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1. Introduction

Frequent need for changing the longitudinal beam characteristics
In an accelerator complex. Example:

Conflict between the requirements of high energy hadron
colliders and the ones of the lower energy Synchrotrons:

HIGH ENERGY HADRON INJECTORS’
COLLIDER SYNCHROTRONS
Large because of need for: Small because of need for:
RF - high voltage for acceleration - acceptance
- high focusing for luminosity - large frequency swing
frequency - gap without beam for kicker
<< RF frequency to maximize = RF frequency to maximise
Bunch luminosity bunching factor and minimise
frequency |- limited by detector saturation Laslett tune-shift
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1. Introduction (cont.)

INJECTOR
COLLIDER
COMPLEX
Name RF (MHz) Bunch freq. Injector / Collider
(Lab.) (MHZz) bunches
RHIC
(BNL) 197 4.7 8/1
LHC
(CERN) 400 40 ~1/12
HERA
(DESY) 208 10.4 1/1
Tevatron
(FNAL) 53 2.5 ~11/1
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1. Introduction (cont.)

—» Need for beam gymnastics in the chain of injectors to change
the number of bunches while satisfying the following constraints:

= minimum blow-up of longitudinal emittance,

= minimum (no ?) losses,

= high reliability / high stability of performance,

= low cost (minimum modifications to existing injectors hardware)

4

Modulation of RF parameters (amplitude, phase, frequency)
Non-trivial manipulations are called “RF gymnastics”

Preliminary comments:
= Synchrotron radiation is not considered.

m Large numbers of gymnastics have been invented. Only the most
typical and common ones are described.
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2. Longitudinal beam dynamics [ref. 1 + 2]

¢ Particle parameters:
m charge, energy (rest energy): q, E (E,)
m speed, momentum, relativistic parameters: v, p, B, ¥
= revolution period (frequency), orbit length: T (o, /127), 27R

¢ Synchrotron parameters: AR Ap 1
" r R T TR
Aw Ap 1 1
| | A A T
= nominal orbit length: 2nR, 4 P YtV
= energy etc. on nominal orbit: E, vy, P, B %
¢ RF parameters
= frequency, harmonic number: h, o @ =haog
= voltage (peak voltage), phase: V,¢ V =\78in(a)t + )
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2. Longitudinal beam dynamics

¢ Equations of motion

m Synchronous particle = “the particle whose energy Eg and phase
@ are such that it sees the same voltage at the next revolution”

" Phase slip: pertumn:  dAg = hagg (T -T;)

per second :ddA_tqo =Ny AT

Ts
| {dAgp _ Nnwgs AE}

dt B°  Eg

m Energy variation:

{ddAtE = d%%s [V (A§0+ PDs )_V (o5 )ﬂ

27
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2. Longitudinal beam dynamics

¢ Phase stability (sinewave & stationary bucket)

Comment
On the unstable

fixed points (zm, 0):

dag _ o dAE
dt dt
R. Garoby

RF waveform

LV

e

Longitudinal
phase plane
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2. Longitudinal beam dynamics

¢ Basic relations and effects of parameters (case of a
stationary bucket)

m Synchrotron frequency (for small amplitude oscillations
around the synchronous particle)

_ h‘ﬂ‘a)ésq\?
>\ 27B%E,
m Bucket height F ,82
AE pax :\/ 7zhs‘77‘ qVv

m Bunch dimensions at constant emittance
1

1
s ) ar
A o AR | MBSOV
hEgqV
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2. Longitudinal beam dynamics

¢ Adiabaticity

m Adiabatic = “Parameters are changed at a slow enough rate so
that the distribution of particles is always at equilibrium.”

m Adiabaticity parameters: ¢ 1

_ 1 dog
2
g

dt

¢ Emittance preservation (Liouville's theorem)

Longitudinal motion is conservative (no energy dissipation effect
like synchrotron radiation)

Constant local density of particles in the longitudinal phase plane
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2. Longitudinal beam dynamics
“Micro-" and “Macro-scopic” emittances

Adiabatic RF voltage reduction

AT AT

. : Slow voltage ; N
i AE Initial variation Final i AE
! ' ' i
i i
i i
i i
i
i

state Vinitial = 4 Vfinal state
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2. Longitudinal beam dynamics
“Micro-" and “Macro-scopic” emittances

= Non-adiabatic RF voltage reduction

AV AV
) 0 ¢
2 b
Fast voltage
AE

state

A i : e ) . . .

i AL Initial variation Fifl
i

! Vinitial = 4 Vfinal state
i

i

i

I Captured emittance

Initial emittance
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3. Single bunch gymnastics
Bunch compression [ref. 3, 4, 5]

¢ Required to get:

short bunches and/or large energy spread (Liouville!)

