1
D ad
2 Loul 5 Y - p
e "l - Do

Bunched Beams —
Longitudinal Beam Dynamics

Peter Spiller

Helmholtz-Rosatom school for young scientists at FAIR 2011

14.2.2011

Lt = FAR —

Longitudinal Beam Dynamics — Peter Spiller



Table of Content

» Basic formalism of long beam dynamics and definitions

= Rf Capture, Mismatch, Bunching and Stationary Buckets
= Barrier Buckets

= Dual Harmonic Operation

= Acceleration

* Single Bunch Generation — Merging, Batch Compression
= Bunch Compression, Target Matching and Storage Rings

" Impedance, Tranverse-Longitudinal Coupling

ﬁ HELMHOLTZ

st EEEm I FAR —

Longitudinal Beam Dynamics — Peter Spiller



Parameters of the Longitudinal Beam Dynamics

V,: Rf (peak) voltage

dp/p: Momentum spread (coasting, bunched)

Bf: Bunching factor (mean current/ peak current) — Bunch (phase) length: ¢g= 3/2 = Bf
¢ : Phase of synchronous particle

o, Synchrotron frequency (beam in rf bucket)

Nyunch: Harmonic number of the bunches

hge:  Harmonic number of the Rf system (may be different to h, ..., , €.9. kicker gap)
D(s

1
7
o: Momentum compaction factor = v~ Q
(Density of particle tracks with different momenta — function of the ring lattice)

n: Slip factor =1/2 - 1/y;2
n= 0: All particles, independent from the momentum deviation have the same revolution time

(isochronous mode > storage rings)
ﬁHELMHOLTZ
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Injection and Debunching

m

Ar18*

BB12

SIS18
fys = 214 kHz

\7 Longitudinal Envelope Equation
z..: bunch length

LeCroy DSO
(0.5 GHz, 64 MB)
Coherent Signals

g, : longitudinal emittance

K, : space charge parameter

k, : longitudinal focusing (Rf system)

Coasting (debunched) beam:

Debunched, dc beam, ,equally® distributed over the circumference
with a ,flat® longitudinal distribution. The linac beam has a
microstructure, given by the linac Rf system — normally of much
higher frequency than the ring Rf system. J
The (micro)bunches from the linac are debunching after injection 11.80 1195 1200
until they overlap. The momentum spread of the coasting beam is FIequancy [Nwiz}
defined by the momentum spread of the microbunches (without Schottky Spectrum
space charge and debunching Rf system).

Amplitude [pW]
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Longitudinal Profiles in Circular Accelerators

4';-

Bunched beam (stationary):

Particles capture in the Ring Rf bucket. Parabolic longitudinal distribution.
Number of bunches are defined by the ratio of Rf frequency/ revolution
frequency = harmonic number h.

| T_1 27
Cavity 1 E eV _sin ot _
A B O or
- TN
(/éj‘,g A\
1 = ,
5 fika — s ‘stationary buckets’
\\\ / AW
\ /'/
AN Cavity 2
[ \
Pd j \
7 ™ \\ .
\ 7 ot
\ /' - . .. .
\, Yl Particles inside the separatrix: bunch

The run time T of the particle between two cavities must be an integer number h of oscillations.
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Observed bunch profiles in SIS 18 after rf capture

SIS-MODI rf amplitude ramp self-generated adiabatic rf ramp

-0.01
-0.02
-0.03
-0.04
-0.05
-0.06

-0.07

0 1 2 3 4 5 9

Distorted bunch form. Matched bunch.
Bunch area blow-up: #100 % Bunch area blow-up: #30 %
€ weLmnorz
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Longitudinal Phase Space Conservation

" iy g N
=W -

The longitudinal phase space ¢, is invariant.

Even nonlinear systems do not change the emittance.

