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Summary

To reach high particle energies with synchrotrons, a chain of several accelerators is required, as the ratio
of extraction and injection energy is in the range of 10 to 20 per synchrotron. Hence the beam must be
transfered from one accelerator to the next one. This document deals with the bunch-to-bucket transfer
method to inject particle bunches composing the beam from a source synchrotron to a target synchrotron.
After we highlight the theoretical concept of the bunch-to-bucket transfer, we determine physical lim-
itations due to the beam dynamics and the adiabatic aspect of the particle bunches. A summary of the
currently performed bunch-to-bucket transfer scenarios between the accelerators at CERN is given and
set in relation with the mentioned theoretical concepts.

This is an internal CERN publication and does not necessarily reflect the views of the CERN management.
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1 Introduction

Accelerated particles accumulate energy every time they pass through the longitudinal electric field
in the acceleration units. This energy is limited in a proton synchrotron by its capability of bending
the beam trajectory. In order to attain higher energy levels, facilities benefiting from a larger magnetic
rigidity have been designed. The combination of several criteria such as the technologies which are used
to regulate the dynamic range of the magnet field and the specific space charge nonetheless allow only
a restricted energy range of application for each accelerator. Thus the acceleration cycle needs to be
split over several successive accelerators according to the expected beam energy and the features of each
accelerator. A chain of accelerators consists typically of a Linac' and one or more synchrotrons designed
to capture the beam at the extraction energy of the previous machine and to accelerate it to the injection
energy of the next one.

Bunch-to-Bucket refers to the classical beam structure within a synchrotron. The beam is longitudinally
kept together in so-called bunches in order to receive the correct energy from the electric field when
passing through the RF? cavities. The relative positions in longitudinal phase space, where bunches can
be held together are referred to as buckets. In the frame of a transfer sequence between two synchrotrons,
the bunches are bumped towards their extreme trajectory and kicked out from their stable orbit in the
source accelerator to be injected onto their stable orbit in the target accelerator. This transfer proce-
dure requires the synchronization of the RF systems of both synchrotrons, so that the injected bunches
reach the corresponding buckets in the target synchrotron. Bunch-to-bucket transfer refers thus to a very
specific technical choice. Other possible implementations of extraction/injection processes will not be
discussed in this document.

The document deals with the description of the synchronization and transfer of a train of bunches be-
tween two synchrotrons. In the general case, the target synchrotron already contains circulating bunches,
which restricts significantly the control sequence degree of freedom. The synchronization sequence prior
to the transfer can be split into three steps: the energy matching, the coarse synchronization and the fine
synchronization. The energy matching sets the bunches revolution frequencies and the constraining mag-
net fields in order to have the bunches circulating with the same mean energy in both, the source and the
target synchrotrons. The coarse synchronization shifts the bunch trains within the synchrotrons in order
to temporally link a source bunch with a precise target bucket. The fine synchronization aims generally
through a phase locked loop at correcting in real time the source bunches phase advance so that they hit
exactly the center of the target buckets at injection. The voltage matching plays also its role at capture
within the target synchrotron, avoiding quadrupole oscillations.

2 General considerations on synchronization and phasing

2.1 Phase velocity of the buckets at transfer

2.1.1 Constraints due to energy matching

The particle energy remains constant during a beam transfer. Therefore the source and the target syn-
chrotrons must be matched regarding the energy of the circulating beams to pursue the acceleration
[1]:

Es = Ee. (1

The subscripts s and ¢ refer respectively to the source synchrotron and to the target synchrotron.

'Linac: Linear Accelerator
2RF: Radio Frequency



2.1.2 The synchronous particle

In order to relieve the mathematical representation of the bunch within the accelerator RF structure,
calculations will often be performed on a single virtual particle, called synchronous particle. This syn-
chronous particle is located at the fixed point of the particle trajectories in phase space. The general
bunch behavior during RF manipulations can be approximated through computations of its synchronous
particle.

The synchronous particle of charge ¢ carries exactly the mean energy of its corresponding stationary
bucket Eq and sees exactly the desired accelerating electric field E. at each passing through the cavity.
Charged particles passing through an electric field are submitted to the Lorenz force, which is used in
this case to transmit energy to the particle. The energy gain through the cavity of length [ can thus be
written as an integral:

l
AEy = q/EC - ds. )
0

Assuming, that the applied RF voltage at the cavity gap is sinusoidal, the accelerating electric field may

be written: Ve gi
_ Vo Szﬂ Po ‘ 3)

With Vg, the RF voltage amplitude, ¢, the synchronous acceleration phase, i.e. the relative phase ad-
vance between the center of the bunch and the zero-crossing RF voltage and [, the length of the gap.
This accelerating field is thus zero for the synchronous particle in a stationary bucket®. Replacing Eq.(3)
in Eq.(2) and neglecting other external influences such as radiation losses*, we get the expression of the
discrete energy variation per turn for the synchronous particle in a bunch of heavy ions in function of
the applied RF voltage and the synchronous acceleration phase [2]:

E.

