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

The workshop focussed a n d a n d  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 
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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 lo9 ions per bunch and a bunch area of 0.2eVslu. The present 
performance has reached already 0.4 x lo9 ions peFEiunch with a bunch area of 
0.6eVslu. 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 1013 protons on two bunches each with a 
bunch area of about 1.5 eVs 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 protons. Stability during accumulation can only be achieved by diluting 
the bunches to about 4eVs 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 lOI3  protons was achieved by stacking six Booster loads. The 
development goal is to build 80 kV 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 H z  rf system. Each bunch will have to contain 10" protons in a bunch area 
of 0.3 eVs. 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 W-ildman. 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 
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bunch instabilities iriven by higher order modes of the rf cavities in the Booster, 
Main Ring, and Ttwatron are limiting intensity unless a number of active and 
passive dampers art: 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 2 k V  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, a 3 GeV Booster accelerating 5 x 1013 protons 
at 25Hz and a 50 GeV Main ring accelerating 2 x lo’* protons. The Main ring 
lattice will be transit ion-free. A development program is underway to use Finemet 
(FineCrystal High p Metal) in the main ring cavities. This material has high 
permeability, a low C) factor (Q < 1) and performs well even for large rf fields. 
These cavities will be used for acceleration as well as Barrier Cavities. 

I 

Arch Thiessen gaw an overview of the LANSCE PSR status and upgrade plans. 
The intensity at 8OOMeV is limited to 4 x protons by a fast transverse in- 
stability which is believed to be caused by electrons. Clearing gaps in the beam 
help suppress this insliability 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 p.ipe impedance could be modified to cancel the space charge 
effects. A test is planned this year at the PSR of such an impedance tuner. 
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Workshop on High Intensity- 
High Brightness Beams: RF Issues 

BOOSTER/AGS/RHIC 

High Brightness for RHIC 

High Intensity Protons 

0 Barrier Cavity, Development 

Issues for Discussion 
\ 

0 Phase modulation for emittance blow-up 

0 Higher brightness for ... e.g. 8-2 experiment 

0 Very high brightness for a proton driver 

More accumulation for higher average current 

I+ Barrier Cavities 

. ... ..... .. ... . . - . . .. - -. .. 
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High Brightness for RHIC 
('79Au +79 y 4 2 )  

I. Specifications 
Bunch Intensity = lo9 ions 
Lougitudinal Emittance = 0.2 eVs/u 

P 
II. Performance to date (Jan. !H) 

Bunch Intensity 
Longitudinal Emittance = 0.6 eVdu 

= 0.4 x Id IiOm 

III. 'Operating Mode 

Bunch merging, 2 x 2 E 2 
Accumulation in AGS at 430 MeV/c/u 
Motivations 
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\ r  AGS 

1 part. PA, 700 p 

;& RHIC 

Aun'S.43 ... 11.6 GeV/c/nuc 
=16 

LE*.i+m = 4 
f b b ( S E B )  = 12 

Source Tandem 
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Mismatch at AGS Injection 

Momentum Error 

0 Bucket shape mismatch, need mbre Vrffor AE 

ARange-ch3 
ast modified on 1/9/97 at 8:09 PM 
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Issues for Discussion 

1 

0 Preserving the phase feedback during merge 

' 0 ccVacuum loss"? 
a 

I 
3 

N "  

0 Using larger emittance in RBIC 

0 Bunch stability in RHIC 

0 RF Noise during 10 hour store 

Booster 
(200 MeV to 1.9 GeV, 2 x 10'3ppp) 

I. Parameters 

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

2. Voltage: 2x4SkV, h=2 
2 x l 5 k V ,  h=4 

3. Beam Current: 8 - 10 Amps, rf 

4.Power: h=2 2 x 120 k W  to beam 
2 I 60 k W  to ferrite 
2 x 120 kW tetrodes 

II. Current transformer plot 

HI. Second harmonic 
1. Bucket area . 
2. Bunching factor 

_. . . .. . I 
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Issues for Discussion 

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

' 
A 

QI - 0 Optimize use of second harmonic 
1. Programing the phpse h=4/b=2 
2. Stability in double rf bucket 

AGS 
(1.9 GeV to 23 GeV, 6 x 10'3ppp) 

I. Parameters 

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

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

3, Beam Current: 5 to 7 Amps, rf 

4. Power: l o x  6OkWtobeam 
l o x  SO k W  to ferrite 
10 I 190 k W  in tetrode 

II. Description of cycle 

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

3. Power booster at key points 
4. Emittance blow-up via uV€iF", 93 MHz 

transition, and de-bunching for slow spill 
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Bunch Flattopping at Injection in AGS. I I -, I I I \ 

Bomh injected off-center 
0.78 - 

_.____.._...... .... 