Only mechanisms changing the total energy of the systems
change the emittance,

= e.g. acceleration (damping with e~fvy), cooling etc. o W ‘ @ : @
Other mechanisms which may potentially change the
emittance:
= charge exchange (stripping, stripping injection ...) Phase space diagrams with equal
emittances but increasing ,effective
AL emittance®.
(AE )y = |-
Pr However, the effective emittance can be changed.
E.g. ,air’ in the phase space generated by e.g.
. instabilities, coherent longitudinal oscillations,
Ar mismatch, Rf phase jumps etc. increases the
effective emittance.
(AM)yax =61 51 Since beam loss has to be avoided, the effective
emittance is the only important parameter.
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Bunching: Coastlng Beam > Bunched Beam

The Rf frequency must be matched
to the revolution frequency of the
beam (schottky measurement).

The bunching process must be
performed (iso)adiabatically.

The bunch must be matched to the
bucket at any time.

The capture time must be a multiple
of the synchrotron period (e.g. 30x).

The change in synchrotron frequency Observation:

must be small with respect to the Persistent dipolar or quadrupolar

synchrotron period. bunch oscillations above a threshold
intensity.

Phase space conservation Persistent dipole oscillations in SIS 18: > =0.2

(dp/p). x C = Ff x hg x (dp/p)g X zg
(dp/p)g= 8/3 x (dp/p)/(r Bf)
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Stationary Bunches

dp/ p)’ 2mh
yy = PD N 2y (145,
do ge
30hgqe
20: 2@ 2n,3
8e,mcByn (dp/ p) Rdo

Rf voltage with space charge parameter

R: mean ring radius

g: form factor= "2 + 2In (r,,e/Mveam)
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Acceleration
L

‘accelerating buckets’

Electric Field ek,

AW

Potential \

)

)
I
b 4

separatrix (rf ‘buckets’)

Trajectories
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Stationary Rf Bucket

Synchrotronfrequency

SIS100: proton operat. > «

\/ th S1n %ﬂ SIS18: typically 1 kHz
W, =

Bucket Area (Phase Space Acceptance)

1 qghV, 1—smno,
h*\| M cosd, 1+ sing,

Lt = FAR —
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SIS18/SIS100 Rf Bucket Area and Beam Quality

Bunch area and equivalent coasting

1 qhV, 1-sino, beam momentum spread
Bucket area: Ay < — : \
h* \| M coso, 1+sind, s, =C AF’ (B )
mJ v

- =4T/s: V, =400 kV, h=10, ¢, = 35° FAIR today
0.0030 ' Bf =0.2 ' design (e.g. M.Kirk,
.8 0.0020 E_ - ‘ _? H Damarai)
o  Space charge ,’x \:?-.\AB SIS 18 103 1-2x 103
8— 0.0010¢ factor' 'l ; % . - injection
€ >=0.2 ' [Bunch ' ] ]
3 O.OOOOE l' area: S, R SIS 18 4x 104 1-2x 1073
c 3 \ ,! . G Gy .
qE, ~0.0010¢ v K extraction (dilution (dilution factor:
o o LT factor: 2) 5)
€ -0.0020} - : )
E Bucket filling : Sg/Ag=2/3 | SIS 100 4x 10+ 1-2x10°
—-0.0030¢ " L L : iniection
-100 0 100
¢ [deg]

The budget for longitudinal blow- up in SIS 18/100 is tight (factor 2-3) !
=fenEAR ! pmeg e FAIR —
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Acceleration in SIS100

3 L 1
s ; = = RF[arb.u.]
BIT] Dipole field T Bucket boundary
me= Bunch boundary
S ucket boundary with bl
2 2 ------ gunchtboundar;ywit; bl 3
nnnnnn bunch profile with bl [arb.u.] |3
1 5 - == bunch profile [arb.u.]
| |-
1 g !
X
05 2
t[s] S 0
o5 1 15 2 25 3
3 -\
. -1F ’s~ ’;:“'z
B[T/s] Ramp rate sl .t

4 e L U ',,(“""’v"'-l\l\‘\““\“‘
21 2 -150 -100 -50 O 50 100 150
¢ [deg.]
t[s]
0.5 1 1.5 2 2.5 3
1D} \ {
_4t

4%%F[kV] RF gap voltage g Y
300 s
200 S
100 5
t[s]
05 1 15 2 25 3 0

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
t[s]
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Realistic Rf Cycles (fast extraction)