AEy = ¢Vgsin ¢y. @

2.1.3 Condition on the buckets mean speed
The speed of a stationary bucket and its revolution frequency are strictly equivalent for a given trajectory.

The bunch velocity is defined as the relativistic fraction 5 of the speed of light cy. 5 can be defined for
a particle using the mass ratio ~y of its total energy E over its rest energy Eg:

y=e 5)

1
/5:,/1—? (6)

Since the synchronous particle must have the same energy at extraction and at injection:

Bs = P, (N

its speed remains constant during the transfer.

3Stationary bucket refers to a non-accelerated bucket (i.e. the synchronous phase ¢o = 0 or 7)
“This assumption is not valid for leptons.



2.2 Frequency setting and magnet field

2.2.1 The magnetic rigidity

Magnetic fields are used to constrain accelerated particles on a closed trajectory. The more the particles’
mean energy increases for a given trajectory, the stronger the field of the dipole magnets must be. The
so called magnetic rigidity, namely the local product of the magnet field B and of the bending radius p
defines thus the maximum reachable energy for a particle type on the central orbit of the accelerator.

2.2.2 Frequency setting according to geometrical specifications

Synchrotrons have their path length L nearly constant at transfer energy. The synchronous particle’s
revolution frequency f., can be defined, neglecting slight variations from possible radial excursions
(see beam parameters and physical limitations Sec. 3.1).

Ls'frev,s:ﬁ'c():Lt'frev,t- (8)

From Eq.(8) we identify the nominal circumference ratio between two circular accelerators introducing
N and N¢, two integer numbers resulting from the circumference ratio reduction:

frev,s _E_& )
f rev,t Ls Nt ‘

Eq.(9) explains the two-synchrotron-system periodicity in terms of synchronous particle revolution peri-
ods of each synchrotron. At transfer energy, assuming constant revolution frequencies, the whole system
is exactly periodic every N, synchronous particle revolution periods at f., s within the source syn-
chrotron, which is also N; synchronous particle revolution periods at f,, ; within the target synchrotron.
The so called fiducial frequency f., which traduces this periodicity is therefore defined as the greatest
common divider of the two revolution frequencies:

frev s frevt
c = 2 = : . 1
/ Ng N; (10)

A relation between the RF frequencies of both synchrotrons can be established by introducing the RF
harmonic number h g into Eq.(9). In the following, we consider that the beam azimuth position and the
phase of the RF signals are coupled by the beam phase loop.

hrr, s - N
= Bl s 11
IrF, Torre - No RE,t (1)

In their low energy regime most synchrotrons are equipped with ferrite or Finemet cavities. These cavi-
ties allow sweeps on a large bandwidth. The RF frequency and the mean magnetic field intensity in the
synchrotron are linked by Eq.(14).

Assuming for a particle

p = qBp =myyBco (12)
and
21
v = fBco = ¢ i 7 (13)
v
one gets:
hrpc B
frp = L0 (14)
27TRO 9 E 2
B + (Co PQ)



with B representing the bending field magnitude, Eq, the synchronous particle rest energy and p the
magnets bending radius. The velocity of light cg, the synchrotron mean trajectory radius Rg and the
synchronous particle charge ¢ are constant.

Two main different philosophies are being considered at CERN and at GSI°, namely the direct RF
frequency control according to a suitable magnet model, standard at GSI and the direct magnet field
correction according to the main dipole magnets observation (called B-train, standard at CERN).

In the first case, the maximum ramping rate in the main dipole magnets defines maximum acceleration.
The frequency ramp and the actual bending field amplitude are derived from the desired momentum
profile (Eq.(12) and Eq.(14)). The control variable is the RF frequency. The bending field accuracy
depends on the magnet models and on the quality of the control.

In the second case, the bending field is measured and corrected in real time (or evaluated through a
model like at LHC) and used as a reference for generating RF frequencies. In the CERN synchrotrons,
the magnet field control sequence results in a series of current pulses, which gives its name to this
method. The RF frequency follows then the magnet field variations and regulation errors. In that case a
finer frequency tuning prior to the transfer procedure must be performed in order to ensure its stability.

Independently from the implemented strategy, the RF frequency and the magnet field intensity for a
given trajectory and energy are fully coupled.

3 Beam and particle position parameters

3.1 Beam parameters and physical limitations

3.1.1 Limitation on the frequency bump amplitude due to radial excursion

As previously highlighted, within a given synchrotron the magnetic field intensity B, the radius of the
beam orbit R, the momentum of its synchronous particle p and the revolution frequency f,, are directly
linked. Whereas the fundamental equation which links these parameters is non-linear [3], it can be
easily locally linearized through four differential equations according to the relativistic mass factor ~.
In particular, the relation which links the magnetic field intensity variations to the frequency and orbit
radius variations is:

AB oA frew 9 5y AR
AB _ (o) 2R (15)
B 7 g O T0R
with vy, the value of ~ at transition energy. For a constant magnetic field, the revolution frequency

dependence from radial position offsets becomes:

Afrev o 71527’ _72 . ﬁ

freo A2 R
Since radial feedbacks must be stopped during the transfer synchronization, the radial excursion must
be kept within a very small range. Frequency modifications must take this parameter into concern. The

range of the acceptable derivation depends on the synchrotron horizontal aperture but usually remains
within a range of few centimeters or millimeters.

