y(0) =2, a(0)= 1, whence

mﬁ
5 Sﬂpc
That is,
L csocvi2 [dB/dt=0] (6.1)

This is an important result since, in order for the increase in longitudinal acceptance after injection to
be adiabatic, the fractional change in bucket area during one synchrotron period,

ds

AS _ I dS
S dt

s

x

must be small. If ael is too large, the increase in acceptance will be accompanied by an unwanted
dilution of the longitudinal phase space density of the beam. It is customary to maintain « <1
(typically 0.25 <a, < 0.50) and constant so that, integrating over the time interval {t,t,],

sty
J.dt = 1(t)S(t, )I S~%dS | since ¢ S =7 (t,)8(t,) = constant from (6.1)
% Sy
1
= —t)) = 7 (t,)S(t,) TR
%hHTh) = 5l Wa) 567

Stt,) _ Vu('l))ln— R —<=(t, 1, R
ma‘(v”m) TR

An allernative definition of an adiabaricity coefficient is commonly eacountered:

1

_,dQ
a'=Q I35 withQ =£,
] di ]

T
3

which 1 feel is more contrived. However, it follows from relation (6.1) that d€2 /2, = dS/S and hence thar @ = 2nat ",
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Hence, writing k = « f(t,) and t,=0,1 =t

Vee(0)

V() =
-k

(6.2)

This is tbc law which governs the RF voltage growth during the first dozen milliseconds after injection.
The bafxc low-energy voltage programme is modified by subtracting the function VHI2 (sce Figure
6.2) which, for the user LEA, is programmed according to equation (6.2).

Figure 6.2: The function PA.AFGVHIJ2 (displayed inverted) is not used for a harmonic
jump during the LEA cycle, instead it affords an adiabatic increase in
longitudinal acceptance before deceleration commences. (The oscilloscope is
triggered at LEA injection.)

7. TIMING

The structure of the timing for the LEA extrastion process is shown schematically in Figure 7.1
together with a complete list of timing values and PLS conditions. The latter may be obtained by
running the CPS program (G~ D)TIM — LEAR.

The master coarse ejection timing, PX.APLE, is derived from the B-train (strictly, the logical OR
of PX.TBUG.1 and PX.TBDO.]) using two general-purpose preset counters in the usual prepulse +
pulse-slave configuration. However, since the B-field is falling at ejection, the offset value of the
master pulse-slave GPPC (equipment number 4) is negative and appears in 16-bit two’s complement
form. That is, the direct current control value 64,686 corresponds to — 8350, which is the difference
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between the CCVD and CCV of the master prepulse GPPC (equipment number 3).

Essentially, a GPPC counts clock train pulses and provides an output pulse when the count
reaches some specified value. In order to minimize the delay between the amival of the final clock
pulse and the appearance of the output pulse, the comparator of the GPPC tests for the penultimate
clock pulse and, when this has been registered, allows the next clock pulse to pass directly to the
output. Thus the master prepulse GPPC is programmed, by downloading the value 3,739 B0.1, to fire
at 374.0 Gauss as the field rises early in the cycle. The master pulse-slave GPPC, however, counts
down (from 374.0 Gauss < 0=2'°) during deceleration until the field is 85.0 Gauss lower than this and
so —849=64,687 B0.] is downloaded. The value that is downloaded to a GPPC is the result of a
software treatment, so that the corresponding CCVD is correctly adjusted for the 1 count and, where
applicable, the CCV determines by how much a prepulse is advanced from its master,

The fine timing is, of course, derived from the RF trains. PX.TRYV is used to synchronize on the
bunch and produce the RF prepulse PX.WRY (equipment number 16}, while PX.TRF affords 2 fine
delay for the cjection trigger and acquisition timings.

Ultimately, the LEAR machine itself provides the acid test of the momentum at extraction, but
the comresponding ficld is readily estimated as a control. Assuming that half a tum of the PS is
required to synchronize on the antiprotons, taking fi =2.59 MHz near ejection and neglecting

hardware delays, then

¢ PX.SKFA28+0.5h\ dB 1149+ 5\, _ t N
=~ — = 289.0+ ( ——— )(—3.05x10") = 287.6 Gauss
B = Bexaree \ for dt ( 2 59 10° )(

This should agree quite closely with the field measured at 595 C, the approximate ejection timing.
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