; ;i" N SGaie &
g 3 -

Rf frequency cycle Rf voltage cycle

oy [MHZ)
RF-voltage [kV]

AF frequer

e
(0

Injection Rf capture
P Acceleration Flat-top

dB/dt = const
n: decreasing

g, .decreasing
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Broadband Current Transformers

Transformer with beam pipe for average (dc) and bunch (ac) current

inductance L
torus —
beam N R
SO\ N .\‘\ N\ \\\ \. -
NN - £ wire =
secondary
windings

beam = primary winding

0 BERGOZ Instrumentation, France
o Bandwidth: 1 kHz ~ 650 MHz
O Rise time: 540 ps

/HELMHOLTZ
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SIS18 > SIS100 Bunch to Bucket Transfer

|

SI1S-18 SI1S-100
AE AE

=L
N/ o \]/ a

1000
E [MeV/u]

Extraction kicker is triggert according to beat between

QeI _/TVI\/T\/I\_SISW SIS18 and SIS100 bucket phase.
11
bbb bbb Circumference relation must by slightly non-integer.
0 0.5 1.0 time [sec]
& vewnorr:
et =1 FAR —
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Barrier Bucket Injection (temporary concepts)

Barrier Bucket System in SIS18 :

Debunching before transfer to SIS100 Inc. Tune Shift dQ o< 1/ (B2y3)
and dQ o< |y,

dQ < 0.25 (1 Sek.)

/ <|>

Synchrotron # Storage Ring
91.6 MeV 196 MeV

(12 Tm) (18 Tm)

Separatrix (1,AE)

Barrier bucket injection system in SIS100 :

2 individual systems of MA loaded cavities
15 kV at 2,4 MHz
(Cavity under development at GSlI)
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Rf Cycle in SIS100 (temporary concepts)

Barrier Bucket Injection o I = I - I ; N

(RF System 1)

Acceleration at h = 20 “l““"“l“i““'c

(RF System 2)

Debunching in Barrier Bucket g S ——

(RF System 1)

Precompression in Barrier Bucket C

or Harmonic Potential

(RF system 1/2)

Compression ath =2

(RF system 3) C
ﬁHELMHOLTZ
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Rf Systems in SIS100

= Acceleration Systems
18 ferrite loaded Cavities
V... =300 kV -Frequency Range : 2.28 — 5.34 MHz

a,tot

= Compression Systems

38 MA-loaded Cavities
V....=1.3 MV - Frequency Range : 465 kHz (¥70)

ctot —

= Barrier Bucket Systems
Broad band MA-loaded Cavities
V, = 2x 15 kV - Frequency = 2.4 MHz.

Total Length of RF-Systems ~ 120 m
( 11% of Circumference )

Longitudinal Beam Dynamics — Peter Spiller



SIS18 and SIS100 Inductively Loaded Rf Cavities

MA loaded SIS18 bunch compressor cavity

New LLRF modules developed:

Flexible Direct Digital Synthesis (DDS) unit for RF signal
generation,

Programmable distribution amplifier for the switching of RF
reference signals,

FPGA interface board that distributes information from the central
control system via optical networks to the target devices (e.g. to

Phase control unit for two harmonic operation of the ferrit the DSP system for closed-loop phase control)

loaded SIS18 cavities and the MA loaded h=2 cavity

ﬁ HELMHOLTZ
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Rf System Developments

= Digital Cavity Control
Synchronization of cavities > Increased longitudinal acceptance at
high ramp rates and rigidities
Synchronization of cavities running at different harmonics
Bunch phase feed back

= Longitudinales feed back system (separate broad band cavity)
Damping of coupled bunch modes
Damping of instabilities in the coasting beam phase

* Fast semiconductor gap switches for low and high duty cycle cavities

e =1t FAR —
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SIS100 Rf Sections

s e
r, =

Rf compression section

ﬁ HELMHOLTZ
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SIS18 - U28+ Beam Loss at High Ramp Rates

Insufficient bucket area creates beam loss. The bucket area depends on the
phase of the synchronous particle which increases with increasing ramp rate.