(16)

3.1.2 Synchrotron oscillations and adiabatic hypothesis

The synchronous particle describes the mean motion of the particles which are or could be circulating
within the relative bucket. Whereas it represents a simplification of the general beam behavior and eases

SHelmholtzzentrum fiir Schwerionenforschung



its understanding, further beam physics limitations can not be considered under this assumption. To
reach a deeper point of view in terms of bunch dynamics, the motion for non synchronous particles must
be defined.

This may be done considering their motion with respect to the synchronous particle. By adapting Eq.(4)
to the general case, defining AE as the difference between the synchronous particle energy Ey from
Eq.(4) and the non-synchronous particle energy E:

AE = 27ARp = ¢V (sin ¢ — sin ¢y). 17

Deriving Eq.(17) on the one hand and considering the so-called slippage factor 7 on the other, one can
define the two fundamental equations Eq.(18) and Eq.(19) of the synchrotron oscillation [4].

d AE

. o ~ qVo - (sin ¢ — sin ¢g) (18)
d¢ hRFﬁOfrev AE
—r _ Zar Jrev . 19
dt pORO frev ( )

Eq.(18) and (19) define an approximated Hamiltonian system [5], which results in the non-synchronous
equation of motion:
d2¢ B hRFanrevq‘/O

o) 2R - (sin¢g — singg) = 0. (20)
Eq.(20) can be approximated for small amplitude synchrotron motions:
6, _
@4‘ O'(¢_¢0)_O> e2y)
with the so called synchrotron frequency
Q(% _ hrEM0 frevqVo cos ¢o (22)
PoRo
and
7o cos ¢g < 0. (23)

Eq.(21) of the synchrotron motion can be solved as the linear pendulum problem equation. Generally
for this problem type, the state variations are said adiabatic when they are slow enough compared with
the system eigenfrequency. Introducing Eq.(22) in Eq.(20), the synchrotron equation can be written as
follows:

d2¢ S
dt; sin ¢ — sin ¢g _0 24)
Q5 cos g

There are no strict analytical criteria for adiabatic beam manipulation but still an adiabatic transformation
can be characterized according to Liouville’s theorem as a transformation along which the Hamiltonian
flux remains constant. Applied to the beam approximation, this condition is considered fulfilled when:

dQg
dt
2
Q0

a= <1, (25)

assuming bucket trajectories close to the bucket center. « is called the adiabaticity parameter.

Integrating Eq.(20):
2
<d(z)> iy <hRF770frequb> (COS¢ — oS ¢0 + (¢ _ ¢0) Sin¢0) — C’7 (26)
dt PoRo



which approximates in second order:

do\? h Vi
90N g ((LmrmolrendVo ) (o4 + A) — cos do + Adsindo) = C, 27)
dt poRo
dp\?  [(h Vi
j + RFN0frevqVo cos do A¢2 —C. (28)
dt poRo
Which is for a closed bucket trajectory of maximum phase excursion ¢, :
1 (do)’ 2_ 4o
2 \ar + (¢ — d0)” = by, (29)
0
Considering non-synchronous motions around a stationary bucket synchronous particle (¢p9 = 0),

Eq.(29) represents an ellipse in phase space centered on the bucket reference energy (Ey), whose axes
ratio can be expressed as follows:

do
dt

—1m = Q. 30
. 0 (30)

3.2 Matching in phase space

The amplitude of the particles’ oscillations around the bucket synchronous particle is limited by the so-
called separatrix. In Eq.(26), the term C' depends on the particles’ trajectory. The separatrix is defined
for ¢gep = ™ — ¢ and —dﬁ?p =0 by

. hrEno frevaVo

Coep = 2oRo [2 cos ¢g — (T — 2¢p) sin ¢y] (31)

All the trajectories in a bucket are centered around the stable phase ¢g. The locations of the maximum
momentum acceptance are determined by the stable phase independently from the trajectory constant.
Introducing this consideration in Eq.(20), one obtains:

1 <d¢ )2 _ heremo freoaVo

2\ dt|,, noRo cos ¢ - (2 — (7 — 2¢) tan ¢o) (32)

Introducing the over voltage factor ¢ = sin~! ¢, the bucket height can be derived from Eq.(32) intro-
ducing Eq.(19):

AE? qVopoRo
m — cos ¢g [2 — (m — 2¢¢) tan g . (33)
7z Rl Fren $o[2— ( $o) tan ¢y
For a stationary bucket, Eq.(33) becomes:
AE? VopoR
- m _ ,_4VoPoRo _ 34)
rev hRF ’no‘frev
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Figure 1: Phase-space representation of a bunch in its stationary bucket concurrently to its RF control
function in red.

