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Preface

The 3rd mini-workshop on high intensity, high brightness hadron accelerators was
beld at Brookhaven National Laboratory on May 7-9, 1997 and had about 30

participants.

The workshop focussed on rf and longitudinal dynamics issues relevant to in-
tense and/or bright hadron synchrotrons. A plenary session was followed by four
sessions on particular topics. This document contains copies of the viewgraphs
used as well as summaries written by the session chairs.

M. Blaskiewicz
Scientific Secretary




T. Roser

J.M. Brennan
R. Garoby

D. Wildman
C. Ohmori

A. Thiessen
M. Blaskiewicz
M. Yoshii

C. Ohmori

R. Garoby

S. Hancock

E. Jensen

J.M. Brennan
K.Y. Ng

J. Wei

J. Kewisch
K.Y. Ng

Y.H. Chin and H. Tsutsui
M. Blaskiewicz
J. Rose

J.M. Brennan
E. Onillon

M. Blaskiewicz
R. Garoby

Contents

Summary of Plenary Session

AGS/RHIC Status and Plans

CERN Status and Plans

FNAL: Status and Plans

KEK Status and Plans

LANL Status and Plans

Summary of Barrier Cavity Session

AGS Barrier Cavity Upgrade

KEK Barrier Cavity Results and Plans
Summary of Longitudinal Emittance Control Session
CERN Experiences

LHC Issues

High Brightness in RHIC

Space Charge Effects and Ferrite Compensation
RHIC Operation with Increased Bunch Area (I)
RHIC Operation with Increased Bunch Area (II)
Summary of Longitudinal Instabilities Session
Longitudinal Instabilities in a Barrier Rf System
Fast Particle-Particle Update Schemes

Stability in RHIC

Summary of Beam Loading and Rf Stability Session
State Vector Techniques

The NSNS Rf System

PS Phase Measurement System

List of Participants

25

38

61
75

93

94
107
123
125
131
137
142
160
169
175
176
191
195
203
205
223
228
231




Plenary Session
T. Roser

During the plenary session summary and status talks from the four organizing
laboratories (BNL, CERN, FNAL, and KEK) and also from LANL were presented.

Mike Brennan reported on the various high intensity and high brightness efforts
at BNL. In preparation for RHIC operation the AGS needs to produce very bright
Gold beams with 10° ions per bunch and a bunch area of 0.2eVs/u. The present
performance has reached already 0.4 x 10° ions per bunch with a bunch area of
0.6eV's/u. This intensity was achieved by merging 8 bunches into one which is
most effectively done early in the acceleration cycle.

High intensity proton beams are accelerated in the Booster and AGS. With
second harmonic cavities more than 2 x 10'* protons on two bunches each with a
bunch area of about 1.5 eV s were accelerated in the Booster. The beak performance
is very sensitive to the relative phase of the first and second harmonic rf system.
Four Booster beam batches are accumulated in the AGS for a maximum intensity
“of 6 x 10!® protons. Stability during accumulation can only be achieved by diluting
the bunches to about 4eV's using a high frequency cavity.

To avoid excessive blow-up and also to-allow for the accumulation of more
than four Booster batches a Barrier bucket system is being developed. With such
isolated sine waves gaps in the debunched beam can be manipulated in such a
way as to stack successive loads from the Booster. So far with two 12KV cavities
an intensity of 3 x 10'® protons was achieved by stacking six Booster loads. The
development goal is to build 80 £V cavities to produce 250 ns long sine waves.

The development and upgrade plans for the CERN PS and PS Booster in the
LHC era were presented by Roland Garoby. With only one bunch accelerated per
Booster ring two Booster loads can be accumulated in the PS. Before extraction
to the SPS the beam will be debunched and rebunched into 84 bunches with a new
140 M Hz tf system. Each bunch will have to contain 10*! protons in a bunch area
of 0.3 eV's. The goal is to send nominal LHC beam to the SPS in 1998.

The status and plans for high intensity beams at FNAL was summarized by
David Wildman. The next Tevatron collider run will make use of the new Main
Injector with increased production and stacking rate for antiprotons. High proton
intensity will also be required for the long baseline neutrino experiment and in
the future for even higher Tevatron luminosity. Presently longitudinal coupled




bunch instabilities driven by higher order modes of the rf cavities in the Booster,
Main Ring, and Tevatron are limiting intensity unless a number of active and
passive dampers are used. A permanent magnet 8 GeV Recycler ring has recently
been made part of the Main Injector project. This ring will be used to store and
cool anti-protons both remaining from the previous store and directly from the
Antiproton Accumulator ring. Wide band ferrite loaded barrier cavities with a
peak voltage of 2kV" will be used to manipulate the antiprotons in the Recycler.

_ Chihiro Ohmori reported on the plans for the Japanese Hadron Facility. It
- will consist of a 200 MeV Linac, 2 3GeV Booster accelerating 5 x 10*® protons
at 25 Hz and a 50 GeV Main ring accelerating 2 x 10** protons. The Main ring
lattice will be transition-free. A development program is underway to use Finemet
(Fine-Crystal High g Metal) in the main ring cavities. This material has high
permeability, a low Q factor (@ < 1) and performs well even for large rf fields.
These cavities will be used for acceleration as well as Barrier Cavities.

Arch Thiessen gave an overview of the LANSCE PSR status and upgrade plans.
The intensity at 800 MeV is Limited to 4 x 10*® protons by a fast transverse in-
stability which is believed to be caused by electrons. Clearing gaps in the beam
help suppress this instability and an upgrade of the rf system including a second
harmonic system is underway to improve the situation. Potential well distortion
from space charge is typically overcome by using much larger rf gap voltage. Alter-
natively the vacuum pipe impedance could be modified to cancel the space charge
effects. A test is planned this year at the PSR of such an impedance tuner.




Workshop on High Intensity-
~ High Brightness Beams: RF Issues

BOOSTER/AGS/RHIC
J M renma N

T Rese —~ siability

@ High Brightness for RHIC

@ High Intensity Protons M. Blaskiewiez ~

NSNS

@ Barrier Cavity, Development M. Yosh

Issues for Discussion -

\
|
I

@ Phase modulation for emittance blow-up |
@ Higher brightness for...e.g. g-2 experiment
@ Very high brightness for a proton driver

@® More accumulation for higher average current

» Barrier Cavities




High Brightness for RHIC
(179All +79 , Y=12)

L Specifications
Bunch Intensity - =10’ ions
Longitudinal Emittance = 0.2 eVs/u
II. Performance to date (Jan. 97)

Bunch Intensity =0.4 x 10’ ions
Longitudinal Emittance = 0.6 eVs/u

- HII. Operating Méde
Bunch merging,2 x2x2

Accumulation in AGS at 430 MeV/c/u
Motivations

4 Booster Cycles :
Au*™: 40 ... 430 MeV/o/muc c
h = 8 —> 4 by bunch stacking 60 % Stripping Efficlency: leﬂ
'\ - T Au "t
A b = TR T ] 112 Gevickwe

Au"’a.ash;. 11.g 66eVlclnuc
be., (FEB) = 4
b, (SEB) = 12

‘ SEB

A 1 part. pA, 700 s
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Source Tandem
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Mismatch at AGS Injection

® Momentum Error
® Bucket shape mismatch, need more Vif for AE
® New batch perturbs old batch via phase loop
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Issues for Discussion

i
f

@ Preserving the phag.e feedback during merge
'. “Vacuum loss”?

@ Using l.argerI emittance in RHIC

@ Bunch stability in RHIC

@ RF Noise during 10 hour store

Booster
(200 Mev to 1.9 GeV, 2 x 10"ppp)

L. Parameters .

1. Frequency range: 1.6 to 2.8 MHz, h=2

2. Voltage: " 2x45kV, h=
2x15kV, b=4
3.Beam Current: 8-10 Amps, rf
4. Power: b=2 2 x 120 kW to beam
2x 60 kW to ferrite
-2 x 120 kW tetrodes

II. Current transformer plot

1. Second harmonic
1. Bucket area
2. Bunching factor
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Issues for Discussion

©® Near Beam-loading limit
1. Rf feedback
2. Feedforward compensation
3. Low-level drive feedback

@ Optimize use of second harmonic
1. Programing the phase h=4/h=2
2. Stability in double rf bucket

AGS
(1.9 GeV to 23 GeV, 6 x 10"ppp)

L Parameters

1. Frequency range: 2.8 to 2.9 MHz, h=8

2. Voltage: 10 x 40 kV (4 gaps each)

3. Beam Current: 5to7 Amps, rf

4. Power: " 10x 60 kW to beam
10 x 50 kW to ferrite
10 x 190 kW in tetrode

IL. Description of cycle

1. Four batches, 450 ms accumulation
2. Low voltage at injection,

transition, and de-bunching for slow spill
- 3. Power booster at key points
4. Emittance blow-up via “ » 93 MHz
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Bunch Flattopping at Injection in AGS.
1 1

1 7 T
Bunch injected off-center

18

Bunch atter dilution

078 I
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~ Barrier Cavity Development

L. Motivation
1. Slow loss during accumulation, AGS

2. Accumulate more than 4 loads
3. Prospects for a dedicated accumulator

II. Our approach
1. Isolated sine waves

2. High-Q cavities
3. Two cavities, two barriers

III. Development goals
1. 80 kV per cavity

2. 250 ns sine wave, 3 s rep. rate

I
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(l‘imé Domain Stacking with Barrier Bucket Cavity]

Isolated Bucket

Ring Circumference {0 .. 360°]

i
e
E ]
} \

| +
Lty = % "’C%y{ *'é‘JVu:’)dt’

Vity = AVo ot ©< wt < 20

Tty = ;{muwf + V°: + Vo copwt (wc- !)
RF Waveform for Barrier Bucket (below transition)

2.00a7 —ee
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05/06/97
R. Garoby

STATUS OF THE CERN PS INJECTOR COMPLEX
IN VIEW OF LHC

References:

e Beams in the PS Complex during the LHC era, CERN/PS 93-08 (DI)
"- Revised -

¢ Proceedings of the 3" International Workshop on High Brightness
Beams for Large Hadron Colliders (LHC96), Montreux, Switzerland,
13-18 October 1996 (to be published as a special issue of Particle
Accelerators):

1. The PS Booster as Pre-Injector for LHC, K. Schindl
2. The PS in the LHC injection chain, R. Cappi
3. Bunched beam longitudinal instabilities in the PSB, F,
Pedersen
4, Longitudinal limitations in the PS complex for the generation
. of the LHC proton beam, R. Garoby
,h 5. Microwave instability and impedance measurement in the
SPS, E. Chapochnikova, T. Linnecar
6. And plenty more ....

Third ICFA Mini-Workshop on High Intensity High Brightness Hadron
. Accelerators
May 7 - 9 1997, Brookhaven National Laboratory (USA)

@

1. INTRODUCTION
The big picture ..,
The Injectors’ complex

This talk analyzes issues in the PS complex

2. REMINDER

The injectors’ chain for protons

05/06/97
R. Garoby 1

Conclusion no. 1: the transverse emittance budget is tight

Operations in the longitudinal phase plane

Conclusion no. 2: the longitudinal emittance budget is also tight
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LHCY6 - October 96
R. Garoby

LONGITUDINAL LIMITATIONS OF THE PS FOR THE

LHC PROTON BEAM

1. NOMINAL OPERATING SCHEME ( {1, 2] and R. Cappi at LHC96)

1d. DESCRIPTION , COMMENT

1 |1 bunch/ ring in the PSB, reduction of peak line density with second ~ OK (under
harmonic cavity test)

2 | Controlled blow-up of longitudinal emittance during acceleration in the | ~ OK (under
PSB: aim for hollow particle distribution ~ test)
3 | Bunch to bucket transfer PSB to PS of 2 PSB batches OR
| Bunch splitting in the PS (8 w- 16 bunches) at low energy 3K
5 | Controlled longitudinal blow-ups during PS flat-tops £IK
6 | Acceleration up to 26 GeV OK

7| Debunching (h=16) & rebunching (h=84) MARGINAL

8 | Fast ejection MARGINAL
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Q_— A Present scheme
D

2 4 3 PS h=8
.

1.2sec loter

L4196 - Oclober 96
R. Garoby

2. DELICATE PROCESSES (items 1. 2, 7 and 8)
2.1 Dual harmonic operatien in the PSB (1)

© Lots of experience with hm$ & 10 in the PSB since > 10 years
© Thoughts and experiments with hul & 2 presented by F. Pedersen at this workshop

@

2.2 Blow-up during acceleration in the PSB (2)

© The defocusing h=2 spoils the “normal” operation of the i)low-up process.

Understood after the test in 12/93 but experimental demonstration is still to be done.
{Presented at EPAC9%4 [3])

ey
‘e
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LHCY6 - October 96
R.Garoby -

2.3 Debunching (h=16) and rebunchihg (h=84) at 26 GeV in the PS

© Tight longitudinal emittance budget (following figures from low intensity
simulation):
B Total initial beam emittance (hn16): 16-¢Vs
® Emittance of debunched beam: 26 eVs
® Emittance of compressed bunches: 30 eVs

© Bunch dimensions (Ib, Dp) marginally satisfying for capture and stability in SPS,
although with an aiready very large voltage for the PS

© Non-adiabatic beam gymnastics prior to ejection (=> phnse and energy drift of the
beam w.r.t. reference)

2.4 Fast ejection at 26 GeV from the PS

© Kicker rise-time longer than distance between bunches:
w3 bunches will be lost in the PS extraction system,
w1 (2 ?) bunch(es) will be incorrectly defiected and will end up with a tail at
large transverse amplitudes

Bunch emittance {(eVs)
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a) Initlal bunch : te 0 ms b) End of voltage reduction : t= 30 ms
. V(hepd)e 200 KV . V{h=94)~ 1 kV
Fd P {4
MAXIMUM EMITTANGE FOR INJECTION INTO LHC * I
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3. RECENT RESULTS
3.1 Hardware

¢ Prototype 40 MHz system for the PS (“C40™):

- built and ready on time for first installation in the PS
(week 40/ 1996)

- Nominal performance achieved {V range: 3 to 300
kV pulsed, V n’se-time < 20 ps, Closed loop
bandwidth: ~ z, Gap short-circuit active,
H.O.M. dampers n& talled}

o Prototype 0.6 — 1.8 MHz syétem for the PSB (“C02"):
- built and tested on bench in 1996
- Nominal performance achieved {V range: up to 8 kV
CW, Open loop gain of fast feedback: ~20 dB}
- installed on ring 3 during the 96 winter shut-down

¢ 1.2 -3.6 MHz systems for the PSB (“C04"):
- operationally avallable (modification of present CO8
systems)
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32  Beam experiments

« Rebunching at 40 MHz in the PS (12/96):
- no problem has been obscrved on an

05/06/97
R. Guroby

y of the PS

beam with the short-circuit open {neither with

leptons (HOM) nor with high intensity protons}.

Multi-pactor at low field was very bhelpful (but

unreliable over the long term).

. Debunching (h=20)/ rebunching (h=83) could be
achieved up to 10" ppp and provided bunches of
quasi-nominal emittance (~ 04eVs,9Ins)

- Nominal voltage range measured on

o Single bunch compression in the PS (4997):

the beam

- asingle bunch of 1.5 10" ppp was accelerated on

=20 without blow-up up to 26 GeV

,and

synchronized to SPS revolution frequency
- bunch to bucket transfer into h=84 worked OK
- bunch compression -> 5.1 ns (adiabatic) & 3.8 ns

(non-adiabatic)
o Acceleration with h=1 in the PSB (ring 3):

. successful demonstration test 9T
ppp and check of ppim compatibility

with ~2 10"



oy (i —————

ottt
— e ———— —

40 MEz bunches in the PS
VrE=300kV  11/12/96

22.000 ns 47.000 ns

S5.00 ns/01Y REALTIME
2.07500 W K2 4> 35.300 s
Wi 1 -812,500 my HK1¢ 4D 10.300 =ns
DELTA 2.98750 VY DELTA X z25.000 s

1/DELTA ¥ 406.0000 Mk

®
- . . .
.000 ns ' 560.000 ns 570.000 ns
550.000 2.00 as/DIY REALTIME
vY2( 3> 1.80625 U X2C3) §59.720 ns
¥1¢ 37 -562.500 AV X1C 3> 556.820 s
DELTA - 2.36875 V DELTA X 2.800 s

1/7DELTA X 357.143 Mk
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...............................