80% B flattop

B ramp
70% -

M RF capture

%

M injection ace.min
b

60%

=V, sing,= 21 R,,p,*IB/ dt

50% -

40% -

relative losses U28*

30%

20% -

10% -

0% -

3(’iB/dt / T/;1

Fractional loss of different mechanisms during fast ramping
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New h=2 Acceleration System

» Sufficient Rf voltage for fast ramping with
low charge state heavy ions
U73* acceleration with 4 T/s (2x1079 ions)
U28* acceleration with 10 T/s (2x10'" jons)

= Sufficient bucket area for minimum loss
(30 % safety)

Ty | e |
= Flat bunch profile (high Bf) for lower inc. tune shift 0'0065 .
two harmonic acceleration . i :
h=4 (existing cavity) and h=2 (new cavity) " oo o
= Compatibility with SIS100 Rf cycle _;moz

Design studiy for the new, high duty cycle MA loaded, h=2 acceleration cavities (0.5 MHz - 50 kV)

ﬁ HELMHOLTZ
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Dual Harmonic Operation

Dual harmonic test operation with the existing SIS18 cavities at h= 4 and h= 8 with the new LLRf system.

05
0.4
A A A A
0.3 ¢+
.
0.2 ]
+
or |4
¢+
£
+
3

signal [a.u.]

0
-0.1

time [ls]
Figure 4: Bunch Profile Single-Harmonic Operation (B. Zipfel)

12

4

D
D
D
D

3 b1
I A S A S N S
So.li 4§ R {3 HER
A U A T A Y A
N L S
a0 05 1 il 2 25 3 35 1 a5
time [us]

Figure 5: Bunch Profile Dual-Harmonic Operation (B. Zipfel)
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Single Bunch Generation
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Impedance and Beam Stability

PARARARRRL "~ SRARE AR AR IERARRRRAN IRRRARARAN
B kicker 3 \ ]
1000 - | wall Measurement of bi-Lorentz
Ferwté ggm ----- : Parabolic
I s+« Ferrite cavity =--=-- s . 1L .
g X » Beam stability diagram : Gaussian
= ! f
v 10} = Betatron tune Q, 5
i o S5 f
1} = Chromaticity & :
A
01 , . » Momentum spread dp/p ;
1 10 100 ;
harmonic 2t o]
010 000 010 020 030 040
1000 e Ve
kicker (horiz.) )
kicker (vert.) =---- kicker pickup
€
= 100 F E
g )
-~ ey e
< -7
& Iy
&) 10 f ll
J network analyser
lI exciting response
’ signal
1 < L . Q, A" Q, gt A
0.1 10 100 @
f IMHZ1 BTF: amplitude(Q), phase((2)

Goal: Determination of impedance spectrum - Measurement of kicker- and
resistive wall impedance and their influence on beam stability

ﬁ HELMHOLTZ
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Beam Instability in the Coasting Beam Phase

Cavity impedance : 3 kOhm — Resistive Wall Impedance : 1.5 kOhm

12-Mer-97 12-Mar-37
15:51:48 15:66:54
Bunch Amplitude before Bunch Amplitude after
Debunching (h=4) Niedriger Strom Rebunching (h=1)
12-Mar-97
16:14:93 YN ot e Aot
By R 5'.’5? v i
Bunch Amplitude before m Bunch Amplitude after
Debunching (h=4) Rebunching (h=1)
Final Bunch Profil at Final Bunch Profil at
. Low Current (1) . High Current (2)
235«:?_ /\ [\ ﬂ & 33?‘:;'_ [\ f\ [\ ﬂ-
16 me — B8 m 2 U 18 ms — T e :
t dissbled Time 648.88B8E ms 1 d;sasleadn At l.llps % 897 kHz
: :gmgi;g I Ext18 DC 1.38 ¥ 1M H ;:ﬁxh?! _I— Ext1® DG 1.39 V 1MD

Nel0+-beam 1x10°9 and 2x1010 Teilchen
ﬁHELMHOLTZ
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* Fast detuning the cavity during or after debunching
» Operation with slightly bunched beams during slow extraction