We consider that for a small phase variation around the bucket center, trajectories remain almost elliptic.
Introducing the bucket elliptic longitudinal emittance ¢ as the maximum elliptic bucket area, which must
remain a constant under adiabatic conditions:

€ = TPmAE,, (35)
From Eq.(19),
EoB?* d
AR, = Lo07_doj (36)
dn? feplnl dt |,
Using Eq.(30):
Eop?
AEn, = — 5 Q00m- (37)
4772f12{F|77|

b2 (38)

— 0 EOBQ ) hRFnUfrevq‘/O COS ¢0
4m2 f2 5| poRo

With Ey, 8, po and Ry the energy, relativistic factor, momentum and trajectory radius of the corre-
sponding synchronous particle. The maximum time length and energy spread of the considered elliptic
trajectory expressed in function of the longitudinal emittance, introducing €25 in Eq.(38) correspond thus
to the relations:

O >4
th = : 39
(27TfRF 39)
|77’hRF 2
= . 40
2773f12zFE52qV0 : (*0)



and

4

g
AE} = e (41)
2 2
Inlhrr

Perturbations of the longitudinal phase space distribution often result in quadrupole oscillations and in
a longitudinal emittance blow up. To tackle this phenomenon, the receiving buckets should have the
correct phase space trajectories to match the distribution of the injected bunches (see Fig. 1). To ensure
that the receiving buckets have the correct energy acceptance regarding the transferred bunches, the RF
voltage in both the sending and the receiving synchrotrons must be set accordingly [6][7].

Since we assume, that the beam in the transfer line does not suffer any energy loss, the synchrotron
motion of the beam in both synchrotrons must have the same frequency. Eq.(22) leads for a stationary
bucket, to

Vi _ psRshRF,tntfrev,t

— = . (43)
Vs pthhRF,snsfrev,s
At energy matching, introducing the circumference ratio Eq.(11)
Vi R2 h2
Vi LsRpgTh (44)

‘/8 a Rgh%%F,sns

3.3 Phase advance

3.3.1 Phase-time equivalence

Whereas bringing the beam of the source synchrotron to circulate at the same energy (i.e. at the correct
velocity, according to the accelerator nominal ratio Eq.(9) and the respective harmonic number Eq.(11))
as the buckets in the target synchrotron is the first necessary requirement prior to the transfer, it does
not represent the only condition. The bunches position at injection ¢;,; must coincide with their target
bucket position as presented in the Fig (2) and Eq.(46).

tinj = text + Attransfem (45)
!
Abpunch (ting) = Adpucket(ting)- (46)

Since the target synchrotron may already contain a circulating beam, the choice of the target bucket is not
a free parameter. Therefore it is important to locate (in terms of time) the bunches to be injected relatively
to their expected target buckets. The phase advance of a bunch train within a circular accelerator can be
evaluated with respect to an arbitrarily chosen azimuth at ¢, s:

t?’
¢7‘ev (t) - (bref = (27 - /frev(t) dt (47)
bres 2
= [27T : (tp - tref) : frev(tref)]%r . (48)

10
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Figure 2: Time correspondence between an extracted bunch and its target bucket (k = 0).

As shown above, the whole stationary system of both accelerator is periodic with the frequency f.,
and at transfer energy both beams circulate with the same velocity. The transfer delay between the
two synchrotrons is thus perfectly known. Applying the previous relation to both source and target
synchrotrons, we evaluate each synchrotron target bucket position according to Eq.(49) and Eq.(50).
The relative delay Aty qnsfer refers to the time needed by a bunch at the current velocity to travel
through the transfer line from the ejection septum in the source synchrotron to the injection septum in
the target synchrotron.

Considering the periodicity of each synchrotron, a phase advance can be written modulo a certain amount
of revolutions. The relative phase advance between the positions of two bunches circulating in each
synchrotron can thus be expressed as a periodical event, occurring every fiducial period, N turns for the

11



source synchrotron and /V; turns for the target synchrotron. If £ is an amount of fiducial periods:

A(Zsbucket =27k -N;+ d)rev,t - Qbref,ta (49)
Adpunch = 27 - k- Ns + ¢7‘ev,s - d)ref,s- (50)
After identifying k, the condition (46) can be fulfilled at the injection point:
Adpucket (ting) = Adpunch(ting) in the target synchrotron, 5D
Aqﬁbuckzet (tinj) = ACbbunch (text) + Agbtransfera (52)

k - Nt + ¢7‘ev,t(tinj) - (Zsref,t =k- Ns + (brev,s(tea:t) - ¢7'ef,s + frev,s : Attransfer~ (53)

3.3.2 Correction of the phase advance

To fulfill Eq.(46), a frequency bump is introduced within the synchronization loop of one or both ma-
chines [8]. This frequency bump results in a phase slippage between the revolution resp. RF phase of
each synchrotron as represented in the Fig (3). At,.; represents the possible delay between the two
reference azimuths within the source and target synchrotrons. These two reference azimuths must not
necessarily be set at the same time as long as they are linked through a unique relation. Considering a
revolution frequency variation A f.¢,(t) during the bump, the shift in terms of time can be calculated
using the frequency mean value over the phasing frev:

A asin,
Atphasing = 2f_phf.g (54)
t
JA frew(t) dt
to
= (55)
frev

The resulting time At,;44ing must then coincide with the time position difference due to the transfer line,
which is introduced through the transfer and with the respective reference times of each synchrotron.