§59.200 ns
2.00 ns/B1V

569.200 ns
REALTIME

549.200 ns

capture up to 60 KV & Step to 300kV . - 4/4/97)

1

SYNCHRMTSATION JITTER ON COMPRESSED BUNCH

05/06/97
R. Garoby

4. WORK PLAN

4.1

4.2

4.3

Short term aims (till end 97)

- Build and test the hardware required for the 97-98 shut-down
(4 C02 RF systems for the PSB, 2 C80 RF systems for the
PS, low level RF and beam controls for all new modes of
operation, specification of control’s software for 98)

- As far as reasonably achievable {© : bnl internal joke}, test
prototypes and check all modes of operation during 97

- Beam studies (analysis of longitudinal instabilities,
understanding of controlled blow-up mechanism with dual
harmonics RF system in the PSB, minimization of
longitudinal emittance in the PS, etc.)

- Provide test beams to SPS

- Feasibility study for a 2 GeV Supraconducting Linac

- Define & begin work for the Anti-proton Decelerator (“AD")

Medium term aims (till end 98)

- Resume operation for physics for the start-up in March 98
- Provide nominal LHC proton beam to SPS for the summer 98
- Build / modify hardware and begin beam studies for the AD

Long term aims (after 98)

- Start & run the AD

- Implement modifications (if any) for proper handling of the
nominal LHC beam in the SPS

- Design and implement a technique to create a void of a few
bunches in the PS 40 MHz bunch train

- Prepare Tons injectors’ complex for LHC

- Define (implement ?) a scheme to attain the ultimate
luminosity in LHC ...

D)
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SPS test

+ 11020 bunches on h=20 @ 26

17104197
R. Garoby

Week 16: beam to SPS

Domain’

beams |GeV with frev synchro. on SPS
e Recoptured beam on h=84 @ 26 Weeks 17
GeV (10" ppp, 0.4 eVs, 9.5 ns) Week 18; beam to SPS
o | bunch on h=84 (from | bunchon | Weeks 15-22
1=20) (5 to 15x10'%pb, 0.14 eVs, 3.8 | Week 23: beam to SPS
ns)

LHC H+ | o Capture on h=8 Weeks 35-40 (Sept.)
o Splitting on h=16
e Blow-up and acceleration on h=16

SFTPRO{} ¢ High beam intensity capture / Weeks 40-46 (Oct.)
splitting and acceleration on h=16
o Analysis & damping (!) of
instabilities

SFTION |+ Capture & acceleration of Pb* on |Weeks 47-48 (End
h=16 Nov.)

3. OTHER TASKS ON THE MACHINES

Test of new 200 MHz blow-up hardware (200 MHz phase-shifter with
digital control by GFAS)

Check phase stabilisation loop for 40 MHz system

-Build and test 40 MHz phase loop
Set-up and exercise tuning loop for the 40 MHz cavity

Monitor eftects induced by the 40 MHz cavity on the beam. track
evolution of multipactor levels.

Actign Benefits Comments
PS - increase Vpe - , - expensive and of
longitudinal better bunch limited effect
parameters | - reduce Inps! compression - to be investigated but
I no clear solution yet
Gap in the |- “killer” kicker : - beam losses
bheam - “barrier- no badly deflected| - to be investigated
bucket” bunches
- bunch spfitting - needs high energy
Linac or rebuilt PSB
ejection kickers
SPS - -reduce (Z/nl | improved stability | - under investigation
longitudinal in SPS => relaxed | (source of dominant
parameters requirements on | impedance localised)
|- increase Ingpsl |thePS - deserves investigation
New PS - - increase improved stability | - major investment
(“PS-XXI”) | transfer energy | in SPS - needs upgrade of the
- imaginary . + better bunch transfer channel to SPS |
variable Yr._ps compression - needs further, studies
. + improved
reliabilility
+ simplified
operation
High energy| - increased minimal long. - major investment
Linac injection energy | blow-up - most effective solution
(“SPL”) in the PS (2 GeV)| + better bunch to increase LHC beam
- no waiting time | compression brightness
at PS injection | + no badly - needs further studies
energy deflected bunches
- chopped + reduced
injected beam transverse
emittances
+ improved
reliabilility
+ simplified
operation
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Ihtensity Related RF Issues at Fermilab

David Wildman
Fermilab
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Future Plans Requiring Higher Intensities

Collider Run II (1999)
fiicicase numibed 0f colliding buiichics iToin 6x0 iv 36430
Multi-Batch Coalescing
Increase Pbar production and stacking rate
Higher Main Injector Intensity of 6¢10 ppb
Recycler Ring Barrier Bucket RF system

Tev 33 (before LHC)
Increase Collider luminosity to 1¢33
Slip stacking ?
Additional Main Injector RF ?
A higher frequency RE system for the Tevatron ?

NUMI = NeUtrinos at the Main Injector(2000+)
“High intensity fixed target experiments to detect neutrino n
oscillations

Muon Collider (?)

A fast cycling high intensity proton driver




6€

Three Topics for Discussion

Longitudinal Coupled Bunch Instabilities
Muilti-Batch Coalescing ( transient beam loading)

Wideband Recycler Ring RF ( barrier buckets)

Bood’ea.‘ pcs:ihwu Wall Moniton

21 ms 25 ms

20 ms =24 ms
ol 19 ms 23ﬁms
18 ms : 22 ms

Figure 1.1 Time Evolution of the Bunch Phase {Mountain Range Plots) Through a
Portion of the Booster Cycle. Growing dipole oscillations indicative of the coupled-
bunch instability are clearly seen. The beam Intensity is 1.5x101? protons per bunch,
the transiion jump system s off, and the RF cavity dampers are out. The horizontal

scale 1s 2 nsze per division. {Rel. 43)
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85

A

Figure 2.1.30: End of the process of nﬁrwn recycling from the Main
ll:j‘e(:lor. The leftmost charge distribution is slways the cooled
antiprotons. In (d) the cooled antiprotons have been injected into the
Tevauon Collider and the recycled satiprotons have been debunched.
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4 ferrite loaded, 50 chm RF cavities with a peak accelerating
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4 wideband amplifiers, 2500 watts CW, 10 kHz to 100 MHz
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Low level RF system to gcnerat‘eg barrier bucket pulses
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Accelerator Complex of Japan Hadron Facility

Chihiro Ohmori
KEK-Tanashi

(Accelel‘ator Compleié )

e 200-MeV linac

accelerated particle
peak beam current

structures

high brightness

H ion
>30(50) mA (25Hz, 400us)
RFQ + DTL + ACS

* 3-GeV booster  rapid cycling

intensity
repetition rate
beam power
RF frequency
RF voitage
circumference

5 x 10" ppp
25Hz

0.6 MW
1.99-3.43MHz

% |

339.4m (KEK-PS funnel)

* 50-GeV main ring transition free(negative «)

intensity
acceleration cycle
RF frequency
.. RF voltage
. “Momentum compaction
«‘dircumference

— Q9

2 x 10" ppp

0.3Hz

3.43-3.51M4z

270kV

~-107?

1442m (north site of KEK)
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€9

50-GeV, 10 uA

16 bunches
h=17)
JHz

slow extraction
W, T=0.7sec, 2x10e14ppp

fast extraction
bunch length : ~100ns

25Hz
5x1013ppp

200MeV, 30mA

25Mz
400us

MAIN RING CYCLE

50GeV
3GeV
P1 P2 P3 P4 P5
0.12s 1.9s 0.7s 8.7s
MAIN RING CYCLE:3.42 sec
P1-P2:0.12
P2-P3:1.9
P3-P4:0.7
P4-P5:0.7
h=17, # of bunches: 16
BEAM INTENSITY:2x10™ ppp
fiat top duty dfactor:0.21
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‘ | Design',lssuesif)

50-GeV Main Ring

*Transition-free ring

“Imaginary v, lattice: o ~-10°
*Free from instabilities

'Low impedance ring
*Large dynamic aperture

3-GeV booster
~ *Tunability (v, )
*Small emittance growth

Space charge,Coupling(x:y:z)
*Beam scraping |

- 0 ~

Imaginary y“‘lattice

“4-6-3 Iattid’e”
(1) Stability of linear optics
| |

*Selertion of phase advance

“Beam size ' |

*ws dispersion and tunes .

(o vs space charge (Umstatter effécts) .

(2) Dynamic apertures(DA) j
*CE o oratoity |
“By-ohwotion oscillation ampiitudes

*Space charge

(3) COD correction
*Dry run
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Maximum Apertures of the 50 GeV Main Ring

aperturés‘

A, =B, + 77:(%) + COD +(sagitta)

A = ,Bye, + COD

€,, = 53.9mmmmrad
Ar =0.5%
4

COD = 5mm

. B magnet

Q magnetm.,

horizontal
47 mm(wlo sagitta)
53 mm

vertical
44 mm
47 mm

summary of Lattice “4-6-3 ”
*o~-10°

(1) Linear optics stability

*stable operating point O.K.

*beam size ~50mm 0.K.
*tunability

Qm ,N VS. o 0.K.

*space charge O.K.

(2) Non-linear optics (Dynamic apertures)

€ 0.K.
*Aplp O.K.
*space charge 0.K.
*error fields need optimization

(3) Corrections COD etc. (ok ) |
*'Dry run”

tng .
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vettical
85 mm
107 mm

68

Smm
horizontal

93 mm
106 mm

g, = 340mmm.mrad

coD

A =B + nx(éa) + COD + (sagitta)
P
2o

A, = ,/ﬁ,e, +COD

Maximum apertures of the 3 GeV booster

P (N = s N=1a)

B magnet
G mﬂgﬂ@t(m)

apertures
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Collective Effect |  as0505
b)Narrow Band '

Longitudinal Coupled-Bunch

1
RF cavity parasitic mode: 111 = 3_B—'(R.Baartman)
1

booster(injection): RS <900L(Q =2 5, f, >~ MHz)

- 127 -

main ring(injection): R, <700€(Q 2 5, f, ~ 15MH?z)

"active damper” , "Q<1 cavity?”
c)Resistive Wall

Transverse Coupled-Bunch
booster: < 0.14MQ/m
main ring: < 1.4MQ/m

Colective Effect 960505
aBread Band Space Charge, inductive Wall
piififiicrowave mstability

Z
3GeV(injection) ;

<2002 @g, =1eV -sec

space charge impedance= 55Q .. £, = 3eV -sec
booster:no problem

[2]Negative Mass Instability

- 126 —

4
~ Inductive wall : —Im; <3Q @g, =3eV-sec

space charge : no problem—capacitive, #<0 (gt lattice)

lﬁq: ~7
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1997 New Organization

1998 Construction Start

1999 Neutrino Oscillation Experiment at 12-GeV PS

2000

001 3

-GeV Ring Instaliation into the 12-GeV PS Tunnel

2002 50-GeV Ring compietion, First Beam

1 RF Cavity
New Material
(Fine-Crystal High-i1 Metal)
Q-1 |
2 Ceramic Beam Duct
*booster
200mm x 240mmx 1m
*Main Ring
100mm¢(i.d) x 2m
3 Main Ring B magnet
106mm(gap) x 1.5m
4 Booster Magnet Power Supply
Resonant Network System



L

RF Cavity

Heavy Beam Loading
- (1) Beam Power > Cavity Power
(2) Robinson Stability Criterion
Rs ~ small(1k{/m)
(3) Coupled Bunch Instability
Q ~ small (Q<5)

Ferrite
(problems)

*nonlinear behavior at latge RF field
*low Cutie temperature

New Material
“Fine-crystal High-u Metal”
*high permeability
*Rs ~constant for larger RF field
*Q-~1

BEAM DUCT

Raauirements
L} IV“VII- -—ee-

(1) Eddy current 25Hz(3GeV)
0.3Hz(50GeV)
(2) Impedance RT<1|:,4MQIm @50GeV
 RT<0,14MQ/m@3GeV

(3)Thermal shock Beam hitting
(4)No magnetization

(5)Ease of fabrication

(6)Small m?intainance residual activities
(7)Cost

3-GeV Booster >> Ceramic duct

50-GeV MR >> INCONEL duct
s> Ceramic duct
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Overview from Los Alamos: |
. Current Thinking on RF Upgrade Issues

PSR Upgrades in Progress

Space Charge Compensating Inducto
Barrier Bucket RF ' o
PSR Instability

I
* o 0 o

SRR R
[

— by Arch Thiessen
— 8 May, 1997

LA NS —— 7 5/08/97 1

PSR Upgrades in Progress

5/08/97 2




PSR parameter list
¢ Beam energy 797 MeV (y=1.85, p = 0.84)
¢ Circumference 90.2 m
+ Bunch length 250 ns
¢ Number of bunches 1
¢ Revolution period 357 ns
¢ Betatron tunes V=818, v, =2.14
+ Transition gamma 3.1
. ¢ Maximum r’ voltage 125 -14 kV
~ & Chromaticity, horizontal -1.28+0.06
¢ Chromaticity, vertical -0.8+0.2
¢ Momentum spread from linac 0.05%
¢ Momentum spread in PSR . 0.5%
—LA NS 5/08/97 3
PSR parameter list (cont.)
+ Typical injection time 600 us
e Typical storage time 10 us
+ Max bunched-beam charge stored 6.4 nC (4 x 10" ppp)
+ Max coasting-beam charge stored 2 uC (1.3 x 103 ppp)
+ Synchrotron period 720 us for 10 kV buncher
o Coherent tune shift 0.008

5/08/97 4




PSR Upgrade Programs In Progréss

+ LANSCE Reliability Improvement Program (LRIP) Phase | (completel)
~ Improved Beam Availability from ~65% to ~85%
o LRIP Phasell
~ Goalis 100 pA @ 20 Hz
—~ Direct H- Injection
* » Construction Starts 1 Aug, ‘97, Complate 1 March ‘98
+ Short Pulse Spallation Source Enhancement (SPSS)

~ Goal Is 200 pA @ 30 Hz, 4x10'3 protons per puise
» New H- lon Source
- = = o= e 1.5-2x Existing Current at Smaller Emittance
— Collaboration with K-C Leung, 8NL
» New RF System '
, + Phase|{1997-1998) - New Driver for Existing 2.8 MH2 Cavity
— Needed both for Beam Dynamics and Reliability Improvement
+ Phase Il (1999-2000) - New Cavity and RFDriver - Sum 12KV @ 2.8 MHz, -6
kv @ 5.6 MHz i
» Building, Cooling Water, and Utilities

5/08/97 5

Voltage Waveforms Considered

—10.5 KV 28 Mz

— 12KV 28 MHE, 8KV SEME

—10 K 28 MHZ, <16 KV 5.8 MHE, 4KV 8.4 M-z

-180 -150 -120 - 20 ﬂ a ,:ao [ 0 120 160 1%

—LANSCER - 5/08/97 6
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PSR before Upgrade

¢ Foil Hits 307

¢ Losses 'g 75

* 0.15% L e

¢ 0.10% < <
* 003% $ -8

. ~BL

B )

PSR with 2 Harmonics

BO

Vog (kv /turn)
8

— A NS CE ~ A 5/08/97 9
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Space Charge Compensation with Inductor