¢ Principle:
rotate a mismatched and long bunch in alarge bucket.

-~

Required
characteristics

achieved
I
precise timing
for ejection or

\

are only momentarily

\ RF turn-off /

R. Garoby

Focusing voltage
for the core particles

> AE ,

N
Minimum length bunch

v

Initial elongated bunch
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3. Single bunch gymnastics
Bunch compression

¢ Bunch stretching techniques

Adiabatic /‘ - Duration : many Abrupt /‘ Duration : 1/4

T .

i SVHC!”'()I?’()H L’?'J()dS . :
A B P voltage reduction
‘ :
|

voltage reduction ‘

Jump on MDmaﬁon S

unstable phase | + ¢ synchrotron period
Col
|
|
|
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3. Single bunch gymnastics
Bunch compression

¢ Performance:

depends upon bunch length
and normalized emittance

AE 11 —

‘ -
i o
Initial bunch :
too long : Complessipn ¢fficiency |
I g (/' 10) pE=
| 9 =
o gBe <
- * 5 2 Optimum glongation L1 / |
o
= 7 ;
S Z beford rotdtior /’/
Z = 1]
= < L1 / =
T 201 — /
R
s =
‘ E 2
AELy 5 =
i F = T 2
Initial bunch i ff;fo fotation -
too short : X (x 10) B ~
r
} Atlequilibriuin
= -»>
0.01
0.0001 0.001 0.01 0.1
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3. Single bunch gymnastics

600 kV peak

80 MHz RF

LHC bunch
Compression in the
CERN-PS before
ejection to the SPS

Beam Pick Up
p =26 GeV/c
fso-adiabalic capiure | Bunch rofation 01 ms / div
rdmsj} 1288 microsec,
SHORTEST BUNCHES
[EJECTION]
CO mm ent Nb = 388e+10 p Nb = 1.17e+11 p Nam/h._a/
Phase & energy errors b o8 e L
are swapped A TV
— phase accuracy B f \
depends upon IR K
initial energy o IER
= energy accuracy f IL / “%
depends upon initial f N ;J
3 . g .
= .m ! G - Py R "™
phase 20 -DS/IDIV 31j08/98 ) .2'}.0 .n}S/_DIﬁi’
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3. Single bunch gymnastics
Controlled blow-up [ref. 6, 7, 8]

¢ Required for:
stabilizing the beam at high intensity

¢ Principle:

increase the longitudinal “macroscopic” emittance creating
filaments deliberately and accelerating their dilution

¢ Technique:

superpose to the RF holding the beam a phase modulated
voltage at a much higher frequency

V, =V, sin(h,oxt +asinw,t+06,)
Resonances are induced which redistribute density inside the

bunch. High frequency increases non-linearities and helps
smooth the distribution (filamentation).
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3. Single bunch gymnastics
Controlled blow-up

¢ Typical parameters

\7H h, a N Duration
V h (rad) W
0.05to| > 10 for fast 0.8rnto | 2to 7 >10
0.2 blow-up 121 synchrotron
periods
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3. Single bunch gymnastics
Controlled blow-up (experiment)

Longitudinal controlled
Blow-up in the CERN-PS

T=1.4 GeV

/\/(h=8) Cs5kv )

V(h=458) = 3 kV
o = r rad

fsynen = 0.95 KHz
fuoq = 7 kHz

\Duration =20 mS/

R. Garoby

: i t =20 ms
e \ (final bunch)
- Nl € =0.84 eVs
—pach /\\ t=15ms
€=0.78 eVs
5 TN t=10ms
,f: .3 g =0.71 eVs
‘ HH fﬁ“'t , t=5ms

H \ ] € =0.62 eVs
et T fm‘.‘;ﬁ t=0ms

(initial bunch)

e 4 L
-:jr 3 E\C i e =0.54 eVs
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4. Multi-bunch gymnastics
Iso-adiabatic debunching-rebunching [ref. 9, 10]

¢ Used for changing the number of bunches

¢ Principle:
= Slow (adiabatic) voltage reduction with fast final h; RF turn-off

m Drift period without RF
= Fast h, RF turn-on followed by slow (adiabatic) voltage increase

Voltage variation

at constant 1 ldo v Ve e ———
adiabaticity & = — -
ws | dt
V 2
_ | _deb . Vi deb
Vdeb (t) - 2
V t Rebunchin
| _deb g
1-{1— | '-0b | %
VF _deb tR
Debunching
I _reb oo
Vl’eb (t) = = , Drift )
J/F_{;t’gh J fii'{-_‘f)
tR—J'er ItF—

2
l:l_[1+ \\//I_reb jtt] ’ 0
\ VF_reb )'F m Ebeltoft — Denmark
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4. Multi-bunch gymnastics
Iso-adiabatic debunching-rebunching

¢ Performance:
m depends upon adiabaticity
and voltages at RF turn-off
and -on
m high sensitivity to
disturbance during drift
without RF
m effect of beam induced
voltage in cavities

¢

m unavoidable blow-up

<

.