This so-called cogging operation represents the actual targeting of a reference bucket in the target syn-
chrotron. The bunch train is temporally shifted with respect to the circulating beam in the target syn-
chrotron.

The technological means that are used to perform this bunch train re-phasing generally allow positive as
well as negative frequency bumps. In most cases the target synchrotron is considered as providing the
frequency reference signals during the synchronization procedure and the frequency bump is thus only
applied to the source synchrotron, whereas both synchrotron RF and revolution signals can theoretically
be shifted since only the relative shift is taken into account. The same procedure is used e.g. in the LHC
to move the collision point in the center of the experiments.

Afrr

A¢RrF

1035 < time < 10%s
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Figure 3: Relative phase beating and frequency slippage between two RF signals. The frequency slippage
between the RF frequencies of two synchrotrons is represented in blue. The resulting phase beating is
represented in red.

3.3.3 Fine correction phase locked loop

Considering the relation between RF and revolution frequencies, it appears that any phase errors at the
revolution frequency has a hrp times higher impact on the RF phase, and thus on the actual bunch to
bucket phase offset. To improve precision, a second phase correction is then needed after the revolution
phase correction to align the bunches to the bucket centers. Generally a phase locked loop is locked
on a shared frequency fin; = hRF - frev,inj, corresponding to the desired energy level to ensure a
reliable control on the RF phase of each bucket and to limit the filamentation at injection. The reference
frequency can be generated externally and thus must not necessarily be exactly equal to existing RF or
revolution frequencies.

In some cases like at LEIR®, specific correction functions have been implemented to improve the behav-
ior of the control loop.

3.3.4 Control on the bunch spacing

In the case of a stationary bucket, the RF control signal, which forms a bucket in longitudinal phase-
space sets its height and time length as illustrated in the Fig.1.

The bucket area can be evaluated according to Eq.(56) as a function of the synchronous particle charge g,
the synchronous particle relativistic ratio 3, the synchronous particle total energy Fj, the so called slip-
page factor n = 1/42. — 1/42 and a non linear function depending on the synchronous particle revolution
phase «(¢5) in a more general case but whose value is 1 for a stationary bucket.

2
A 8v2 [EyB qu' (56)
21 frr \| Thrr(n|

The time length of a stationary bucket is:

1 1
Atbuck:et = f (57)

RF B hRF ' fTeU’
and thus that the maximum amount of buckets on the beam orbit is exactly hrr. However, not all of
these buckets are necessarily filled and empty gaps may be left to allow the setting of the kickers field at
beam transfer.

4 Synchronous signals generation

This section deals with the signal sharing point of view within a system of two or more synchrotrons. As
a general assumption, the device responsible for the actual generation of these synchronous signals will
be considered as a third device which could actually, according to each case, be integrated into the RF
system of whether the source synchrotron or the target synchrotron or any other existing system. What
will be depicted here as signal generation system must be seen as a function more than as a real device.

This signal generation system has two main roles:

SLEIR: Low Energy Ion Ring
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1. Its first role is to provide to all the actors of the synchronization/transfer process a stable and re-
liable time, respectively frequency reference. One of the main tasks of the source synchrotron is
to align its bunches on empty buckets within the target synchrotron, that is the two RF systems
must be able to communicate but this communication covers also some uncontrollable delays.
The signal generation system must thus ensure that the synchrotron which receives an informa-
tion is able to link it with a precise time stamp and resynchronize it according to a shared clock
reference. In most cases the same time reference is considered for both source and target syn-
chrotrons At,.; = 0. This ensures also that the bucket counting refers to the same moment in
both accelerators.

To fulfill this first role, several possibilities exist like at CERN where the fiducial frequency is often
derived from the target synchrotron revolution signal and sent to the source synchrotron. This feature
allows a slightly variable fiducial frequency as it is, for instance, generated for the second PSB’-PS®
transfer. In this case f. = freo, ps is derived from the PS closed-loop RF and hence, represents a moving
target. The PSB synchronizes on this slightly variable fiducial frequency signal. For larger facilities like
PS and SPS?, only the first bunch must be synchronized with its target bucket since the bunch spacing is
a multiple of the RF period by definition. At GSI, both synchrotrons are expected to be synchronized on
an external f. & freo, 575100 signal, which would be derived directly from the BuTiS!?.

2. Its second role before the transfer itself is to ensure the synchronization between the extraction
from the source synchrotron and the injection in the target synchrotron, which means, to procure
the reference signals with respect to which the extraction and injection kickers must be triggered
to ensure the capture of the transfered beam. It must take into account the rising time of magnet
fields of both synchrotrons, the bunch spacing in each accelerator and the transfered beam time of
flight.

To fulfill the second role and thus ensure, that all the elements of the transfer chain are actually syn-
chronized taking their relative delays into account, the fiducial frequency signal is shifted in both syn-
chrotrons in order to introduce a known time offset between their RF systems. After the resynchroniza-
tion, both synchrotrons are expected to refer to the same signal exactly at the same time with a certain
jitter, which should be negligible compared with the actual period of the signal.