" $/08/97 10

Longitudinal Space Charge Control

+ Maximum Value is ~1/2 of Applied Voltage after upgrades
— Up to Now, Propose Control by “Brute Force”
» Make Sure V>V,
o And Test by Tracking with ACCSIM or other code
< [n Any Beam
- V. o g di/dt - opposite sign from an inductance
» Can be compensated with an Inductor if g is a constant
o For PSR
— For g=3 - inductance required in PSR is about 11 microHenries
— Actual value of g not well known
» atpresent g~3.9
» ARer LRIP g~3.6
= After SPSS g~3.3
— In Process of Tracking Code (ACCSiIM) Modification
» for any iongitudinal impedance
» variation of g with Courant/Snyder invariant

—LANSCE——— : - 5/08/97 7
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_A Test of Space Charge Compensator

R For Space (Charge Compensator Test, ~5 microHenries Max

— Less than 1/2 Amount Needed for Full Compensation
» |deais to see effect
+ bias off vs on
— beam in gap?
— Stability threshold ?
» Look for other problems caused by inductor
» change in instability threshold
» good ideas for effects to look at?
+ Two Days with Access for Installation July 31, 1 Aug
+ One 24 hr Day for Tests with Beam
= Tentatively Scheduled for 2/3 August, 1997

————I=A:NSGIL-—-—— 5/08/97 11
Barrier Bucket at PSR
—LANSCE—— 5/08/97 12




Barrier Bucket at PSR

+ Study Just Getting Underway
~ Tracking Code Not Yet Adapted for Barrier Bucket
+ Tradeoff between Injection Time and Voltage
— Both Are Problems at PsR
» Present injection time 250 ns is too long for clean gap
» Voltage Availabie on One-Cavity, ~10kV is Low
+ h=1.5 - 10 kV 0k, but bunching factor low
« h=2.5 requires 30 kV for full height bucket
~ How Does PSR Work Now?
» Not many particies at high dp/p at end of bunch
— Reasonable options are h=1.5, h=2, h=2.5, h=3 barriers
» h=integer ok if Cathode Follower Driver —
+ Want to Compare with a Traditional 2-Harmonic System

—LANSCE-~——— ' " 5/08/87 13
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PRESEVT OPERBTION
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Coasting beam instability signals

23-Feb-97
28:24:02
[t:ﬁ——
.2 ms
8.98 ¥
emv

- Eres () —
2 NS
8.74 ¥

B Eres (M) —
285

.2 ms
8.63 ¥

End of injection

h
IS IEtaEd

Blegtrode

n_Jinss mﬂ)nihr

d:EresM— | | 1 .

2 ms

~—LANSCE———o

200 ps/div

3.0 uC injected

(2.0 uC before instab.)
925 us Injection

250 ns PW

rf off

-1800 V opp. slec.

5/08/97 15

Bunched beam insté@bilitlsgnals

23-Feb-97
28:35:38

.5 ms
2.15 ¢
8my
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.5 ps

ik

e

Cutr. mon
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El trcpe

& Eres(f)— o

@:EresD— (4]

3.0uC

925 us injection
250 ns PW

B KV f

-1800 V opp. elec.




Stable Peak Intensity vs. Buncher Voltage

SE+13 . p
Goal 7
PO N e eereeeamaans 2
JE+134 1990 dome y_ Al
10094 @ 20 Wz g ] 1683 Dev
rd
- 1887 Dav
§ IEH13 4 \"’;\
: " 1905 Operations »  1w2demo
ramped RF s’ S51A O 10Hz
kY ”
i R
IE+13 4 ,/
2 P 1995 et RF
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’
”
PR
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n R
0 8 10 15 20
Buncher Volitage (kV)

—AANSC R ' 5/08/97 18

Peak Stored Charge vs. Bunch Length

(1989 Data)

2

&
/
/

0.
[4

Reiative intensity
’

s | Om
———m
o ' — : + —t -
0 50 100 150 200 250 - 300
Bunch Length (ns)
—-I=ANSG-E--——— 5/08/97 19
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Instability from PSR ﬁF sttem Problems?

+ Measured Phase and Amplitude Jump at Extraction
— Phase Change <5°

— Amplitude Change <5%

» These Result in Tiny Changes in Beam Dynamics
e See Also Arch’'s Experiment

— With Open Circuit Drive of Cavity

5/08/97 20

Logbook - Arch’s Test:
‘With Open Clrcmt Buncher Drlve |
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Instability from Beam in Gap?

14

e
N
1.

Bunch length = 220 nis

—h
o
L

Peak buncher voitage (kV)

0 10 20 30 40
Duration of beam injected into gap (us)
——I.—.-A:NSG-E—-——- 5/08/97 22




P

~_Signal power vs. time

160 ps from wide band stripline
beam position monitor.
o Power begins at about 175 MHz,

g then spreads in width and”
2\ amplitude.
¢
£
3
5 Fel 2Nrc*(1-1,)
2\ m(a+b)R
Deta from SRWM41 AV, 4797,
WMAIVD.ON2
—LEANSCE——— 5/08/97 24

o Signalpoweratt, t+ 60 us, andt+

Peak frequenq VS. intensity

o The peak in the signal spectrum
: depends on the beam intensity.
T T T o Top spectrum is twice the
. intensity of the bottom spectrum
e Beam conditions for the top and
" bottom spectra are the same
except for the bsam intensity and
the buncher voltage. ’

fe 1 2Nrc*(1-n,)
2n\ mbla+bH)R

SRAWMLT AV from 13ApIRT data.
WMAIVDAC, SRWMAIVD 4F

Signal Power (log scale)

0 100 200 300 400
Frequency (MHz)
(9

— A NSCE - w— 5/08/97 25
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Where Vertical Instability Grows:
2nd Half of Bunch

+ CERN BPM Vertical Difierence ,
— three traces at different times o

 LANSC E—— 5/08/97 26

Vertical oscillations and beam densuy

¢ WM41VD.4B

. & WC414B
e Data taken Apr. 14,
" g 1997

e Dataatt, t+115pus

_ 4% w | 14230 ps, 14345 s
L L

L ANSC E—— 5/08/97 28
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Transverse oscillation A correlated with p

4 T T T T T T T
| SRCM41 (top)
SRWM41 AV (Bot)
Data from 22/Feb/97
5/08/97 27
Sources of electrons
For each injected proton, we have:
+ "Convoy" electrons 1
+ SEM from stripper foil from convoy slectrons 0.1 - 1
¢ Knock-on electrons from stripper foil 1.3
+ SEM from foil from circulating protons 6
¢ Thermmionic emission from foil ‘ <0.02
o SEM from beam loss - 0011
' (2 to 200 electrons created per proton lost)
< Residual gas ionization 0.0001
+ Electron multiplication from electron osc. ?

—EANSGCEw—— 5/08/97 29
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- Conclusions

+ Study of Incluctor for Space Charge Compensation Underway
- An Expetiment Planned for August
» if logistics work out
+ Studying Barrier Bucket for PSR Underway
-~ No Results Yet
+ PSR Instability is e-p
- Frequency Dependence
- Starts in 2nd Haif of Bunch
» But Source of Electrons
» And Mechanism for Growth
o Not Yet Understood

5/08/87 30
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Session on Barrier Cavity Issues
M. Blaskiewicz

The working group on barrier cavity issues included two presentations. Masahito
Yoshii presented plans for the AGS barrier cavity upgrade and Chihiro Ohmori
presented plans for the JHF.

Plans for the AGS barrier cavity upgrade included cavity design and materials
as well as drive considerations. The system will produce two single period sine
wave pulses of amplitude 80 kV and period 250 ns ( 1/ 4 MHz) at a rep rate of
350 kHz. There will be one 1f station for each pulse. Since the cavity is run in a
non-resonant mode the cavity voltage V and generator current I are related via
V = IR/Q where R/Q is the ratio of shunt impedance to cavity ¢ for the resonant
mode at 4 MHz.

Yoshii stressed the need for a high inductance and a low capacitance so that
the necessary waveform could be obtained with minimum generator current. The
AGS philosophy is to use a fairly low loss ferrite (Philips 4B2 or 4L2) to obtain
the high inductance and to control the shape of the voltage waveform by careful
adjustment of the generator. This technique minimizes the peak generator current
required for a given gap voltage and cavity R/Q. The generator supplies current
in one direction only, which reduces cost.

The total voltage of 80 kV is obtained using 8 gaps with 10 kV per gap. Such a
design does not require high voltage feedthroughs and a prototype of a single cell
using Philips 4L2 has achieved the necessary voltage.

The JHF design included an upgrade of the KEK Booster as well as a the new
high energy JHF. Accelerating voltages of 10 kV/meter are required. The KEK
design differs from the AGS design mainly in the choice high permeability material.
Ohmori agreed that large inductance with small capacitance was needed, but is
more inclined toward the very high permeability and lossy FINEMET. For a truly
isolated voltage pulse the system requires a push-pull current drive, but the voltage
waveform from a half sine wave current pulse was not far from ideal. The low Q
leads to large power dissipation in the cavity, but FINEMET has a 600 C Curie
temperature. Additionally, the low quality factor reduces the shunt impedance of
parasitic modes which should reduce instability problems. A prototype cavity has
been built and has achieved 11 kV/ meter. Studies of feedback and beam loading
are underway.
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AGS Barrier Cavity

L4

M. Meth (BNL)
R. Spitz (BNL)

May 7 1557
Barkner Hall Room B
BNL, Upton NY, USA

CONTENTS

v/ AGS Barrier Requirements
v Design Principles
v permeability : p
v pQ-product : pQ
v/ capacitance : C -

v Ferrites
v u(r) measurement
v sample measurement

v Cavity Capacitance

v New AGS Barrler Cavity
v design
v 1/8 model
v drive circuit

v Summary

MAY 7.97 1
M.YOSHII i
Minl-Workshop "‘

AGS Barrier Requirements ’ ;'

v/ 80 kV per each station

v Two Barrier Stations
the length of station should be
less than 102 inches (2.6m)

v 4 MHz
¢f. the revolution frequency at AGS
Injection is 367 kHz
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MAY 7-97
M.YOSHI
Mini-Workshop

Design Principles

 to_minimize_the_drive-tut
v/ high cavity inductance

v square current waveform

v simple structure

The total current required for the barrier gap voltages ls,
e)=wcv, 1+Sj’(my +V, cos (ot )| @c - 2 |.
° Q ° oL

And, the peak current on resonance is,

1
Ip=wCVa(l+A).

i
Therefore, folloying three basic parameters for the cavity ;p,
yQ-product and"_total C are chosen in order to minimize total

MAY 7-97
M.YOSHII
Mini-Workshop

v Capacitance pér gap < 200pF
- to keep the average rf-current as low as possible

v uQ-product > 2000

- to keep the peak rf-current as low as possible

v/ p > 500;
dl

- to get a high gap voltage, ¥ “L:i—l_

- also, to make a cavity short

MAY 7-97




MAY 7-87
M.Yoshif
Mini-workshop
Radial Depencience of Ferrite p and Magnetic Flux

G. Rakowsky (BNL) “ RF Accelerating Cavity For AGS Conversgion”
: p{n} , B(r) distributions under biasing conditions

RF FLUX DISTRIBUTIONS
» p has radial-dependence 4 200 vl
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where N is the turmn-number of pick-up coil ,  is a magnetic flux through the coil
and a suffix {n) denotes the pick-up position.

- (n)
As a flux ¢ =L§t->.ds<-> . B”= :‘gﬂ

The time-integrationwaf eq.{2) gives ¢7{)=

flux nth. pick — up (3)
crossectional area )
(4).

N}" }:z“"(r)dr
From (3) and {4), then, the average flux density B, at n-th pick-up is given by
B ()= j(: £ (3s)d: {5).

{
N g

in the measurements all data are discrelely sampled. So, Integration in eq.{5) must be
re-written by,

B = Al %
= g X

(6)

for example, in our case,
N=30tums, S=763x10°m?, Ar=200usec

&
B = Py » {volls sec)
B =875x107 Y £ (———mmr,

o

97

4L2 BE curve : r=115mm 4L2 BH curve : rsl75mm 4L2 BH curve : r=235mm
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¢ An induced voltage at each pick-up is
d N(n) =)
EM = —_.(_Tf__)- {volis), (2)
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Capacitance Measurement

: G, unknown

fi=LC,

: C,, kmown

fr=LC,+C.)
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. ~— Ferrite
g L.—Cooling plate

—Fenite

{b) Ferrite discs with no codling plate

FIGURE - 8 Superfish Field Plots :
Electric field lines in the fervite loaded cavities with the cooling plates (a), and
without the plates (b) are displayed. Each crosuvsechnnal view shows a half of the cavity
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R #1 - “F—Hdesign(6x8).10kV”

XWEH, SA 7 35 AM 1997

Name <> < | Lp(#H)/gap} CT (pF) | Cext(pF) | Total irf[ Rsh | Pw/ring (kW)| Pw density (W/cc)| P (kW)
0 [ 8-Gap Cavity = - = .
1
2
'3 10D » 500 mm
41D - 200 mm
1Shte 281 mm
16 §Co = 50 pF
7
3 S
918 gaps
10
11
12 { 4A11 490 12 257 81.7 883 227 o7 11 66578| 517.00
13 aro| 57 118 1343 Apss ais] 21 5 30514| 23695
14 240] 300 7.4 213.3| - 11261 700 1 092025 | 71464
15 JL6H 850] 1.3 320 49.5 1838 178] 131 8 48319] 382908
18 fcMD10 7807 1.4 6.4 435 2320 1501 180 7 4024 31235
17 | CMD5005 8051 0.7 47.4 334 3131 163] 104 10 8.1710] 47920
18
19
20{<Brt> 157
21 Bmax ® 1 =1} _2s8 >
22 X
23 ] vgep total (kV) 10.0
24 [ Frequency (MHz) 4.00 s
- n 18 {
N TK LF-L\‘.‘ { 1+ Q‘)
C ———
5
2 L))
oo
< "'g
o
~ —
& - “t
‘e & I
v ™~ >
Q—- L
Q- > WV g
< o 4; o
T~ G» o =~ - — ';
x “ N = o +— O
> Q N S
< N}
$ o oo
(@) s O o -
3 (0O = Sy o -
L v A
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AGS BARRIER CAVITY (cross-sectional view)}

- The AGS barrier cavity consists of 8 cells of a re-entrant ferrite loaded cavity. Total ga;z voltage is required

to be 80kV at 4M¥z. And, the cavity is going to be driven by one TH 558 power tetrod (500]

A
t—
4 1 2 5 7
! o o o -
4 Pl - -
L S $ e
{ . o 7 i
= = = =T =
4 i
|
N l . - Beam H

1 " ; 1 l
P EERAN LB D L ]
s

ONE CELL: 12° or less

- w@o o0 000 covom

K O

1. Ferrite disc : ¢500 x 3200 x £28 (mm) , 6 per cell
2. Cooling Plate : 174" thick , 7 plates parcell
3 Aceelerahng Ceramic Gap : max. 10kV gap voltage at4MHz
Beam Pipe : bore should eassameasapmen pipe
5 Outer Conductor of the Cavity
6 RI-‘ Power Feed Line
ug Bars Cell C

March 26 1997
M.YOSHII
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R&D Works for RF System of JHF

Chihiro Ohmori
KEK-Tanashi

JHP RF Group

REQUIREMENTS FOR RF SYSTEMS

Booster Main Ring

RF VOLTAGE ~450kV  270kV

RF FREQUENCY 1.99-3.43 MHz3.43-3 51 MHz
REPETITION RATE 25Hz(50Hz) 0.3 Hz
CIRCULATING CURRENT 4-7A 6.4-6.6A

IB  8-14A 12.8 - 13.2 A

JSPS Meeting@Saga Univ., October 9, 1996
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JHP RF Group

REQUIREMENTS FOR RF SYSTEMS
NEED HIGH VOLTAGE

SPACE IN BOOSTER IS LIMITED
(24*6m STRAIGHT SECTION).