* Broad band feed back system (under development)

Lt = FAR —
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Bunch Merging

500kS/s 100ns/div
Nornmal
L'
: << Main:S00k >> H
IMAGE
L Thunbnai |
E— : - PNG
: . . . : . Color
. Lo F*";.—&l%' i O TOTTOTT TP vy L ON(Reverse)
N 3 | : H : : : FR_BE:
‘ i : : : ‘
: : : Connent
: ; /— : ’ :
: o \ : : : ‘ «
o : | \ : : : : File List
H fl: \ .
" i i i [/ \ CA : : : " W File Name 3
. : 71 VAN N
, i A0 S N W — MESS E
3 : H P-BE2 : - PRl - : |a E f
Stopped 1380 Edge E3
(.l 20106-10-19 10:56:23) Normal 2.20V 2016-10-19 10:53:06
Figure 4: Waterfall plot (leftmost section: Beam signal (beam phase monitor SO5DP3P), section
in the middle: Gap voltage S02BE1, right ion: Gap le] )

Figure 2: Oscilloscope plot of the generated ramps

The cavity SO02BE1 was temporarily operating at h—-2 and temporarily at h-1, the

cavity SO8BC2 was parmanently operating at h=2
Thea height (amplituda) of two subsequent averlapping trapezoidal ramps differs by a

| s rabio was chosen in order o keep the overall buckel area

laclor of 4.

(proportional to /U, / h ) constant
ﬁHELMHOLTZ FAIR
== 1l —

| GEMEINSCHAFT
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Proton Bunch-Merging in SIS100

Figure 4. Simulated phase space plots ol the beam dunng bunch merging of 4 GeV protous. The plots below
correspond to the times =0 (top 1eft), t=Tperee’3 (top right). =2T perse/3 (bottom left), t=T perge.

yoir merging in $15=100
9000 3.334C-02 eex

Since the synchrotron frequency at extraction level ist too low, proton bunch merging (single bunch
generation) in SIS100 must be performed on injection level

ﬁHELMHOLTZ )
| GEMEINSCHAFT FAIR -
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Bunch Compression and Target Matching
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Single Bunch Generatlon and Compressmn in SIS18
| | . NN 4

Acceleration Pre-Compression Main Compression

Measured Beam Currents

Beam Current
Beam Current

Beam Current

0O 500 1000 O 500 1000 0 500 1000
Time [ns] Time [ns] Time [ns]

RF- Cycle “E

RF Voltage [kV]

o 100 200 300 400 500 600 700

Cycle Time [ms]

Fast Compression t, ; =V(Vi/Vf) . 1, Adiabatic Compression t, ;= V~(Vi/Vf) . t, ;

Dec. 2003 : Compression of 4x10° U-lons to 120 ns

ﬁ HELMHOLTZ
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Bunch Compression in SIS18

= =
" . -
=

" Proposal (1996):

Compression of U28+ at 200 MeV/u for PP experiments

Proposed compression voltage: 240 kV
* Present Situation:

Realized is one Rf system with: 40 kV

= Application change:
Compression of U73+ at 1000 MeV/u for FAIR stage 1

Bunch Compressor is a Low Duty Cycle Cavity
Operation frequency can only be adjusted via the gap capacitor and is almost fixed.
Rf pulse length of 500 us just sufficient for the long compression time (1 ms)

> combined compression with existing Ferrite cavities
e =1t FAR —
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Compression Cavity and MA Research for SIS18

Amorphous MA Cores N |
Cobaltbased — ”\2!’ mmy ggg

SO e
1 I j/w“ qn

| L
- WERRIAN-

40 KV per Gap

Low Duty Cycle System
(Rf pulse 500 us) > air cooling

For an optimization of shunt impedance and
inductivity, a large variety of nanocristalline (Fe
based) and amorphous (Co based) core
materials have been investigated

(Vitrovac, Honeywell, Finemet)
ﬁHELMHOLTZ
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MAGNETIC ALLOY (MA) versus FERRITE