At GSI, this reference signal is expected to be derived from the shared clock, which has a low picosecond
jitter using DDS'! modules. The transmission time offset could then be compensated during the signal
generation or at the signal reception.

5 Current implementation schemes at CERN

5.1 The accelerator chain at CERN

5.1.1 Proton protocol

The LHC'? injection chain at CERN is optimized for protons. From a source, protons are injected into a
linear accelerator, currently LINAC-2. Protons are accelerated to an energy of 50 MeV (kinetic) [9].

"PSB: PS-Booster

8PS: Proton Synchrotron

?SPS: Super Proton Synchrotron
1Bunchphase Timing System
"Direct Digital Synthesizer
12Large Hadron Collider
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Pre-accelerated proton bunches are then injected into the first synchrotron of the chain, namely PSB. The
PSB is composed of four identical rings of 157.1 m circumference stacked on the top of one another. This
acceleration stage carries the proton bunches up to 1.4 GeV (8 = 0.916). To produce an LHC-beam,
PSB accelerates nominally one bunch per ring at 1.6 - 1012 protons/bunch.

The protons with an energy of 1.4 GeV are injected into the PS. The PS is a combined function alter-
nating gradient synchrotron. With its circumference of 628.3 m, the PS is exactly 4 times larger than
a single PSB ring. It is composed of one ring equipped with 100 bending magnets. Injection in the PS
for normal LHC-type beams is composed of a first injection of one bunch per PSB ring and a second
injection of only two PSB bunches, that corresponds to a filling ratio in the PS of 6/7 (hgr = 7), leaving
a gap for the extraction kickers. The role of the PS in the LHC injection scheme is to prepare the bunch
structure for the LHC (1.3 - 10*! p/bunch intensity, 4 ns long bunches spaced by 25 ns for an energy of
26 GeV, 5 = 0.999).

Proton beams must be accelerated further to reach the LHC injection energy of 450 GeV and additional
blow-up must be applied to reach the longitudinal emittance of 0.6 eVs. The SPS is a separated function
alternating gradient synchrotron of 6911.5 m circumference, 11 times larger than the PS, equipped with
a traveling wave RF system at 200 MHz with a higher harmonic system at 800 MHz, that enables special
acceleration and RF manipulation features. Bunches for LHC beams are prepared in the PS so that no
further RF manipulation is needed in the SPS. One SPS cycle results in 2, 3 or 4 PS cycles for the
respective total beam intensity in the SPS of 1.7, 2.5 or 3.3 - 10'3 p/beam.

The proton bunches are finally injected in the LHC. The LHC is a superconducting dipole technology
based collider composed of two rings, each of 26.659 km circumference and equipped with 8 acceler-
ating cavities, which generate a 400.8 MHz RF structure. The SPS bunches blow up by about 25% at
injection because of an intrinsic voltage mismatch. The filling of each LHC injection requires 12 SPS
cycles. The acceleration until 7 TeV lasts 20 minutes due to the magnet current ramp limitation, which
leads to a maximum energy gain of 485 keV/turn. At the end of an LHC cycle the beam is composed of
up to 2808 bunches at hpr = 3564 with a longitudinal emittance of 2.5 eVs each.

At CERN, the target synchrotron provides the frequency reference. The source synchrotron synchronizes
on this reference disregarding the filling state of the target synchrotron. A phase offset in the reference
signals enables to select the desired bucket for injection.

5.1.2 Heavy ions

Heavy ions like lead and argon ions are produced at CERN by an ECR!? ion source and sent to LINAC-3
to reach the energy of 4.2 MeV/u required for injection into the LEIR. The LEIR injects its beam in the
PS at the equivalent energy of 72 MeV/u. The later acceleration and transfer cycles are sensibly the same
as for proton beams except for some specific fixed frequency manipulations in the SPS. Lead ions reach
after a complete cycle 2.76 TeV/u.

5.2 Synchronization and transfer specification

5.2.1 Transfer PS-Booster - PS

The most specific feature, which can be found at CERN is certainly the use of a B-train in most of its
accelerators. The use of the B-train results in the fact, that a magnet measurement system transmits the
dipole field through a series of B-field corrections. The magnet, which is used for this measurement is a
complete dipole magnet electrically in series and identical to those actually used to guide the beam path,

ECR: Electron Cyclotron Resonance

16



but placed outside the accelerator tunnel, where its magnet field can easily be measured. In some recent
accelerators at CERN, e.g. AD'* or LHC, this B-train is simulated according to a stored magnetic cycle
but the main principle remains exactly the same.

Theoretically the RF frequency which is applied at the cavities can be derived from the direct mea-
surement of the magnet field over the B-train according to the Eq.(12) but all the parameters (B-field,
orbit radius, etc.) are not necessarily known during the synchronization procedure, due to tune shift and
quadrupole oscillation.