50 Hz OPERATION NEEDS 800~900 kV

~40 KV/CAVITY/3~4M
>10kV/m (>13 kV/m)

10 Hz OPERATION FOR MAIN RING (in future)

>10kV /m

September 18, 1996

JHP RF Group
REQUIREMENTS FOR RF SYSTEMS

STABILITY FOR BEAM LOADING
CIRCULATING CURRENT 4-7A

I | ~14 A

Y (=I8/10) <14
Io 10A

To handle Beam without direct feedback.

September 18, 1996=
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JHP RF Group ===

REQUIREMENTS FOR MAGNETIC CORE

-ASSUME 20 CORES PER METER
2.5 cm thickness

V>500V
R>100Q -

SUMMARY OF MAGNETIC CORE MEASUREMENTS

CORE FOR BOOSTER CORE FOR MAIN RING

HITACHINSC NQOT GOOD —NEED BIGCORE
PHILIPS aM2 OK NOT GOOD

(HIGH LOSS EFFECT)
TDK 5Y2 NOT GOOD NEED BiG CORE

FINEMET FT3 PROBABLY CK oK

—= Sepiember 18, 1996
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What is FINEMET?

Soft Magnetic Material with very fine crystallized structure.

High Permeability 1931@3.3MHz
Low Quality factor 0.63@3.3MHz
R ' 76 Q@3.3MHz

R~100 Q for new core as O.D. is large (67cm).
Very High Curie Temperature ~600 deg.C
Very Stable for Temperature and RF Power
Very thin tape, Easy to make a big core

Not Saturated @ 10 A

= Seplember 18, 1996
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2. 00E+10

Q=
< 1. 00E+10
=3

rrrrr : 0. 00E+00

P4

-~ SY-2

-« FT3-small | |

{—+FT3-large|

10 100

Brf (Gauss)

Suitable for Barrier Bucket RF

Easy to make an isolated pulse

Many possibility for RF gymnastics

To store more particles
To change RF frequency
To make empty bucket

Decrease Peak intensity

September 18, 1996=

To flatten Bunch shape

1000

JHP RF Group

FINEMET CAVITY

"M

10000



JHP RF Group ==———=———
Barrier Bucket

JHP synchrotrons : very high intensity machines.

To reduce beam lossiis important issue.
Stable operation @ high intensity
Reduction of S.C. tune shift.
To change Beam distribution
To store more particles in rings

Barrier Bucket is very attractive !!!

September 18, 1996
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JHP RF Group
FINEMET CAVITY
Dump wake field quickly

Good for instabilities,
Coupled bunch as H=4 for Booster
as H=17 for Main Ring

September 18, 1996

Knaes O Y3rH

Ayaed O mor]
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480 .0¢

100 ns/div a - repetitl
uz? 2) 353.125 ¥ %x2(2)  400.000 ns
510 2) -296.875 V %x1(2) =12.000 ns

The RF voltage signal for the freduency sweep of the range of 2 to 3.4 MHz. The repetition is 1 Hz.
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z 200 -

20.00000 V °

1.2000 us
500 ns/div repe’

y2¢2) -362.500 Vv x2( 2) 200.000 ns
yre2) 400.000 ¥ x1(2) —174.000 ns

i delta y -762.500 V delta X 374.00Q ns

~73IR0 _HH=

The typical voltage signal in the class AB operation for the barrier bucket.

Beam Loading
RF system does not include the tuning loop.=>Simpler
for Fundamental Frequency

Y=1.4 was chosen for stable operation

If no tuning system, compensation technique is requlred.
Ex.: feed-forward
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Beam Loading’

1 t : z
Electron Gun will be ready in summer.,

About 200 keV, 7 A, 1pus

HVP“P’(l ) —
. . uise {ius
HVPS. ™NHV P~ ::m ; f:g:;n
Statio Gun : Cavity |Beam monitor

Alms:
Beam Loading Eificcis
) f u mf:mmnta.l, Fligher Order(Distortion of RF Bucket)
Mransient Beam Loading
~ .- . - N
Compensation Techniques.

for 204(37 ) harmonics
Component in the beam current is about 30% (for half-
sine) of the fundamental component.
Impedance is also about 30% of that at the RF
frequency.
Effects are about 10 % of those by RF frequency

components.

It may be possible to compensate by feed back and/or
feed-forward techniques.
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Transient Beam Loading

As Q-value is low, effects excited by other bunches have
been damped, automatically.

Because of fast response, compensation is applicable.

CONCLUSIONS

The test cavity using a new material has been developed.

The voltage more than the designed value has been obtained. In order
- to achieve the higher voltage, a new material is being developed.

The impedance measurement shows that the cavity has no dangerous
parasitic resonance.

An isolated pulse for the barrier bucket was generated and the
maximum voltage of 11.3 kV was obtained.

However, the distortion of RF voltage was not small because of the
class B operation of the single tube. It is expected that the distortion
will be improved by the planned modification of the amplifier to a
push-pull amplifier.
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Session on Longitudinal Emittance Control
R. Garoby

On the issue of emittance control, representatives of Brookhaven and CERN have
presented their aims and worries for achieving the level of performance ultimately
needed by their respective future high energy machines. One step further in the
future, the issue of longitudinal space-charge effects and possible cure in the 3 GeV
proton driver for the proposed muon collider was described.

1. For RHIC at Brookhaven the gymnastics taking place in the AGS are the
dominant source of longitudinal emittance blow-up (J.M. Brennan). Recent results
have been shown, where the final bunch emittance approaches 0.7 eVs/u, for an
initial design goal of 0.2 eVs/u. Two directions are pursued for solving the problem:
a) improvement of the gymnastics in the AGS. Many of the reported imperfections
are attributed to the lay-out and adjustment of the low level RF hardware, and
solutions are being designed (J.M. Brennan).
b) increase to 0.5 eVs/u of the nominal emittance accepted by RHIC. A larger
emittance is beneficial at injection energy because it reduces intra-beam scattering.
The first bottleneck used to be at transition because RHIC ramping rate is limited
by the superconducting magnets, and transition is crossed slowly. But thanks
to the newly agreed transition jump scheme, bunches of 0.5 eVs/u can now be
‘accelerated with less than 10 for the second bottleneck due to the rebucketing
(bunch transfer from a 28 MHz into a 196 MHz bucket), but improvement is

possible doing it slightly above transition energy, where acceptance is largest (J.
Kewisch).

2. For LHC at CERN most longitudinal beam characteristics are established in the
PS. Specifications result from SPS characteristics {RF frequency and single bunch
beam stability at injection) and LHC requirements (25 ns bunch spacing and num-
ber of protons per bunch), and the overall emittance budget is tight (E. Jensen).
The undergoing LHC injectors project is implementing the most economical means
to approach the nominal performance. Results will be obtained already in 1993.
The hope is that the combination of these improvements with the planned SPS up-
grade programme will help achieve the full beam performance needed at injection
in LHC. Controlled longitudinal blow-up is a necessary ingredient and future plans
include the use of a new method to generate flat-topped bunches corresponding to
hollow distribution (S. Hancock). A promising technique for tomography in the
longitudinal phase plane is under investigation for monitoring beam characteristics,
even in the presence of non-linearities and/or time-varying potential.
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3. Space-charge in the proton driver rings of the muon collider dangerously re-
duces the longitudinal focusing given by RF (K.Y. Ng). Compensation by an
inductive impedance is a tempting challenge, which is under investigation. The
design presented is based on a 2.4 m ferrite cylinder surrounding the beam with
perpendicular bias by a solenoidal field to follow the variation of potential well
distortion between 1 and 3 GeV. Tests are planned in the PSR ring at Los Alamos
which suffers from similar effects.

Third ICFA Mini- Workshop on High Intensity, High Brightness Hadron Accelera-
tors Brookhaven National Laboratory May 7-9, 1997
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-8 Controlled Longitudinal Blow-ups

|
g, Hancock € ERYV

As the name suggests, the purpose of a blow-up 1s to Increase the longliudinal emittance of the beam ina
reproducible fashion. This reduces the peak beam current and hence the so-called Laslet tune shift, which Is
important ai low energy. It also increases beam stability by Increasing the spread of synchrotron frequencles of
particles in a bunch.

In the speclal case of a stationary bucket, the synchrotron frequency. fs, may be expressed I terms of the
complete elliptic integral of the first kind,

esratio(r_) := (P1/2) / EllipticK( Sin{ phihat(r}/2 172 )

phihat(r_ Y :i= AxcCos[i - 2 r+2)

Plot(
fsratio{r),
{r, 0,1), PlotRange->{0,1.5},
mxesbabol»“ap[i‘ont?omﬂ,l"Cou:le:—Bold", 103136, {*e™, "£8/£30%})1};

; fs/280

-
N b DD e N A

o o o o

0 0.2 0.4 0.6 0.8 L

Here, r is the synchrotron amplitude and varies from 0 at the centre of the bunch to 1 at the bucket separatrix.
The addition of a phase-modulated, high-frequency RF modifies fs depending upon the voltage and frequency
ratlos and upon the amplitude of the phase modulation. Normalized to the unperturbed small-amplitude
synchrotron frequency, the modified value is
perturbedtsxatiolr_) := €sratiofr] *

(1 + VRFratio BesselJd(0, Amod] BesselJ(i, 2 x hratio) / (2 ri}
for VRFratio < 0.3 and integer hratlo. The SFTPRO cycle, for example, typlcally has VRFratio ~ GkV/I45kV,
hratio =4 79/20, Amod = Pi for BU1 and VRFratio ~ 10kVIHORV, hratio = 433120, Amod = Pi for BU2,
H the frequency ratio of the iwo RE systems, the underlying principle of blow-ups Is the same:

Phase :pace dilution occurs wlun particles at a certain amplitude have a synchrotron frequency whick is
resonant with the frequency of the phase modulation. This results in non-sero drids for those particles.

Experiments, with both integer and non-integer hratlo, support the theory. See CERNIPS 9240 (RF).
Plot{
Evaluate(
perturbedfsratiolr) /. (VRFratio->0.1, hratio~>22, Amod->{1.6,3.8}}
1, ?

{x, 0,1}, PlotRange->{0,1.5},
Axeababcl->ﬁnylFontFormlo,('Cou:iat-holﬂ',loll&, ('r','!ellio')lll

fa/280

1.4
1.2

0.8
0.6
0.4
0.2

MOTIVATION

(Lsslett) Tune shift, AQ ~B—1~
: !

DC beam current

Bunching factor, By = -~
& on By = Peak beam current

Can increase By

® by employing second-harmonic cavities to modify the bucket, but this
~ “wastes” RF voltage .
— introduces phasing complications

¢ by modifying the distribution of particles in phase space.

Projected (1-D) Density, p(¢)
p(t) = Line charge density function

Phase Space (2-D) Density, P(r)

P(r) = /R P(t) AN/ NPT

{Keempl, MPS/Int. BR/74-1]

p(0) = Rectengular = P(r) 73;1’75 i.e., a “hollow bunch”.
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TH.BENS,EXT, 30 dB,  ,GRIN-0813 2 Dec 1992 ©7:02:48 |
MD 249 + 1 Rf/h + 1115 nS

4%xSigmaT= 56,7 nS oF = ,782
Nbe= 26 .6 €la

e CITTING %%
4¥Sigma = 48 ns
To = 46,95 ns
Nbh = 33.1 €8
© SigmaRMS = 1] ns

: 10 nSodiv
Jllllllllll|!l|llll|llllIlllllllllJ_Llllilllllllll

W.GENE, EXT, 38 dB, ,GATH-2a12 2 Dac 1992 ©6:89:54

HD 500 +1 Rfsh + 1115 nS
4%SigmaT=94.2 nS (OF = 888
Nb= 26.91 El0

MY FITTING wuum

4¥Signa = ?4.4 ns
To = 47,7 ns
Nb = 33.9 €10

SigmaRiS = 12,1 ns

N

IIIIII}H.II!HHIHH’HIIIHH‘HH]HII

1O nSrdiv
Lllll.l.lll‘]‘il‘l]llll‘lIl'll'llllLllllllllllll‘/

Mean (over + v/30y,m) line charge density
Q= Peak line charge density

p(¢t) = Rectangular = Q = 100%
p(t) = Pasabolic = Q; = 80%
p(t) = Gonssien & Q = 66%

ou. HA, Ut 10

restecrune., [

e RECONSTRUCTION BY
" SUMMATION METHOD

SUMMATION METHOD is a roogb techaique for teeonsiructing imeges from a seriea of
profeedl Here thrce | are roude of & aimple two-dimenstonst vest pittare cou.
telaing & sipgle polnt, Each projection is ¢ di fonel df of the deanity, or
derkness, scroe the test pletare as it i seen from a specific nagly. fn che cata af this test
pictare the profection Jooke the same from all directions. The pictare eans bs recomtructed
from the projections; 1he deasity of each point on the reconstrucied pictoto Is estimated by
1dding up the denvities of all 1be raye solog thraugh that patnr. The secovsiruction of the
vingle polot is & “ster.™ or epiokelike image, The iter Iy the “polatapread fonction™ of the

I hini t spp 1y d the natars of sommation melbod,

COMPLEX PICTURE CAN BE RECONSTRUCTED with o phio-
togrophis anclogus of (e summetion method dovised by B, K.
Vainshuola of the fustitete of Crystallography ts Mescow, The pre-
Joctioa of the plcturs is made by moving & sbost of Sla acress 1 a0
the Slon is expesed o Ught. The resalt ks o “treak pleture,” ¢ set

of parullel Lines whose dorimase daponds o0 the teta) donslty of the
eriginal pletare alsag ssch lne. A sertes of such profjoctions can
be made ot various angler. The retomstruction is ebteined by super.
pastag tbe streek plesures ph leally, R, bom ot right
wee made swith 18 projections spaced at futesvels of 18 degrees.
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Advantages of the New Algorithm

¢ Large-amplitude motion is correctly treated.
¢ The constraint on trigger rate (re-arm deadtime) is relaxed.

¢ Computational investment in the maps benefits repeated use with
ditferent data - as in optimization.

¢ Replacement of the Runge-Kutta integration by full-blown tracking
would permit the reconstruction of:
¢ arbitrarily complex (even no) RF;
0 non-adiabatic processes;

O self fields
¢ particles outside the bucket (but NB normalization).

Question Marks

s How fast can it be made to run?

s Minimum number of profiles required.
s “Free” parameters: n, gain.

o Influence of the phase loop,

K(} v (B |’.§/{2F/M:& 47-¢¢




CERN injector complex ;..