Properties of MA - Materials

= High saturation flux density (0.8 T) (higher gap voltage)
= Linear permeability 1(B)

= Constant power loss product 1/uQf at high flux densities
= Low power density at high voltages

= High Curie Temperature (570°C)

Properties of Ferrites

= Lower saturation flux density (0.3 T) (lower gap voltages)
= Decreasing power loss product 1/uQf at high flux densities
= Higher power loss density at high voltages

= Low Curie Temperaturw (100° - 250°C)

MA - Typen: z.B. Vitrovac (VAC), Vitroperm (VAC), Finemet (HITACHI)

e =1t FAR —
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Pre-Compressmn in SIS100

— 1.0 T : :
}ﬂ — |ine density: with sc and bl
o i g 0.8 — Iine dens!ty: no sc, ng bl
# cavities R¢/cavity [kQ] Q o I — fne densiy: 1o zc i
acceleration 20 3 10 10f, o 0.4l
barrier 2 1 0.4 1.5 MHz g 02} ﬁ
Z 00
compression 16 1 2 1.5 MHz € 02
g -o.
£ -o04f ]
-150 - 100 —50 50 100 150
t=0.00000 ms Vlasov simulation - t=200.546 ms space charge reduces
5.0 . . . .
including cavity ”;ebef'fec'lf y
<15 beam loading and <"1.75 otbeam loading

space charge.

cool .\ | @
. T 0.5 0.5
o
0.0 * 0.0 0.0
Q.
>
o —0.5 -0.5
-0.5
—~400-200 0O 200 400 —400-200 O 200 400 '
z [m] f(dp/p) [arb. units] z [m] f(dp/p) [arb. units]

Bunch area increases by 20 % during pre-compression. Longitudinal dilution budget in SIS-100: Factor 2.

ﬁ HELMHOLTZ
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Bunch Compression in SIS100

Single bunch formation SIS-18 bunch compressor

loaded with 20 MA cores
1.5 GeV/u —
8 bunches ‘
I EEA N R RN ' g s 2
AN
RMMNHE T NN
‘bunch merging’ LN ] JHLL
N —————— fH H | H
pre-compression RF cavity systems in SIS 100:
T #cavities | Voltage [kV] Frequency [MHz] Concept
Acceleration 20 400 1.1-2.7 (h=10) Ferrite
rotation 0 [P Compression 16 600 0.4-0.5 (h=2) MA (low duty
cycle)
extraction : Final Particles/bunch | bunch length
f bunch 1.5 GeV/U U2+ 5x1011 60 ns
AQ..~ -0.6 ! parameters} 29 Gev/u p 2-4x1013 25 ns
ﬁHELMHOLTZ
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Target Matching and Bunch Rotation

Short SIS 100 bunches: Super-FRS

Low-Energy

D 4
Collector Ring (CR)
circumference 212 m

Branch
«— Energy

1 eemor
- target matChIng Main-Separator A i Buncher ri idih' 13 Tm
1 Pre-Separator _ com—wmem, &  High-Energy Branch g
- RIB/pbar pre-cooling L ety
»»*'9 - Ring B h Injection and
------------ - ing Branc from SFRS extraction Septums to RESR
«— Production
: dp/p=% 0.1 % Targer oo
: : Focusing - Injection kickers Transverse
- T System 50 m pick-ups

7 From SIS 100

bunch rotation

0.1 ms duration

+0.75 %

| adiabatic debunching

after bunch rotation and
debunching in CR

50 ns

+0.5 %

M.

/

Momentum =
pick-up

Extraction kickers

TOF $
detector X

TOF

h, . detector W S?d&kers

B W s el

CR ring properties:
RIB pbar
energy 740 MeV/u 3.0 GeV
mom. accept. £ 1.5% + 3.0 %
transv. accept. 200x10®°m 240x10°m
Cooling down time 1.5s 10 s
Steck, TUOBMpulELMggT[aI)
. pEEesa FAR —
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Tomographic Reconstruction of 2D Objects

Classical In 1917 Johann Radon proved for general case
Y that 2D distribution can be uniquely restored
from the infinite number of projections

W (x, )

A(x,,0) ‘~ | VAN 9 - angle between x, x,

EEEEEEEEEEEE = FAR —
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Longitudinal Phase Space Reconstruction

views from different sides onto the phase space

Tomograhic reconstruction of phase space requires
f distribution.