A procedure between PSB and PS has been developed in order to correct these uncertainties. First,
both accelerators are set at the expected RF frequency depending on the desired transfer energy level.
The choice of the transfer RF frequency depends on some additional constraints, as the PS has fixed fre-
quency VHF'® (200 MHz) cavities. To operate them on the flat bottom without exceeding their frequency
range, the revolution frequency in the PS must be fixed to an integer, sub-multiple of their resonance fre-
quency (frr, 200MH> = 458 X frep = 436.568 kHz). A frequency bump is used to align the test-bunch
of the PSB on a desired PS bucket seen as a moving targets [10].

When the energies relative to the bunch trajectories within both synchrotrons do not perfectly match, a
longitudinal emittance blow-up and an important radial offset can be observed. Measuring the debunch-
ing at injection at the PS without RF control, the new matching requirements can be computed [11]. The
field produced by the PS dipole magnets is then corrected according to these measurements:
Af AR
S S S
B’r]z:)ew:B(];d ’ <1_72'fp5_('72 = '7152)'Rp5'>' (58)

TEev

This method results in a slight change in the transfer energy level, therefore the magnet field (and thus
the RF frequency) in the Booster must be adjusted according to:

Af AR
Booster _ pBoost 2 _PSB .2
Bne(ﬁ))s - _Bolgos R (1_ (7 - 7t> ) <f£§ + RPS)) ’ (59
This procedure normally takes place about once a year between the two accelerators and for each of the
four quasi-independent rings in the specific case of the transfer PSB-PS.

As mentioned the PS filling procedure from the PSB is composed of 2 PSB cycles. During the first one,
the target bucket at PS can be chosen arbitrarily since no bunch circulates in its ring. Only the four PSB
extractions must be de-phased from one another by exactly the expected bunch spacing defined by the
PS RF structure.

After the PS sends the transfer requirement for the first injection, a warning pulse indicating 10 ms before
transfer is generated synchronously with the fiducial pulse signal (and delayed by half a revolution period
to avoid the “chevauchement des flancs”). The two synchrotrons revolution frequency signals are then
delayed with respect to the fiducial frequency signal and with the actual revolution signal of the PS
(which is here the target synchrotron). A pulse is generated at 2 ms before transfer synchronously with
both synchrotron revolution signals. The time of flight between the two synchrotrons and the triggers for
measurement instrumentation are then generated by counting the PS and PSB revolution periods. For
the second transfer, the synchronization is performed in closed loop with distributed signals in the PS.

5.2.2 Transfer LEIR - PS

The LEIR being equipped with a fully digital RF beam control and Finemet cavities, the synchronization
approach between the LEIR and the PS is the same as for protons between the PSB and the PS. However,
since ions need no blow-up on the PS flat-bottom, the RF frequency at injection can be set to a arbitrary
value within the range of frequencies of both accelerators.

14 AD: Antiproton Decelerator
ISVHEF: Very High Frequency
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5.2.3 Transfer PS - SPS

As developed earlier, once the two synchrotrons are set to the same energy prior to the transfer, the bunch
train must be re-phased to face the desired train of buckets in the target synchrotron. Assuming that the
bunch-spacing in both accelerators coincides, that is the bunch-spacing in the PS must be consistent with
the distance of bucket centers in the SPS (for a LHC-beam, frr ps = 40 MHz, frr sps = 200 MHz),
the relative time delay (or the equivalent phase) between the first bunch of the train to be sent and the
reference bucket of the receiving train can be evaluated.

frE sps ~ 200 M Hz

m SPS RF

SPS rev

Reset dividers

) |

frev, SPS

~43 kHz

I P

bucket
~ 250 ms be- | RESET 4: n‘:;ser
fore transfer
51 |« 3 Correction
applied to
<4+— 21 < ® PS RF fre-
~ 20 quency and
MHA 42/1 |« | hence to
: frev,PS and
~ 476 : 84 x frev, PS
kHz “—P |
A¢ > f;rf - - —
— P -
P
~ 40 Ad
MHz
fT@U,PS = 476 84Xfrev,PS:40 MHz
kHz

Figure 4: PS-SPS synchronous signals generation procedure. The actual coarse synchronization chain

is colored in light yellow. In blue is the phase locked loop discriminator for fine synchronization repre-

sented.

Considering the integer circumference ratio between the PS and the SPS of:

CSPS =11 CPS

18

(60)



the fiducial frequency can be assimilated to the SPS revolution frequency according to Eq.(9). The RF
frequencies are set at the same value, therefore the injection frequency can be directly derived from the
SPS RF system.

1. The SPS shares a pulse train at frequency f. and a sine-wave at f;;,; through optical fibers. These
two signals are generated concurrently to its actual signals at f,., sps and frr spg but are not
corrected by any feedback loop.

2. A series of frequency dividers is used to generate a signal around

~ frev, Ps = 476 kHz needed for the coarse synchronization,
~ 42 X frev, ps = 20 MHz needed for instrumentation and,
~ 84 X frev, ps = 40 MHz needed for the fine synchronization

from the injection signal (see Fig.(4)).

3. The fiducial frequency signal is used as a reference for the bucket numbering. A reset mechanism,
which is kept synchronous with the injection signal ensures a correct bucket centering.