Ti8

—— ClUCLRONN
— PRSHTONS
Ie— AT N
mm— ATHPOHONS ~
[EEXTE
May 79, 1997 470 MINI-WORKSHOP UN HIGH INTENSITY. HIGH BRIGHTNESS HADKON COLLIDERs  EPK  JENSEN

LHC filling scheme

LHC = 38.924 us

baich_ 1 2 3 4 ] 13 7 L} 9 10 ]

i uwc_\mmmmmmmmmmﬁ;

-
-

S/’S = 7/27 LHC

beom gops:

T= 5 lost bunches (rise Wicker extr. PS = 8% n3)
T= 8 miksing bunche {ffse Kioker Inl. SPS = 220 nx)
T 33 mining bunches (e Kicker W), UIC = 0.94 sus)
= 127 mhing bunches {rise Kicker @dr. LHC = 317 p9)

SPS

PS

PS = 1f41.895

May 7-9. 1997 e MINI-WORKSHOP ON HIGH INTENSITY, HIGH BRIGHTNESS HADRON COLLIDERS
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LHC beam g, “budget”

Eun p  Eomoea Eungrosas’ DGR ApipT o
Machine & process {bunch} [LHCbunch] length  [2¢]
GeV  GeV/ic  eVs eVs ns 102 Mz
005 031 (065 0.06 (1667) 2 {0-60)
PS3  |capture 005 031 1.20 1, on 1600 49 [X)
ace. (+ contr. bu?) 140 214 1.45 1 0.1 190 2.5 1.75
CP3  linjection 140 214 145 8 0.4 190 25 35
eration : 274 356 1.50 8 0.14 66 41 369
b spiit+ contr. bu (200 MHz) | 274 356 1.00 16 0.19 48 4 7.38
{acceteration 255 264 100 16 0.19 24 1 76
disbatic debunching 255 264 (025 84 025 25) 0.2 40
. . |aciabatic rebunching 255 264 0.36 84 0.36 12 0.7 40
T bunch rotation 255 264 036 84 0.3 4 2.2 40
SPS  |dlamentation on inj. plateau 255 264 052 4620 0.52 43 3 20
ace. + contr. bu (800 MHz) 450 451 1 4620 1 25 0.6 200
bunch compression 450 451 1 9240 1 17 0.8 400
LHG  finjection 450 451 1 35640 1 17 0.9 400
(+ contr. bu ?) 7000 7001 25 35640 25 1 0.2 400
T Phase space area atinbuted to one LHC bunch, of (total CPS longilixdinal emitlanceyed o (PSB bunch emittancey10.5.
" Bur ch half height. For upright efliptical bunch, Epngruane=aW  bunch length)*x/2 AP 1 p=y! (1) AW/ (mo 3}
May 7. 19w/ 4rd MINI-WORKSHOP UN HIGH INTENSITY. HIGH BRIGHTNESS HADRON COLLIDERS

bunch parameter limitations

10" protons/unch
13 — - ,
09 _E;x. emittance @ LHC injection l N _____ 5 @

S R N

........... . 700 kV @ h=4620

B e o (500 @ h=ds20)
0.4 - -|momentum acceptance |- ---(0.35eVs, 3.8nspN, - - - 500KV @ h=4620
03 = a4 I SPS m-wave instabiﬁ@

PS u-wave instability . |

bunch emittance [eVs]
o
o

01 S LR~ BERCEEEEE SGoce05c050
0 L —
0 4 5 |
bunch iength [ns] |
May 7-9. 1997 $rd MINI-WORKSHOP ON HIGH INTENSITY. HIGH BRIGHTNESS HADRON COLLIDERS
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the most stringent A
bunch parameter limitations <

o SPS microwave instability

“Keil-Schnell-Boussard”, 1Z/nl = 10 Q assumed.
¥ 23 3 19 (decreases also capture voltage)?

¢ TMC (transverse mode coupling)

Z,= 23 MQ/m, Q=1 @ 1.3 GHz assumed

¢ 200 MHz periodic transient beam loading (BL)

el.mnx o<

- Zcav = 360 kQ assumed
T ¢ 400 MHz BL
o o 300 kW installed power assumed
+ Transfer line momentum acceptance
610 total assumed

. May 79, tovi st MINI-WORKSHOP ON HIGH INTENSITY. HiGH BR]GHI‘NFSS HADRON COLLIDERS

Quasi-adiabatic compression
on h=84 to 600 kV ()
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j First 40 MHz bunches

40 MHz bunches inthe S - '~
Vrf=300kV  11/12/96 @

~2.000 ns ’ 22.000 a8 47.000 as
5.00 nasDIV © REALTINE
Ya¢ 1) 2.075¢0 WV X2C 1) 35.300 ns
vi¢1>  -912.500 ay X1C 12 10.300 ns
DELTR Y 2.98?5%0 Vv _Sr X
170EL

May 7-9. 1997

srd MINI-WORKSHOP ON HIGH INTENSITY, HIGH BRIGHTNESS HADRON COLLIDERS




Bunch rotation test

: : i PUNCH with V(r=20)=200 kV,

su 3 $58.9
LERERR £ 285000

May 7. 1997

i
+d MINI-WORKSHOP ON HIGH INTENSSTY. RIGH BRIGHTNESS HADRON COLLIDERS

Synchronisation jitter

548.200 ns=

559.200 ns 589.200Q ns
2.00 as- DIV REALTINE
SYNCHRONISATION JITTER ON COMPRESSEID BUNCH

(Ad. capture up 1o 60 KV & Step 10 300KV . - 4/4/97)

May 79, 17

ted MINL-WORKSHOP ON HIGH INTENSITY., HIGH BRIGHTNESS HADRON COLLIDERS
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Space-Charge Effects and Ferrite

H-
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Compensation

K.Y.Ng and Z. Qian

(May 7, 1997) —
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I INTRODUCTION

e C. Ankenbrandt suggested 2 rings for the proton driver.

e We concentrate on the first ring where space-charge is more

important.

Kinetic Energy

1 GeV injection, v = 2.06579, 8 = 0.87503

3 GeV extraction

Cycle rate

15 Hz

Circumference, C

237.10 m £ = lio¢ ktlz

Rf harmonic, A |2 0r 4 for 2 or 4 bunches

Transition, 7 -

Bunching factor, B | 0.25

No. per bunch, Np |2.53 x 103 Tav = 448 aup [buueh
95% bunch area, A |1 eV-s |

95% emittance, engs | 200 X 1077 m




II TRANSVERSE TUNE SPREADS

o Laslett tune shift at injection

4

 3Nigtal” ~0.199 2 bunches, good
AI/ = — 5 ' P == .
27°Fengs B

—0.397 4 bunches, manageable

This is an incoherent effect and cannot be compensated by ferrite.

IIT MICROWAVE INSTABILITIES

e For parabolic bunch, | o §
( ’ V
| F=8473nsor £ =2223m forh=2 &45x/07]
B =0.25 =« ,

?=423Tnsor{=11.12m forh=4 /effx/0]

\

"o Using I\rmsky-\Nang criterion and a bunch area of 1 eV-s,

IZ” 271’El77] UE 2 71.27 Q forh=2

A
£ 142.5Q for h =4

Note: If the Boussard-modified Keil-Schnell criterion is used, these

limits will be 1.67 times larger.
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o Space-cha.rge impedance: o

With engs = 2 x 10™* 7 m, bunch area 1 eV-s, and assuming

a momentum dispersion of ~2 m, < 8 >=7.28 m

beam radius is a = 3.35 ¢cm and 3.85 cm for A = 2 and 4.

. Usinga b cm radius beam pipe,

911 Q for h =2
—Zl‘_ = 2Z2ﬁ (1 +2n b) s
Wlgela 2 i76.8 Q for b = 4

Note: Same size as the stability limit. However, we are below

transition, hopefully, microwave instability will not develop.

e Assume pipe radius of 5 cm. Cutoff freq is 2.30 GHz, or harmonic

Ncutoff = 2074. Tunes: v, = v, = 5.18.

4v 0 '
|Z.L | < F 3 (AE)pwuml(n — v)n + v€]=31.56 MQ/m
€Llipeak

e Withdb=5cm,a =335 38 cmforh=2 4

4

RZO ( 1) 12.21 MQ/m h=2
<

ZJ.lspch Z,B‘) ;2'_'1')7;'

1.2 MQ/m h=4.

Therefore transverse microwave instability will not happen.
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IV POTENTIAL-WELL DISTORTION

e A particle at distar.ce s from bunch center sees a longitudinal space-
charge E;sp o field and a potential drop per turn:

€4do d\ b
Ezs ¢ch &= — ) = 2In—
P ch 4megy? ds go=1+2mn a

5 f 3 B
SWIaVZOgO) (5)2 s _ | 11.12 kV for h =2
£

V;pcthzspchC:—( 4’72,8 é‘

37.4—% kV for h =4
e On the other hanc'.,‘neglecting space charge, the synchrotron tune

and required rf are

( | (
0.000919 2 18.41 kV for h =2
4 Vit cos g = 20°E

_nlé _
0.003677 [l 147.3kV for h =4

woT

Vs

o For ¢ = 0, 1f voltage seen by end particle of bunch is

R hwoé . 3B

V =Vssin = Vsin = (0.924V¢
Be

e The potential-well distortion is large compared with rf voltage

required if there is no space-charge, especially for A = 2.

e We wish to compensate this distortion by ferrite. The frequency

is roughly is at ~ 2.2 MHz and ~ 4.4 MHz for A = 2 and 4.
fLc22=07/Hz 196 1 Lx blhyth = (Ebiph




V FERRITE COMPENSATION

e The voltage drop per turn due to space charge can be written as

7)
sp ch é 2

.- Thus, it can be canceled by adding an inductance.

Brl,\ Z
V;pch=(7' 23)';:—'

e Consider using a hollow cylinder of ferrite of inner and outer radii
b and d and length £. Impedance introduced is

Zoywy

al _

T lferrite 2me

d
/
,u,Klnb

For example, with i/ = 1000, d = 5.5 cm, b = 5 cm, to cancel
a space-charge Z/n of ~ 100 €0, a length of £ = 63 cm will be

“enough.
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| V.1 Loss | -

e One way to include loss is to write

p=p +ig”  and Q=2
| -
- Zu=(‘@—)|zn

o We want material with large p/. However, " will be large as well.

spch

AUS

e Since the real part is proportional to frequency, we need to sum
many harmonics to compute the total loss. For each bunch,
o0
Current : I(t) = L, + X I, cosnwyt
n=]1

oo IZH /TL
I2 spch
ngl Mtin Q

[T

Power: P =
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o If we assume Gaussian distribution, the summation can be
approximated by integration to give, 7 = vx/gaf,

'le/n'spch
Q(O'TWO)

For h = 2, [Z"/nlspch = 100 €2, and Q = 1, the power loss is

P =

P 25.6 kw, parabolic, (29.2 kw by above formula)
Need to sum up to at least n ~ 4/(o,wy) = 7 for h = 2.
For h = 4, need to sum to at least n = 14, and loss per bunch is
102.2 kw, 4 times larger.
[ /}Vergge |
e 'Loss per particle per turn is 6.5 kV.
Worst of all, because of the short wake (small @), center of bunch

- -loses much more than the ends.

Such position-dependent loss is hard to compensate.

e There are other problenis like (1) high frequency response of ferrite,

(2) effect of electric permittivity €, (3) transverse effects.

e If loss is small (see below), the problem can be solved analytically.
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VI FERRITE-LOADED WAVEGUIDE

e Here, the assumptions are (a) a perfectly conducting medium out-

side ferrite and (b) the ferrite insertion is infinitely long.

e The boundary-value problem has been solved in Phys. Rev. D42,

1819 (1990).

o The transverse and longitudinal wakes of the m-th azimuthal is

ZQCZ £ = . L e VA
m = Frm m - —
Wanl(2) 2nmd?m+l ,\E‘l A@ma) S ep—1
/ —
Wl(z) = 27 (1+Ogm )d?™+2 ,\'§1 Foma(@ma) cos dy/ep — 1

where z,,) is the A-th zero of some combinations of modified Bessel

 functions of order m.

e The above are just summations of sharp resonances.

There are analytic expressions if the ferrite layer is thin.

L e

Ziy ~ [ Wpe T d(2)

Z (&) ~ ﬁlfv’, (2) e_wé/cd(%) |
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Monopole (m = 0)

o Ifé= b-<<l .’1101—-\/%2, andﬁz01=4. + = ’Hu\c.khe.ss 35:
ferrite

Resonance frequency is

wop = _ffﬂi____ = > when ex > 1
dv/ep —1 ep — 1)

w()Zo( )
/L!'——.

o Result is € independent when eu > 1.

e For 1 = 1000, 6 =0.1,d = 5.05 cm, £ = 63 cm,

for = 840 MHz, —iﬂ = —3100

( .}&"A. laoa)

But if loss is included as perturbation, loss is ~ 76.8 kV per turn

near bunch center and almost zero at both ends.
e For the low-loss Yttrium-iron garnet, 4 = 3, € = 8, £ = 63 cm,

Z
for = 15.3 GHz —n‘—' =—i3 Q
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VII HIGH TRANSVERSE DC BIAS

e From KE 1 GeV injection to KE 3 GeV, the space charge impedance
will be reduced by a factor of 4.58. We would like the inductance

of the ferrite to decrease by the same factor.

Q-This can be acconiplished by passing a DC bias field through the

ferrite. To reduce loss, we suggest the bias field L field due to the

bunch particles.

This can be done by putting a solenoid outside the ferrite.

e Use a dc biased field H, in z-direction, so high that the magneti-

zation M inside the ferrite is saturated and becomes 3 M. 5-

"o The ac field A, from beam particles is in the z-y plane. This ac
fleld causes the magnetization to precess about H,, or creating an

ac magnetization M 1 In the z-y plane.

e Thus, we have
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12k o 00 0.5 0 15
wo/w
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e When |H;| < H,, the equation of motion is

%— = y(2M, x H, + M x H,)

where v = 2.80 x 2r MHz/Oersted is the gyromagnetic ratio of

the electron. Defining the magnetic susceptibility tensor 52,. as

JM.’l = «irﬁlzthé solution is | relrs;gu
. / y \
Sm;‘/v\aﬂj sl x —35 0 . ;,’
. 4 Ny "_L
w?ar't\c.uﬂwv sl Xe=ijc x O Pr = b= Ho
1
where
X  Wen °_ii_ WWm __,X,Lu
po. w?—w?’ po  wi—w? o fe W
~and
. M
We = ’YHca Wm = 7—3
Ho

e There is a resonance at the gvromagnetic resonant frequency

w. = vH,., which is proportional to the dc H,. This explains why

we want H, to be large so that the resonance effect can be avoided.
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e Loss can be included by letting we — w, — iLua, giving

¢ _ (@6 -]

v _ (8
o [ -1 +a(3) e

Note that, a.ctually the above depend on only M, and a.

e Usually the ac field coines from a cavity. Then, w will not be
changed by very much é,nd can be considered fixed except very
near to the resonarce. Therefore, x is plotted as a f\inctioﬁ of H,
This explains why the formulas have been written as a function of

we/w.

o In our application, the ac field comes from the beam particles. So

w has the range of the bunch spectrum. For k = 2, w/(2r) varies

1 | L,
up to ~ 2.2 MHz, and for h = 4, up to ~ 4.4 MHz.~ /s i/t
o 77 iHz |

e The merit of this application is the low loss, because the ferrite is

saturated, there will not be hysteresis loss. The only loss is due to
spin wave which is small. The disadvantage is u' is usuaﬂy small.
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Application

e Choose Ferramic Q-1, which has saturated flux density of 3300 Gauss

at 25 Qersted.
e Thus, M, = 3300 — 25 = 3275 Gauss.
e Choose H, =25 Oe.
This gives resonant frequency w./(27) = yH, = 70 MHz.

Up to 10 MHz, y/ ~ M/H, = 131.

o With ferrite thickness ¢ = 1 cm, to cancel |Z}/n|sp & = 100 £,

we need a length of £ = 2.4 m of ferrite is required.

o At extraction, want g’ to be reduced to 131/4.58 = 28.6.

The biased field should be raised to H, = M,/ = 114.5 Oe.

e At low frequencies, the loss is p” — E¥4Ym

We

o Take a typical value of a = 0.05, we find y” varies linearly from

0 and reaches 0.5 at 5 MHz when H. = 25 Oe at injection, and
is reduced by a factor of 4.58% = 21.0 when H, = 114.5 Oe at

extraction.
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VIII CONCLUSIONS

. The most serious space-charge effect Laslett tune shift for & = 4.
. Longitudinal microwave instability seems to be safe .
. Potential-well distortion needs ferrite compensation.