0.01 0.1 1 10

Normalised bunch emittance in the final bucket

]

Emittance blow-up after complete debunching

[a—

+ no gap without beam
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4. Multi-bunch gymnastics
Splitting (Merging) [ref. 11, 12]

¢ Changes the numbers of bunches (in multiples of 2 and 3)

4 Principle: adiabatically change the focusing voltage for a
continuous evolution from the original to the final state

4 Technique: apply simultaneously 2 RF voltages on h and 2h
(Example of splitting in 2)

Vethy=2 h)

V, =V, sin(hagt) ) ;
V, =V, sin(2hagt + 7) _—

|
\
I | ! |
I B L [

i \\ \\\ !
¥, - / \ / > [ £ =
A /( \ { \ \ \ ?
\-._/ i \_,/ i \_ \_/
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4. Multi-bunch gymnastics
Splitting In two (simulation)

¢ Technique:

i
. ’n'(!,r .
Mt
i

Tlme }{'Hf'... lr,;&-;,%%j&;- i
evolution 1 0
of the RF 2
voltage s’
-1
D .
Time
evolution
of the
bunch(es) B05
&
E D
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4. Multi-bunch gymnastics
Splitting In two (measurement)

+10 MeV
BUNCH DOUBLE SPLITTING
CERN-PS @ 3.57 GeV/c - 3E12 protons/bunch 0 MeV )
é = -10 MeV!
+10 MeV
Y
T
=5 ;
- wl 0 MeV |-
g |
7
-10 MeV .
+10 MeV
E PO o oy Y
\ a \ @
_ 0 MeV
® : N
1 T ; : : s -10 MeV
S B R oMy
R% 20 ns/div
1 trace every 800 turns ' /i
0 Mev |-ni Il
-10 MeV :

-50 ns 0ns  +50ns
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4. Multi-bunch gymnastics
Splitting in four (simulation)

Splitting bunches in four at 26 GeV/c

V(h=84)

———
E——————————

_______ bt b 140 ms E‘{f’:";
....... b faoms
i V(Eh_z‘l) R RPN RO R EPRNE P AT B RN
40 kV 20kV 0OkV -8 -6 -4 -2 0 2 4 6 8

Azimuth (deg)
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4. Multi-bunch gymnastics
Triple splitting [simulation (1)]

Splitting bunches in three at 3.57 GeV/c in the PS

0KV E

Beam voltages :
onh=7,14and 21 0¥ ¢
during iriple splitting . |

0 ms I 5 ms I llEI msl 1I5 msl EIIII ms I 25 ms

" EE ey | lms "o =] Flams] 125 ms

0 m _ 0 04

N
| tim (deg) | |
APty i o
Beam spectral amplitudes 104 A=T)
on h=7 and 21 15E
during triple splitting Ath=21)
0 ms Sms 10ms 15ms 20ms  25ms
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4. Multi-bunch gymnastics
Triple splitting [simulation (2)]

Time
evolution ¥*77
of the RF Vih=14)
voltage

V=21 ¥

Time
evolution
of the
bunch(es)
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4. Multi-bunch gymnastics

Triple splitting (measurement)

Ip=1.5E12 ppb - 28/04/2000

IN THE PS

eV

BUNCH TRIPLE SPLITTING AT 1.4 G

16E

f
! = <« o
-— o o

(2950121W QOF) SUIN) /L /9281 |

1.4
2

1.8

0.2

x10°

Time(s)
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4. Multi-bunch gymnastics
Splitting (Merging)

R. Garoby

Advantages with respect to debunching /
rebunching:

Capability to preserve longitudinal emittance: no need for very
low RF voltages to minimise blow-up,

Capability to keep a gap without particles over a fraction of the
circumference,

Good reproducibility: beam is always confined by RFs, and
feedback loops can be used for stabilisation,

Lower risk of microwave instability thanks to the larger (Ap/p)?/I
in the beam.
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