; Synchrotron oscillation generates projections of the
phase space distributions (line density) which can be
X measured by a beam transformer.

A mountain range (watefall) plot (turn by turn

monitoring of the bunch profile) can be used to
<%;\ reconstruct the phase space distribution.
L 1

S. Hancock, CERN

nnnnnnnn

ﬁ HELMHOLTZ
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TOMO Phase Space Reconstruction

Input parameters:
Header information of the line density file
Machine parameters in ascii fromat

Input parameters:
line density in ascii format

example

Number of bins
Number of frames

Harmonic
Voltage amplitude

/

“TOMO”

example

- 1.0
0.85
0.75
- 0.62
0.50
0.37
0.31
0.25

0.12
0.070

-400
# weLmnovrz

200 0 200 400

100 150 200 250 300 350 400 450 q)
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2. Maximum

1. Minimum

-600 -400 -200 0 200 400

Fle Edt View Tarsfom Generale Ansyee Favoes Opbons winfhow i)

x
H
£

= DFEFE DREEEEER! PR FEEEERRE|EER| EEEEEC N | e e
R =] FERFIEAE| RS | R Gse.
m— v |
-+ i
p -
} -
DEIES EYEIES Q ~ z =Y
O] =1 ENEN O o]0 3
. i
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Tomography of Bunch Compressmn

Measurements before

RF cycle in SIS18 and during compressmn
. T — | — pre compressmn
40 - Bunch compressor I 3 8 kV | —— compression
RF cavity ]

85ns

Current, arb.u.

Total RF voltage, kV

1 kV

0 500 1000 1500 2000 2500 3000
—p
time, ms

Main parameters

o

Ton: Ut W s
Energy: 295 MeV/u 1 0o
Pre-bunching RF amplitude: | kv 0.50
Bunch Compressor amplitude: 38 kV 0 82:
Particles in the ring: 1340° 0.25
0.12
Tomographically reconstructed phase 8070
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Transverse-Longitudinal Effects
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Transverse Space Charge

Uniform Gaussian the space charge tune shift
) depends on the betatron
y . - 1Y*=- oscillation amplitude a.
/- ---:-.:-:: r-'-':\:
T EEE AT AN
l, = -:’:: EL T X
N e
= - e
A I
20
1 X
Defocusing Defocusing
Linear Non—Linear

Space charge force changes along the bunch:

1(z)
0 20,0 =apm[1-Z )
longitudinal 0,.(2)=A0; _Z_zj
bunch profile "

—Z
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Amplitude dependent tune shift:

Q(ax 7ay) = Qo - AQSC (Clx ’ay aZ)
Maximum space charge tune shift:
8 QN 2

A max oc —
0, B, & Boy, 1+ ¢, g,

g, =1-2 (1:uniform, 2: Gaussian)

DA scan for SIS-100 DA /6




Beam Loss by Resonance Trapping

Slow halo X

formation \

v
N

Bare tune

Periodic crossing
of a resonance
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Bunch Profile Reformation by Resonances

S
@

. . & £ A 43
Dual harmonic operation was supposed to reduce  := it 31 {1 ";
. B it ; i 3
beam loss by resonance trapping. P W §
y PPINg az.} \...../ N \../
time [us]

Figure 4: Bunch Profile Single-Harmonic Operation (B. Zipfel)
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»Single harmonic bunch®

Flat, dual harmonic bunch

Different working points
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Acceleration

= %
SR ‘ - . 3
2
‘m _

The bucket area A, becomes reduced by factor o (¢.).

Ay = A0 ((I)S )

The bucket factor o,(¢,) is given by the numerical solution
of the elliptic integral

\/E(l)z :
U (q)s ): ) H\/COS(D + COS‘(])S‘ + @) + ‘q)s‘ - km‘q)s‘ do
Oy
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