. Ordinary compensation without DC bias field gives large y’ and
also large u” of the order of 1000. The loss is about 100 kV per

turn and is position dependent along the bunch.

. Large transverse DC bias beyond saturation eliminate hysteresis

loss. Only loss is due to spin wave and is tiny.

. However, large transverse DC bias gives small 1/, but is still good
enough. Total ferrite length of 2.4 m is required if thickness is

1 cm.

. From injection energy of 1 GeV to extraction energy of 3 GeV, the
DC bias field need to be increased quadratically with energy from
25 Oe to 114.5 Oe. Hopefully, this can be-accomplished by using

a solenoid.
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III. Transition Crossing

" N LRy -1
sell-field non-linear /,
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’ 1 . ) )
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S(eV-sly)

Figure 2: Effects of chromatic nonlinearities and self fields at transition.

(149 © vegult)

i
|
o a “first-order, matched” yr-jump lattice,

a; = —0.6 remains almost constant during the jump;

ol.=4atl 1AL [V S N 4 [ new)
N N v R 3

e two quadrupole corrector families, one for yr-jump,

the other for optical optimization,;
Peags. TeptWian Trbejey

e chromatic nonlinear effects greatly reduced.
3;5§ ~ (u,t1.5)C

RHIC Transition Crossing, TIBETAN
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IV. Storage and Luminosity

BEAM LOSS

r atterin wth at sto : .
(Beam loss dus to 1BS)

100

o growth occur in both transverse and longitudinal di- ol
rections with similar rates;

-
—
-
-~
T

=

60 }

e there exists no equilibrium state (negative-mass regime) wl

Survival rate (%)

— §,=0.3 oV s/u

i [ s §20.56V s/u
(above transition) 2 sev 1
- % 2 4 6 8 10
2} ‘ Time (hours)

1 doy 4 4ills the bucket in |2 hours

PRy 4

Op dt ~ 34.6Lcr(2,E0——£-1Y—. (4) % beam escapes from the buclet

1do, AlyrezeyS |

oy dt BUNCH-AREA GROWTH

’ bucket {Bunch area growth due to 1BS)
¥ otlways §vows Gemid T T v
‘ ‘ S0}
[! * weak depeh dence on energy % 08 |
. " go.e
% propertionsl 1o 6-D phase space de"”} v § o4 —— 5,038V s/
‘ e z oo §e0.5 6V SU
| z* 4+ 02
o~ I problem for A,
A 0.0 . : . e
- 0.0 2.0 4.0 60 8.0 10.0

Time (hours)




V. Conclusions
INSTANTANEOQOUS LUMINOSITY

(Luminosity loss due to I1BS)

S

.

ance:
———— §.20.3 0V S ;
_A:":I:‘g:igw o e intrabeam scattering growth at injection will be re-
ﬁ'ai m storage 1 .

60 bunches, 10° per bunc duced,

V=26 MV, h=2520
£ ,=10 MM ey

nominal ¢ Current yp-jump scheme is adequate for efficient tran-
“everage - sition crossing; |
10 |
Time (hours) Z

e No significant change is expected in luminosity per-
formance during collision.

AN PO RO e Re-bucketing process will be discussed by Jofg.
(Emittance growth due to IBS)
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Conclusion

Particles are captured up to (sigma): i

Condition Sigma

atstorage 0.2 eVsec/u . 8.3

at storage 0.45 eV sec/u 3.75

after transition 0.45 eV sec/u 5.4

after transition 0.45 eV sec/u, V=800kV 59
3
D

To do:

e Extend tracking program to simulate rebucketing while
1 ramping

o 77 l
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Session on Longitudinal Instabilities
K.Y. Ng

There were 3 talks in this session. The first talk was by Y.H. Chin and H.
Tsutsui on “Microwave Instability in a Barrier Cavity”. A bunch inside a barrier
bucket behaves like a coasting beam because the bunch particles drift most of the
time. However, itis also a bunch because of its finite length, and therefore we can
talk about bunch modes. Chin and Tsutsui demonstrated the equivalence between
mode-crossing instability and the Boussard-Keil-Schnell microwave instability. Al-
though this equivalence had been demonstrated for a resonant impedance by many
authors, they were the first to demonstrate mode-crossing instability for a pure
inductive impedance below transition, which is predicted by the Boussard-Keil-
Schnell theory. They expanded the bunch modes in terms of orthogonal functions
and compute the eigen-modes as a function of bunch current. They also wrote
a code to track the bunch particles in the longitudinal phase space, and verified
that the onsets of instability agree with theory. The code is a tracking in the time
domain and approximates a bunch as a series of triangular bunches.

The second talk by M. Blaskiewicz is on “Fast Particle-Particle Update Scheme”™
in tracking. When tracking /V particles involving binary interaction, the number
of steps per turn is usually QO(N?), which rises sharply when more particles are
required. First, the time-order of the particles are sorted, which takes O(N In V)
steps. Once the ordering is known, the positions of the particles can be updated
using a recurrence relation, which takes O(N). Thus, for each turn, the number
of steps is reduced from O(N?) to O(N1nN), and the saving in time is very
significant.

. The third talk by J. Rose is on “Stability in RHIC” against longitudinal
coupled-bunch instability. ZAP and analytic formula computations for bunches
passing through the the 2§ MHz cavity shows instabilities driven by only the first
few higher-harmonic modes {(HOM). This is because the form factor falls off as the
inverse of both the HOM frequency and the square of the bunch length. Since the
bunches in RHIC will be long, the form factor is less than 0.6. Note that this is
rather conservative; for a Gaussian bunch distribution, the form factor will fall off
very much faster. Some passive de-Qing had been performed on these offensive
modes, so that the growth rates for the unstable modes will be within the range of
the injection damper rate of 10 sec™. From the MAFIA computation of the HOM
dampers, it appears that there should not be any problem concerning longitudinal
coupled-mode instability. ‘
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Longitudinal Bunched-Beam
Instabilities in a Barrier RF System

KEK

Yong Ho Chin
and
Hiroshi Tsutsui

1997 Particle Accelerator Conference
Vancouver, Canada
May 13, 1997

Introduction

o Barrier RF System

Relative position
of particle in a beam

\
o

Free drift

¢ Characteristics of a barrier RF system

A very flat bunch --> A smaller peak current
A variable bunch length
A small synchrotron frequency (v,,s=17Hz at JHF)

Synchrotron frequency proportional to the energy
deviation --> A spread is comparable to the
frequency itself

s A strong Landau damping effect

2 ®m x =




- - Stability Diagram for i
'." h T T "3?"(‘1) — - “SEWW"!D‘!’E*r"

TS R

bution

)

o Collective stability of a bunched-beamin a
barrier bucket

! » Keil-Schnell-Boussard criterion would give a
reasonable estimate, IF

¢ the wave length of beam density modulatien
is much shorter than the bunch length

LL1

+ the instability growth is much faster than the
synchrotron motion.

How do we know
without calculation ?

If not, or no way to know if the coasting
approximation is good or not, what should

replace Keil-Schnell-Boussard criterion?

A need to develop a theory
proper to a bunched-beam
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Coasting Beam Mode ymber “m
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o Main framework of the newly developed theory

No coasting beam approximation

w Vlasov equation for evolution of phase space
distribution

Synchrotron and energy mode expansion

= Action-angle variables to describe the squarish
particle trajectory in phase space

» A Gaussian energy distribution
= A full inclusion of Landau damping effect

spo e <

o A simulation code ECLIPS (Evaluation Code for
Longitudinal Instabilities in a Proton Synchrotron)
was also developed.

e Their application to JHF 50 GeV proton
synchrotron at injection show good agreements.

e We will demonstrate (as Sacherer predicted)

Mode-coupling
instahilities in a
bunched-beam




(**“3v 10) | 03 jeuopJodosd

Aouanbalj uonoiyouAs

uoow Jo sseyd=a|Buy

7T Uy ease=uopoy

. *$9|qeLeA 9jBUE-UOROE BU) A3NPOU| SN 18| ‘0 PUE M JO
uopauny pajedlidwod e sy £10399fes) apdied ayy aduls

xew

(0'0'm);

’ x&E>>

Y
Ow/3v=m

,:.il:.....w,
[ © ¢, 1imms Lava g 03
POITJISD VeNq 48] 399339 S.a..!»r:..q-u saeasuiay

. w2 oy snoforsur LIT[IQrisuy [yvi-pesy.z 03 PEL. - thouRnbag
20 Aovend £

pinon uojavyasp L) e
7° pusdsp wqa o3 wnp Lajoy
e ' 4MI L tAran w?E B B
@ ! erdy e O RO ¢m.wi Gt

e, o o—me 1430320 307y R Laeav Ljve -‘sayoung -

Peowds Atyends ; 303 2 vy L3usRbazj UOJINTOAR amp

3 .'.\vf £3venb22) wo23aduLS YA 83 93 aaya indde
..... — iy

‘ -u.r 4..:: LI }

1% =245 e

;nc«v::wamuélnﬂ.'-.ﬁ:g INYITIE0 WD 4oung ¥ INIIISUAIN) A0Y 205
LN s

.. . Aaysusduy snsazea Bm seyouenber) uziayoy T 7HI--—-

WY (3 *372) mapoo anysyy pur eodnapent ‘s10d5p yenen__|.

VEnoyy :u:.‘ * por ‘Teplosnuls Ayerupxcadde sy (2)wy.
Ayysusp suyy aNz jo 33wed Ju)aeiTidso syy -éfene, JA
§ 3930 $Iydnmb

I Jo 53y

UGLIFTTT60, 30 Sape.

MV sy by

0

e

T oﬂ. ‘yoaaq woo 307
TR 1pipgs mazseds wmyl % 8} e

N ;
ot v@?u.. ﬂunvuuzo #dyd wqa sacqr -
AIINE SAF] IR CFED € I¥ PA1IBAD B) ypunq Sav | ¥ 20)

12 yo sedoyssne~ -
1¥n3as ayy,

.e.! & ‘
III".EI.TI.:

i e

® 301 “sar ainigearapung sy o3 fuy &
PRodey 1380 xg(3/15 Spueaxe pur ‘(3)%( vavn 15 3P 0 - o)
.m.ﬁw.:..r Kowsabyzl e -ave0 paxyed 8T8 WpoR *C 313 Wy
Undys “bae sepaw L3yeRmany 0T -ﬁluou:uuuw-n-. Wy «ﬂm

14 POV’® Capom 10] PUP GOTINQIAISYH .
Avu03aras ayd a0y waddads Ls0snbazy o wdoTeAnp. T BN e coormin .

R 8 20 A

~orrea ¢t

03 (T 22%3) (y¥roynesn n!&u 21w suonaeaysap am i

LIRS £ 1% aapes. - &

ITIRA ' (7 3arg) vasg p

—— R “QaBusyaata” sua Ay
- *SBpom BARA  -U0D ¥ YIIa Jukmadadr vy ‘eyqu
~Su][(eani) weeq-3RYI5V8) WM YITA LEYIONUNOY WG B EJQY  <A#IIp “&ipydea Lawa a0g
- IPTTEIVIR ARSI PaR 9 QR IY (STA BT pungt #4300 .sposdep ployseIna B
SEIITTEPITATY W e paeni07” FuTACH IO~ SAEN ~b Sujaenoy ‘reasvaB uy -
i S Sevns dhact il ndbansialied Lodiddha B N R 7 1) I 1
PasEiawt_se 3337 M. $3IGRNbII] 30933403 any 10) €8T ... ..

TBAIND IXLVVOEPI 2y} aapon rrae

u-.ﬂ_auw..jnu-_:v
i1 357 ausoygyne 53 mang
{§PAPNIIIR Jo wan3def o

R
36 5] N2uNQ Ay Csayea S0y

~152TUT WY A[aPRYO1IINS ST ‘avARAOR  *, tIAYaae gounq . suojacensse .

T8 cﬂ.‘i%»g..:lg:.lﬂ.«ﬁ!b*qu»nﬂﬁeii«lua;ﬁ WIPA INQ ‘Eanyes traq BupasEOd W§F arau SPIOYINING o

YINTITOS ‘ROpa IRt in vaen BUTPTRIC ¥ 3 03 3} wnoNk____ SPUY; U ‘/A(Bursiadans pur ‘paantad aq oes fagpq - — - -
v Aovenbdaag sya ‘unouy sy Mz 31 "1 m pasesipuy .~ !

[, S e st ‘g5 03 %37 baxy " IETIN; g Afavege WL

. UD1INITYOSO jo sapom Aysumutenoy T Wid . 13T $3TITSURIVY Ir v)qeasud ¥T039g ‘°23b *syodnyxes

g e E— p " . e

H R S — ayodnapenb “*81od{p ¢ ( Cpoa TEQpAIEIG JENEN By T

S} ¥3p] D)sEq Wy}

[0 S N

g
pu

Eangea 18301 J2)n 20Q ‘pasn 5

WoaE- e -
oy L 4+
ne

L
ly IR} TR0 BTTRT0; 3 vanbaa

\L/- -

~302% V0I3I91F Gy Fuiweyaduey
-BY AP ¥

OIS YSY as
RIS, ek

PURIIFTIING ‘wAIUDY 13D

ALTIIEVISRI 2AVAGEITR GRY ONINIHIONET ROume

“awdrd TR Uy prussead s3 ‘fuoYd
"y .. oTEpX03ddy mReg.Tuyacess Inoln ‘qoroaTL IeTH Y

“ZHA 00} S® A0y se seyduINbexy 10) 30 ‘proysaagy 2PN
POTIEIIN 30U B3P CA2AINOY ‘UAOQY PIUCTIURE teLajsyirsan. .
*$d 32 20) 398ar| AT UM 0 2ayy INOQE SINIEA
‘851 343 30 LY = jusz] sp1ad sjw
4q prasafing sr ‘praids enyoecor pur ycaaina qavng FO

- — V1SUYE-TY e JENSD B4 teswa 33q7 D}
WER) J¥12005 SUIR0RIAATA PUr ‘PoTIné mosycaududs v oeydy

A3uenbazy-w81y ¢ 52 ST oymides 03 sadeessy

T (rESY W pur Aa,_.nm MY B) pRAsEEqo vIIQ
Py {340 £ 03 PN 00T) SIeudls warnoiSjs puz wale oung

’ @l: 10 dn-notg 03 sprey 3IWa LIT1)qEIST) KEUMG~¥iBEYS ¥

CTERG put Loy ISNpoaIV]

< (paessnog’
((VOTARITID TraC-S3PIeN0d
*QITUR] Young ®- - -

A1119e3 503 wmrq-Siyaseas
-$%u32 232
young sened S5z A33T1C023




b usym epow wiesq hunseod || =

(sjodnyxas) g=w (s10drupenb) z=w

xew AVI : rd:we

N

el

(¢)d Kyisuap abueyd aun
iy _
*

_ _ o=t

(pvt-)dxo (humdxa(1)"f K +(NY = (9D f

uoisuedxa Jalino4 + A pue | 03 10adsal Yyam

UONRZHOIIR] 21RIpdaC 4 NOtNSt IaNBo NI In T &
b H NSy TITaT o W pvaeevae wwipwMAlidaTg T




181

m

¢ Using impedance Z(w/ w,) and Fourier
transform of p(¢), p(v)

I'=-e’N

¢'"°* sgn(w) 2 Z(p + Q)p( p+Q) L

p=—oo

X exp(-i( p+Q)p -~ iQ_O)
v =v,()

where l,=circulating current and

e The integral eq. for unknown f (1) can be solved
by expanding f,(I) with a set of orthogonal
polynomials.