4. The phase evaluation during the coarse synchronization is performed on the PS revolution fre-
quency and the 476 kHz SPS-derived signal by a phase discriminator. The frequency bump dura-
tion depends on this phase measurement.

5. Once the bunch train is shifted at the correct time position on its trajectory to fit to the train of target
buckets, the fine synchronization loop locks on the 40 MHz SPS-derived signal. A 84 X f..r pg
signal using this second phase discriminator holds the phase advance between the reference bunch
within the source synchrotron and the reference bucket within the target synchrotron constant
until the transfer. This assures the correct alignment of the bunches with respect to the target
bucket centers.

After the transfer requirement has been sent, a warning pulse is generated from the SPS 10 ms before
transfer. A delay is introduced between the PS RF signal and its relative fiducial, revolution and RF
pulse signals in order to avoid “chevauchement des flancs”. The SPS revolution and RF pulse signals are
also delayed from the actual SPS RF signal. Warning pulses synchronous with the revolution frequency
signals of both synchrotrons are then generated 8 ms and then 2 ms before transfer. The delays relative
to the time of flight and the instrumentation are then ensured by counting the PS and SPS revolution
periods like between PSB and PS.

5.2.4 Transfer SPS - LHC

LHC is a very particular case at CERN because of its large dimensions, which result in a significantly
longer maximum bunch train synchronization time, because the nominal ratio between SPS and LHC is
non-integer and because the B-train is completely simulated from a stored magnetic cycle. The fiducial
relation being:
frev,LHC frev, SPS
f c = =

= 11.245kH 61
7 57 z, (61)
and setting the harmonic number to:
27
hRrF LHC = 27hRF, SPS, (62)

the RF frequency which is used as injection frequency responds to:

fing = PIEEIC — e sps (©3)
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During the synchronization procedure the SPS plays the same role than the PSB in the transfer PSB-PS
or than the PS in the transfer PS-SPS and follows the reference signals coming from the LHC through
optical fibers. The LHC signal generation system delays its fiducial signal with respect to its revolution
signal to force the SPS to target the right bucket like represented on the Fig.(6).
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Figure 5: Synchronous signal generation time schedule at pre-transfer for a typical SPS-LHC transfer
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Figure 6: Batch synchronization for SPS-LHC transfer: revolution signals sliding

The theoretically simplest bump function, which responds to the constraints on the maximum frequency
variation and on the adiabatic hypothesis can be written as follows:

4 3
2% a® 4
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with a, the maximum frequency change rate during the bump. The bump duration would then be:

A
At = §—f (65)
2 a
In the frame of the SPS-LHC transfer a more sophisticated bump function is currently used in the SPS:
Af 3AF\ 2% &3 3AF\?
t) = — Nt )=zt 66
) 2+“< 4f> Far\ "1 (66)

With @ = 7 Hz/s. The fine synchronization is also completely handled by the LHC, which delays the
injection signal with respect of its RF signal, on which the SPS triggers its own RF signal as shown on
the Fig.(7). In both cases the hardware delays are compensated, synchronizing the shared signals using
additional controlled delays.

Considering the worst case, SPS must shift its beam by 180° to target the expected buckets in the LHC.
The complete procedure is likely to last up to 12 s for heavy ions but according to the nominal ratio
between SPS and LHC, one turn LHC corresponds to 4 — 1/7 turns SPS. That is, preferring the LHC
periods to the fiducial periods for performing the bunch train shifting enables to minimize the re-phasing
to at most 360/14° which corresponds to less than 2 s providing the re-phasing can be performed both
with a negative or a positive frequency bump.

Like in the previous cases, a phase locked loop set on a delayed image of the injection frequency (two
times the SPS RF frequency) is used to ensure the fine synchronization (see Fig.(7)).

Fig.(5), sums up the steps of the synchronization of the LHC and SPS RF systems. After a pre-
implemented delay, the signal generation system triggers a counter system on a fiducial pulse signal
and then counts a certain amount of SPS revolution periods, corresponding to half the fiducial period to
get the maximum jitter margin and thus cancel the uncertainty on the trigger slope due to “chevauche-
ment des flancs”.

transfer delay

ot p 4 [ ) L] ]
ir’ <—f

fine phase advance

Figure 7: Fine phasing at SPS-LHC: RF signals sliding

6 Summary

This document highlights only a few points, which compose the Bunch-To-Bucket transfer problem. We
observe that the synchronization procedure can be performed without taking unpredictable effects like
natural beam oscillations and tune shift into consideration, which is relevant only under some special
conditions.

The remarkable fact is, that whereas the Bunch-To-Bucket transfer is currently performed according
to very similar procedures in the different existing accelerator chains over the world, they are highly
dependent on implemented technologies and timing philosophies.

The Bunch-To-Bucket transfer is therefore a specific procedure, which is computed especially for each
source/target/ion type combination. We aim at increasing the efficiency and the flexibility of this beam
transfer for further implementations.
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This document is expected to be updated in the future. Figure 8 proposes an overview on the two main
possible acceleration chains at CERN for protons and lead heavy ions.
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