.o For a Gaussian energy distribution fo(1), the best _
.. choice is the Laguerre polynomials L,(x). - '

.. ‘Fmally, we get a matrix eigenvalue eq. for Q:
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Nurnarical examples

Main narameters of IHF 50 GeV

proton synchrotron at injection

» Twolmpedance cases to be studied by the
theory and simulations:

+ Resonator impedance
s Pure inductive impedance

- the strength chosen to be equal to that of the

resonator impedance at low frequency

Imeg{Q) {/sec}

Real{/0,)

GAUSSIAN, ang 2127, R iOkO Q- E 3. % ax—»zs mm&xw 10 :
Barrier Buckets at &150°, {,=1, 0&5840&«#02 feee 7 .

—

(‘iroumtmg current (A

Fig.1: Coherent synchrotron mode frequencnes (/ Qo )
and the growth rate as a f unctnon of cnrcu!atmg current,
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o The simulation for SA shows that the energy
distribution stops to blow up at the initial spread
of about 0.20%, in good agreement with the
analytical result,

¢ The phase space plots show a uniform particle
‘density after the blow-up the energy spread.

A signature of the

microwave instability

Inductive Impedance

e The coasting beam theory predicts'the . ,
excitation of the negative mass instability.

Analytical result .

GAUSSIAN,04=0.212%,L=468,103uH lmax=20,mmax=10 - .
Barrier Buckets at +150°, 0,=1.086640e+02 /sec o

FE e R |

Real(/0;)
185

Imag(Q) (/sec)
g
1

Y SN T VSN B B
° 2 .« . ) )
. Circulating current (4)

Fig.4: Coherent synchrotron mode frequencies (/ g )
and the growth rate as a function of circulating current.”
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e The simulation at 9A shows that the energy
distribution stops to blow up at the initial spread
of about 0.21%, in good agreement with the
analytical result again.

e Strong concentration of particles can be
observed in the phase space after the mstablhty
ceased.

An evidence of the

negative mass instability

|

e The negative mass instability has the same

threshold for all coasting beam mode''n" for an .
lnductlve impedance:

%,
n

Sﬂﬂ(ﬂ) (Keil-Schnell-Boussard
el P Jewnu criterion) .

P

This behavior agrees with the simultaneous onset of
mode couphng lnStdbllltleS of aH synchrotron modes :

&
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9.991660e+01 /sec

Circulating current (A)
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Buckets at +150°, Q,=9 91_669@4-0}/_5%

iB}iTler
RIANGULAR, 0;=0.204%,L=468.103uH lmax=29,mmax=10

Barrier Buckets at +150°, Q,

T

TRIANGULAR,GE=0.204%,1F4:68. 103uH, Imax=29,mmax=10
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Circulating current (A)
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HOM Dampers for RHIC 28.1 MHz
Accelerating Cavity:

Stability in RHIC?

RF Workshop @BNL
May 8, 1997

MY

Jim Rose, RHIC rf

SUPERFISH Output for 28 MHz

Cavity (150 kHz low to allow final
tuning after manufacture)

1SUPERFISH DTL sSummary 11/19/95 11:27:39
Problem name »FINAL 28,15 MHz Cavity- 14 Sep 1
Mesh problem length (L] = 200,0000 cm
8tored energy (U] for mesh problem only =~ 7179.22754
Power dissipation (P} for mesh problem only = 77675.50
Q (2.0%pief(HZ)*ULI)/P(W)) = 16200
Transit time factor (T) = 0.92430
Shunt impedance (Z) mesh problem only, ((Eo*L)**2/2*P} = 1.030
Shunt impedance per unit length {(Z/L] = 1.030
Magnetic field on outer wall = 2748
Hmax for wall and stem segments at z=214.43,r= 13.4% ¢m = 8554
Emax for wall and stem segments at z= 29.69,r= 13,07 cm = 10.776
Beta T Tp s Sp g/L Z/L
0.37221783 0.92430 0.02374 0.37410 0.05623 ,0.007191 1.02992¢

rend Emax*epsrel  Power df/dz

Hohm
Mohm/m
A/m
A/m
MV/m

ISEC  zbeg rbag zend df/dr

: (cm) (cm) {cm) {cm) (4V/m) (W) (MHZ /mm) \
: Wall

2 9.0000 6.1900 20.9500 6.1900 4.4639 0.039% 0.0000 0.0006 )
20.9500 6.1900 21.4500 6.6300 7,9438 0.0542 0.0011 0.0011
21.4500 6.6900 21.4500 9.4800 8.5137 1.0077 0.0061 0.0000
21.4500 9.4800 17.4500 13.4800 6.7360 9.,0926 0.00S6 0.0023
17.4500 13.4800 1.5600 13.4%00 0,4071 31.2894 0.0000 0.0000

1.860¢ 20.0000 62,7000
62,7000 20,0000 63.3350
63.3350 20,6350 63.3350

11 63.3350 41,9989 216.930S
12 216.9305 41.9989 216.9305
13 216.9305 15,3908 215.025%
14 215.0255 13.4938 31.4597
1S 31.4597 13.4938 27.4465

3
4
S
6
7 1,5600 13.4900 1.%600
[
9
10

20.0000 0.0185 10.5454 0.0000 0.0000

20.0000 9,2558  1329.1%14 0.0000 0.0958
20.63350  8.4820 87.3094  0,0049
41.9989  6.2291 1739.2368  0.0044 0.0000
41.9989 0.6321 16276.6230 0.0000 -~0.0229
15.3988  0.1076 $750.1382 -0.0103
13.4938  0.1962 1206.7163 -0,0013
13.4938  §,9394 S1211.0625 0.0000 0.0777

9.4806 10.7765 22.9688 0,025 0.0201

0.0049

0.0000
-0.0014

16 27.4465 9.4806  27.4465 €.6980 9,.1560 1.1670  0.0079 0.0000
17 27.4465 6.6980 27,9545 €.1900 8.2337 0.0596 0,0012 0.0012
Wall s Total = 77675,$078 ~amucwun ~nca-eWall
! :ig o
[ ]

“FINAL 28.15 MHz Cavity- 14 Sep 1FREQ=

27.89?




961

i

1

I

=

.
1 —— Y ¢

-

I

i

s

=1

28 MHz Production Cavity

il

Longitudinal Coupled Bunch Instabilities

Higher Order Modes (HOM's) in the rf cavities
havebeen calculated with the code URMEL and agree
with measured values of shunt impedance and Q.

Growth rates have been calculated both with the code
ZAP and analyticaly with the expression

1 o, LR
— e FM
v r, Veosd,

Where F,, is a form factor less than 0.6 and which falls
off as the inverse of both the HOM frequency and the
square of the bunch length. Because of the long bunch
length in RHIC, only the first few HOM'’s contribute to
instabilities.

Longitudinal Growth Rates (Without Damping)

HOM Frequency [ Growth Rate Stable?
(sec ™H
103 MHz 12 U
192 MHz 3.7 U

Modest amounts of passive damping (factor of 10) wil
bring these within the range of the injection damper rate
of 10 sec’'. Damping experiments have confirmed this de-
Qing on the Proof of Principle (PoP) 26.7 MHz cavity.
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| NO HOM INSTALLED wenim | I
N. FMEZ  |RKQ) | ol | marog [Ramar [rums
1 277 1120 ° |17900 | 626 1120 1
2 104.7 . 166~ |29250 | 87 13 128
3 1979 54 22800 | 2.4 1.4 8.6
4 269.2 ‘363 | 21400 40 7.0 12.3
s 279.0 1050  |20400 | 52 1.1 104 -
6 3243 3425|3400 | 103 14.5 2.6

HOM DAMPER (COUPLING LOGP)




$ 0°0=& ‘0 o=x odg
$ 0°0=& ‘gp-zgmx odg Jslewelp W g0¢ X Suo] W §TE~ -
$ 666" 1=K \mmv.mmux odg .
$ 6£6°T=A ‘0°T=x od¢
$ BZ pI=f ‘0 1ex odg a u
s vz-b1ek ‘gy-gzex ods  SWEM Q0L = pAredIssip 1amod ‘U 18 ="""Y
$ §226°€T=A ‘gy-gz=x ods
$ mnum.mﬂum 1SE9 =X oMm des w
$ $90° 2=k ‘GED Tmx od$ Sljoa des ANOOY 38 AN L°01 = A
$ 190 2=k ‘gy-ogax odg
$ ¥2°¢T=fk ’‘gr-0g=x ods
& F2°SI=A ‘0 p=x odg 000742 = baiy Gl ‘€0 UOr Yyd0u WOH YOP dWwOPHOHS
$ 0°0=k ‘0-omx odg
'Y ST=TIPA ‘gF OE=TIDX ‘- Lzmbaay
‘T STmXeWA ‘gp-zemXewx ‘Y-o=Xp 5013
s{ ‘€0 UEL YD30U WOH 3P dwepROHS

»

; I
e ¢
=
‘1.
i g :
- = o .
T O g e
IS s w o
-]
Z — ¥ g
| ) rm = A nOv.
2 =S5 > S g °
£ SET = S N N 5
2] QO «© 50 nH o i @
A 8T & g = .
- — (Q\ .
= o€Q = s
O > H g LN
W...H“h o N = all S
Q ru-l 4a o
& 88, «j = 8
B Y8%8 «g B™ , g
m m o — Om = -~ m M
2 QmWJf 2= -~ L R E
» aga 52 BaE f
P = Oec -md eeM .m
o ut v - © - <
.esqo nm S oo & 5 s
d.mwen em Q O\ - t o©
= $d P =1 I 8 >0
O%fc mo n03 o 8 I+
EHEgy AL Rz

F .

ey
O
((a]




: : HIGH PASS FILTER
S-Element Chebyshev High Pass Filter. Resistive losses-less than 40W for Ug=400kV. '
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Session on Beam Loading and rf System Stability
J.M. Brennan

Emmanuel Onillon of Brookhaven gave a lecture on state variable techniques
for feedback system analysis and design. He presented a pedagogical summary of
the state variable formulation of the analysis of dynamical systems, with frequent
references to the classical transfer function technique. For feedback systems used
in accelerator applications the state variable technique is attractive because it
provides a means for optimizing the performance of complex systems where many
loops operate simultaneously. Two techniques were described which allow the
designer to find the best set of settings of loop parameters in multi-loop feedback
systems such as frequently occur in rf systems.

The two techniques, pole placement and LQR (linear quadratic regulator) were
developed in some detail and shown to be complementary. Pole placement is a
convenient technique when one wants to obtain analytic formulae for feedback gains
in the presence of a changing system parameter, such as, synchrotron frequency
or beam energy. LQR is a technique that obtains the optimum set of gains that
maximize some performance criterion. Typically the criterion is a weighted sum
of output accuracy plus a measure of the control effort.

Onillon showed that in the design of the RHIC beam control system the two
techniques were used together. First LQR was used to produce a set of feedback
gains and the system poles were obtained. Then analytic relations were found for
the gains as functions of beam and 1f parameters by pole placement. These analytic
relations will be imbedded in the digital signal processing {DSP) algorithms for the
RHIC f beam control system. The benefit is that the system dynamics, bandwidth
and tracking error, for example, will be independent of beam energy or if voltage.

M. Blaskiewicz of Brookhaven presented a description of the if system for the
US National Spallation Neutron Source (NSNS) project. Although the rf system
does not accelerate the beam because the ring in only an accumulator it is a high
power system because of very high beam loading. At 2 x 10! protons in the ring
the rf beam current will approach 80 A. Making the assumption that the cavity will
he essentially uncompensated because the injection period {jlms) is shorter than
ferrite response time requires full reactive beam current from the power amplifier.
The system employs high power tetrodes (600 kW) which are- capable -of-300 A
peak current. Results of a detailed analysis of the tetrodes capabilities based on
the constant-current characteristics published by the manufacturer were presented.
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Results from paricle tracking calculations which included space charge were
presented that showed the benefit of tailoring the rf waveform to increase the
bunching factor. Addition of a second harmonic voltage improved the bunching
factor by 25%. while using a isolated sinewave for a barrier bucket could give an
even greater improvement of 35intensity will ultimately be limited by space charge
driven tune spread any improvement in bunching factor will likely translate into
increased intensity.

System stability was analyzed according to the conventional considerations
used for synchrotrons even though the NSNS ring will not accelerate. Blaskiewicz
pointed out that although these consideration are sufficient they may not be nec-
essary and that further work is called for in analyzing the accumulator problem.

Roland Garoby of CERN/PS presented a brief description of a newly commis-
sioned diagnostic system at the PS that measures the phase turn-by-turn of each
bunch in the PS. The system is based on a commercial DSP board and commer-
cial constant-fraction timing discriminators. Some typical results were shown that
showed how the system can reveal coherent dipole oscillations from injection phase
errors from one ring of the PS Booster. The main role of the new system will he
in detecting and analyzing longitudinal coherent instabilities in the PS.




STATE VARIABLE ANALYSIS

State vector X(t) = minimum set of variables (information on
the past) sufficient to calculate the future evolution of the

é’.‘: OM;//éM

o

Concept introduced in control science in the 50’s.

Powerful method, can bc used for the study of numerous systems,
linear or not, stationary or not, continuous or discrete.

Naturally leads to the idea of optimum control.

Associated with the idea of a prescribed trajectory the system has
to follow with a minimum error and at a minimum cost (power for

= instance).
Ul
Past
—_—
q Futu
State Variables uture
Inputs EE—
(commands)
et

system when we know for tx¢ythe inputs and its internal
physical laws

i(t)
> ] Ry I 7 I

) (S E

i(0), v(0)
i), v(t)

F= Mk
L X

- x(t), v(t)
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State vector X(t) =][x; (t)]Tlsisn n order of the system

. T
Input vector U(t) =[u;()] isjem

Output vector Y(t) =[y, (t)]Tlskél

STATE AND OBSERVATION EQUATIONS

X(t) = AX(t) + BU(1) state
Linear and stationary system:

Y(t) = CX(t) + DU(t) observation

Xt =Ag X, +ByU
For a discrete system: { ! n o dnn

Y, =Cy4X, +D4U,

Xt | U
+I"B"

Xn+1
j@—@—-
XnJ Ad

Dg

Resolution of the state space equation:

Look for a linear solution

S Ale s Xt
X v

i@t ty) = ™

State space representation / Transfer function:

X(t) = AX(t) + BU(t) R {sX(s) ~X(0) = AX(s) + BU(s)
Y(1) = CX(t) + DU(t) | Y(s) = CX(s) + DU(s)

Y(8) = C(s1-A) ' X(0) + (D +C(sI~A)" B)U(s)

YO At
HO = 55 D+C(sl-A)"'B

Poles = eigenvalues of A
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Example

A=['l7 —;2},B=m,c=[1 2}, D=0

s —~12 i
s+7 12 1 s+7 s+ 2

1 s

(sI~A)=[ ] (s1-A)" =

= H(s)=
s(s+T)+12 s?+7s+ 12

Passage transfer function / state; introduce a new variable

Y)Y X s+2

Us) X, U g2 +7s+12
Y =sX, +2X, and s?X, + TsX; + 12X, =U
or with X, =X,, (successive derivative)

Y=X, +2X, and X, =-7X,; ~ 12X, +U

x=(Xr)| O L% +%luanayaf2 1 X
X)) |-12 -7i\X%;) [t X,

Discrete state space representation

LN =eMX ! Altkn-7g
{Y(c)=cxm + Duu)‘_" Xy =€ Xy + ‘f: ¢ U(titt

T
X =€*TX, + [e"*BdOU,

0
Y, =CX, +DU,

J :
POLE PLACEMENT, LQR

i

X=AX+BU

System;
Y=CX+DU

Commandability

X(to) U(t) 2ty Xs 9

rank[B AB .. A""'B]=number of commandable states

Observability

21
Y®) 0 Xt 7 f
rank[cT ATCT .. A™ CT] = how many states we can reconstruct
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- LINEAR QUADRATIC REGULATOR (L.Q.R.)

Linear system

X(t) = AX(t) + BU(1)
X(0) =X,

Goal: bring the state back to zero (regulator) while minimizing

i= 1T(XT(t>Qx<o,+}JT<t>RU<0,]dt

2% GOAL COST

U (1) =~LX(t) = -R7'BTPX(t) where P satisfies the algebraic Ricatti
equation: PA+ATP-PBR'BTP+Q=0

Optimal cost I, = XgPX,

To find an optimal command
-choose Q and R
-solve the Ricatti equation to find L
-command=linear combination of the state variables, the new poles
being the eigenvalues of A-B*L

" (A,B) has to he commandable

Choice of Q and R:

Choose diagonal matrices ,
i

J =%I(YTQYY +UTRUMt with Y = CX
|
0 0 ' 00
o _[Q| '-"1 ]

Q,=lc .. elraio . o
lo 0 qu go [0 0 r,J
In that case: J = %z(z (aiy?)+ X (ryu?

g; and r; represent the relative importance of the variables toward each other

1 00 . ‘
Q, =0 a® 0{ the bigger a®, the bigger the priority of y, is compare to
0

Y-

If R~kR with k>1, the command will be less strong, the closed system will
be slower.
If Qy—kQy with k>1, closed loop faster, stonger command




RHIC CASE
Choice of Q and R

done at injection
requirement: loop response time
modify Q and R to reach that target

limit the phase excursion by having a stronger coefficient on the phase
Command frequency error sent to a DDS: limit the input by minimizing R

Compromise between speed/amplitude of the command and phase excursion

Several iterations before finding Q and R

= i Analytical
Feedback gains y!
= with thge expression to Keep the same
Q& pte Setofpoles | _ | reachthese Lo '0OP response
. response ¢ig(A-B*L) gains whatever '~‘|llrmgl the
E, Vi¢ cycle

Just a set of gains could not do it (compromize loop response/stability)

Discrete systems

{Xm =AgXy +ByYy
Xy=0 =Xo

e

l 00
=5 (X0 QX + ULRU,

Solution:

U, =-LX, with L=BJP~'B, +R™" where P satisfies the discrete Ricatti
equation;

~t
P=A4"PA, - A4"PB,(By"PBy +R) B,"PA, +QA,

Example:
£(t) + 2E0 ,%(1) + w2 ax(t) = Ku(t)

1
2n)’

o, =(21), E=01, K "t

Xy=x and x, =%,

v =2kn,
TS=IE~

6

A:[_O2 Jy], B=m, C=K[1 0] D=0

Cd =C, Dd =D

05325 0.7815 0.4675
Ad = 4 Bd = s
-0.7815 03762 0.7815
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Final state space representation:

R) (b o o)(sz

¢R

\

%, 0 1 0Yx) (0 0
Xy |=|-w 0 0fx,|+|ko|U+| ©
)'(3 b 00 X3 0 _RO
Agr Xor Bor
X
o)_(0 1 0[]

rank[Bq,R AgrBgr AtpRquvR ]= 3= Feedback using pole placement

kg = (415 + 115 + 1,1, -0,2) / bk

k‘P =-(l] +]2 +l3)/ko
ky = -(1 ¥15 *13)/ (bko)

kO Se = swllr b R
) 2 P} RN
St8 $° + 2E0) s+, R,
vCO. Cavitpv Delay S -2

Bgr

S
s? + 250, s+ 0,2

o

Bo Mg [Xbkg]

Use of the phase integral: kp — —kp if use of the radius, Transient
Simulations: desired poles: -139 + j*139, -139 - j*139, -28283.
Reference: 1 mm radius step.

V,=6000kV,y=108.4

V=170 kV, y=12.6 V=300 kV, y=108.4

Daodd - £yom i . e
Radius step response

Response time 40 ms

~~g o

-
1

w w W El ' W
tinplr

V,=6000KV,y=108.4

Vi=170kV, y=12.6 V=300 kV, y=108.4

Open loop Bode plots

Phase margin 70°, amplitude margin 15 dB, cut off frequency
approximately 3.2 kHz.

(23 o
1"y

Loop behavior at transition (step response and Bode plot)
phase margin 80°, amplitude margin 10 dB, cut off frequency 3 kHz

Phase: back to zero in less than 100p§.
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PHASE ERROR FOR A GIVEN FREQUENCY ERROR

Phase measurements errors

100 2
EX

@ 0

0

- i il | - i _2] ; ]
1000 0.005 0.01 10 0005 001 0 0005 001

tins tins tins

System excited by a white noise (90°amplitude, bandwidth 5000 Hz)
Noise attenuated by a factor of 40,

noise power spectrumphase power spectrum

200 02

0
l](] 5000 0

Effects of the tuner on the phase and radial loop.

Tuner effect = rf phase steps,

0% 7

u ko S¢
~Tys +
l—__ s+ | & 5% + 2 s+0,2

VCO  Cavity 25T 27

i

RF s
phase 52 + s+ 0,2

_{_‘

The same simulation has been performed by using real RF phase
measurements

Step on the rf phase =5 the feedback tries to bring the phase to zero.
The radius integers the step = the phase deviates.

t
(9 = R)=b[(9sr — 9) = a(t) = [g(u)du = kxR
0

Perturbations due to the tuner can be seen as radius steps.
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v Practical realization ' . Gain table

Use of a VME DSP board ' Phase and radial loop
Store the feedback gains in a table (RAM), as a function of energy Kphase k [pta Kdetay K fradios
Access the gain table as a function of the energy V=170KV, 7=12.6 | 0.0242 105 | 6.249 10° 0.291 0.0208 10°
V=300kV, y=108.4 | 0.0243 10° | 6.671 10° 0.291 0.1014 10°
rtdl Com port : 3 3 7
Vi=6000 kV, ¥=108.4 | 0.0242 10° 1.13 10 0.290 0.005 10
digitai inputs (V5B) oo Riican "7'
| | Only kj,,4,, changes during acceleration
v 1 Gains forror (Updated at 78 kHz)
‘;Wb___ﬂ 2(39\8&‘)8 DSP ~E;;ecify for gain table k Jradius
Calculate gains | calculation ' Va=170kV,y=12.6 | 0.0208 10°
b —y Ferror Iy, 1y, 13, 14 phase/rad 6
FEC q)sync___“—Pz—-] IT 1y, by, 13, 14 synchro V=170 kV, v=108.4 0.1796 106
N Ackermann’s formula V=300 kV, y=12.6 0.0017 10
o Updated accordmg )to the loop V=300 kV, y=108.4 0.1014 10°
response needed
VME Bus Range: 0.0017 10° 10 0.1796 10°

200 points: Again=1000

Triggers: VSB interrupts, corresponding to a different patt of the
DSP code

5 mm step 7° bhase _|ump




Synchronization loop

Koo Kgb Kdelay Kb |
Vi=170kV, y=12.6 | 9.6386 10° | 0.6653 10° | 0,0001 10° | 0.0053 10° . )
V=300 kV, y=108.4| 9.6447 10° | 7.7186 10° | 0.0001 10* | 0.0728 10® ]
V,=6000 kV, 10.614 10% | 0.6617 10° | 0.0001 10* | 0.0024 10° '
v=108.4

Ko Koy Kop
Vi=170kV, y=12.6 | 9.6386 10° | 0.6653 10° | 0.0053 10°
V=170 kV, y=108.4 | 9.644610° | 7.7186 10° [ 0.0728 103
V=300 KV, y=12.6 | 9.6386 10° | 0.6653 10° | 0.0052 10°
V=300 kV, =108.4 | 9.6447 10% | 7.7186 10° | 0.0728 10°

Lee

Only kg, and k,, change during acceleration

Range: :
kg from 0.6653 10° to 7.7186 10° 20 points Again=35
ks from 0,0052 10° to 0.0728 10° 20 points Again=0.33
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1 X44

kV or Amps

The NSNS rf System

M.Blaskiewicz, J.M. Brennan, A. Zaltsman
charge exchange injection for 1ms then extract in one
turn
60 Hz repetition rate
2 % 10 1 GeV Kkinetic energy protons at extraction
less than 10~* uncontrolled losses
keep peak current small
Dual Harmonic system:

Ves(t) = 40kV sin(wot) + 20kV sin(2wot)
Z,
Ruyan = 209

— =120,
n
9.4MeV in Ring

Tehop = 480ns

|E — Eo| < 5.6MeV in Linac,
T,c, = 841ns,

100 T T 1 ¥ T ¥ T T
e VVrf ==
. S 4
80 | P . Y
/ . AN b
60 | / .

40 |

1 "l i A

6
0

100

200

300

time (ns)

400 500 600 700 800

Cavity and Amplifier Design

h=1, f=1.26MHz
h=2,  f=252MHz

+5% variability built in.
Need 40kV at kb = 1 and 20kV at h = 2
Want to retain the option of zero detuning angle w, = wo
so full beam current must be compensated.
< 10kV per gap. Direct coupling to ~ AGS cavity.
Beam current :

I(t) = I(t) {1 + ay cos(wot) + a; cos(2uwpt)]
a, =1.3,a,=.1, and I_b(t) = 40t Amp ms™".

alima:n = 52 Amps > a2ima= =4 Amps
Equivalent.Circuit

T e T

Plate choke Blocking cap
Anode | Te"ode
D and CLlo
p Va
® . T8
la
= ~,
Ip lg
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assume blocking capacitor and pllate choke are very large
gap voltage
Vi(t) = Va(t) =

generator current across gap
Ia(t) = “‘[a(t) + [p

anode current
I, = L,(Va, V)

L(8) = —L(Vy(t) + Vi, Va(t)) + I

power amplifier supplying ngy accelerating gaps in parallel

Velt) = [ WDt =) + I(t = 7)/ng)dr
0
W(7) is the wake potential of the unloaded cavity

W(r) = 51; [ doz()e T

Rah
14 iQ(wr/w - U)/w,.)
R, is the shunt impedance per gap of the unloaded
cavity
Wy 18 its resvnant {requency

@ is the unloaded quality factor.

Z(w) =

Crid drive voltage
Vi(t) = Vi + AVysin(wt + ¢g)
Anode Voltage
Vi(t) = Vo + AV, sin(wt)
AV, =V, for direct coupling Current through tetrode
I(t) = I, — aI cos(wt) + Iosin(wt) + higher harmonics

—~al compensates the beam current
Ip drives the cavity
For the w = w, case Iy = AV,/R

R = 10kQ — [p =1 Amp
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irrelevant compared
a,I =52 Amp

. Take ,
" ng =2 — Iy = 104 Amp

Anode V(l)ltage, 6 gapsat h=1
Vo (wt) = 9kV + TkV sin(wt)
Grid drive voltage
Va(wt) = —500V + 450V cos(wt) — 53V sin(wt)

Screen grid voltage = 2kV.
Load Line for A = 1, TH558 tetrode

400 T 1 v T T

200 |-

200 | ~._
-400 |

-600

-800

-1000
0

For V, > 2kV

Va/1000 + (0.132 & 0.002)V; = constant
So I, = L(V, +132V},)
in region of interest — 1 dimensional interpolation

< IV, >=585 kW < 600kW manufacturers spec

How far can we push it?
For h = 2 two gaps, one tetrode, 20kV/gap, ~ 100kW
Anode Current and its Fourier Reconstruction, h=1

300 T T 1 i T 1

250
g 200
3 150
€ 100
g
5
o 50
0
_50 1 L L 1 1 /] 1
0 50 100 150 200 250 300 350

tf phase (deg)




Dynamic tuning of the cavity resonant frequency Calculating R
steady state first

Iy = Ip - L(Vq, Va)

a1,
beam current  I(t) = A exp(thwot) ) 6l = --JV B_V

generator current  [,(t) = [, exp(ihwot)

gap volts  Vy(t) = \Z, exp(thwot)

N o 51, + 81, = ‘W /ava)dtw‘;
%= 2l + 1)

R = §V,
relative phase of f/g and Iy is &~ 90°, (Ryan)

tune the cavity resonant frequency by biasing the ferrite,

dJV

t
for minimum current . }_ '
_ ily = 8V, [R’h+Ya]+L[6V( "dt

I = Vg/ R

Where Ron ~ 10k is the unloaded cavity impedance
Problem is now beam stability (Pederson 1975)

Have Robinson’s criteria for single harmonic

Dual harmonic rule of thumb?

took Y = LR /Vy 53

R, = effective resistance of cavity and tetrode in parallel.




dia/dva {mho)

Using < Y, >¢= 1/3750 and 2 gaps per tetrode Ry =
7509

Y = 5.6 without rf feedback

Use one turn feedback to reduce R, by a factor of 3.

0.01 = T

0.008

0.006

A1 1 !

150 200 250 300
rf phase (deg)

350

Vg (kV}, 1g(10"Amp}

Barrier cavity upgrade

Use same tetrodes, but drive with a pulse

reduce gap capacitance

fr = 2.33MHz > 2f, for no debunching
< IV, >=1.8MW over one fill

< I,V, >= 220kW over many cycles

15 ) Ayt ) |

...

B

10

-15 =k . :

o] 100 200 300
time (ns)

400 500 600
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A New PS Mode Anutysis System for Monitoring Proton Beam Instabilities

S.1 Sensilvity

The Mode Measurement System must be a highly seasitive tool in order to pin-puint
the birth and dusation of beam instabilitics. Proof of the seasitivity can be seen in igurc 33.

All Bunches

190000
180000
170000
160000
150000
140000
130000

120000
215 2152 2154 215.6 215.8 216

ms

Figure 33 Lvidence that bunches are oscillating at [, proves high scasitivity

This plot was taken at C215 just before injection. Given that the small amplitude
synchirotron frequency %, L., is approximately 1.6 kHz on this beam at injection cnergy, the
graph shouid be abie to confinn this statement,

Closer inspection reveats that the period of the signal in Figure 33 is approximaicly
G600 ps. the frequericy is thus given by

£ = 1T = 1/600E-06 = 167 Kllz = ,,

With the knowledge that synchirotron oscillations can successfully be observed, it is
true to siay that the system sensitivity is of a high quality.

{
5.2 Annlysis |£f Beam Instabilities

“The results of bean instability anadysis were the key to cvinpletion of the project
specification. 1€ 'coherent longitadinal dipolar justabilities could be idemified then RE
specialists would he able to better isolate the source(s) of impedance driving the instabitity.

The first stage in this process - identification of the birth and satare of an instability -
was sticeessfully completed during the MD session..

* The siall amplitnde svuchrotran frequency describies the wmation of particles which are extreuely
clase to the synchranous point whilst still performing synchrotron oscillations,

A New I'S Mode Anulysis Systea fur Monitortng Proton Deam Instubilities

ol

The user then selected n new ing the progress of lwo chosen bunches,
and zooming on the region of instability by sclection of new Stagt, Stop and Step setlings (see
Figure 36).

2 Bunches

210000
205000
200000
195000
190000 1
185000

160000

175000
3685 75 ans5 395 405 418 428

‘Pigure 36 ‘The effect on two bunches due tu i growing instability

And inspecting the difference in phase between the two bunches {sce Figure 37)

2 Bunches

196000
195000
194000 {
193000
192000

: 191000 /
190000
180000

187000 —+ + +
“are 379 380 a8 382 383 364 385

ms

Figwe 37 Difference in phase of the twa bunches during instabitity growth

Figures 35 to 37 clearly identify a growing instability. The peak-to-peak magoitude is
between 180 and 205 ns which, with an RF period of 110 us, corresponds to nearly 25 % of
one RF twrn. The longitudinal ment of the bunches is therefore quite large. The phase
difference hetween two chosen bunches is also quite large. In the ideal case where no
instabilitics are present, all bunches shonld remain fixed at the synclironons point with a single
phase, p,, the synchronous phase.

Increasing the blow-up and hence the fongitudinal emittance the sitwation was restored
to thot of Figure 34, slable beum.
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