2 3 
1 0 1 -1 

pham (radian) -3 -2 . .  4 
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Barrier Cavity Development P 
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I. Motivation 
1. Slow loss during accumulation, AGS 

2. Accumulate more than 4 loads 

3. Prospects for a dedicated accumulator 

-.L 11. Our approach ' 
to 

1. Isolated sine waves 

I 2. High-Q cavities 

3. Two cavities, two barriers 1 
mb Development goals 

1.80 kV per cavity 

2.250 ns sine wave, 3 ps rep. rate 
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ime Domain Stacking with Barrier Bucket Cavi 

Isolated Bucket 

Separatrix 

Empty Bucket 
P - f  

Ring Circamference [O .. 360°] 2 
L . .. 

RF Waveform for Barrier Bucket (below transition) 

Cavity Voltage rad Current for Q - 25 
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R. Garoby 

STATUS OF THE CERN PS INJECTOR COMPLEX 
M VIEW OF LHC 

References: 

0 Beams in the PS Complex during the LHC era, CERNRS 93-08 (DI) 
- Revised - 

0 Proceedings of the 3'd International Workshop on High Bdghmess 
Beams for Large Hadron Collideis (LHC96), Montreux, Switzerland, 
13-18 October 1996 (to be published as a special issue of Particle 
Accelerators): 

1. The PS Booster as he-Injector for LHC, K. Schindl 
2. The PS in the LHC injection chain, R. Cappi 
3. Bunched beam longitudinal instabilities in the PSB. F. 

4. Longitudinal limitations in the PS complex for the generation 

5 .  Microwave instability and impedance measurement in the 

6. And plenty more . . .. 

Pedersen 

of the LHC proton beam, R. Garoby 

SPS, E. Chapochnikova, T. Linnecar 

Third ICFA Mini-Workshop on High Intensity High Brightness Hadron 
Accelerators 

May 7 - 9 1997, Brookhaven National Laboratory (USA) 

0 

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 

I 
I 

,I! 
I' 

I Conclusion no. I :  the transverse emittance budget is tight I 
Operations in the longitudinal phase plane 

Conclusion no. 2: the longitudinal emittance budget is also tight 
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The LHC in-iection complex 
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LONGITUDINAL LIMITATIONS OF THE PS FOR THE 
LHC PROTON BEAM 

. 1. NOMINAL OPERATING SCHEME ( fl, 21 and R. Cappi at LHC96) 

Id. DESCRIHYON COMMENT 
1 bunch / ring in the PSB, reduction of peak line density with second - OK (under 
harmonic cavity test) 
Contrdled blow-up of longitudinal emittance during acceleration in the 1 - OK (under 

1 

2 3 
PSB: aim for hollow particle distribution 
Bunch to bucket transfer PSB to PS of 2 PSB batches 
Bunch splitting in the PS (8 u 16 bunches) at iow energy 

test) 
t )i< 
4 )h: 

3 
-1. 

5 Controiled longitudinal blow-up during PS flat-tops t j l i  
6 I Acceleration up to 26 GeV oh; 
7 I Debunching (h46)  & rebunching (is==) I MARGINAL 
8 ]Fastejection 1 MARGINAL 

\ 

1w 
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_ -  
?No-botch lilling tor L% 

PS h=B . - 
/ a, 1" botch 2 4 3  

2. DELICATE PROCESSES items 1.2.7 and 8) 

2 1  Dwl barmtmk Opem#&m in the PSB (1) 

0 Lots of experience wi& BmS & 10 in the PSB since > 10 years 
0 Thoughts -3 experirraerrt9 wkh h=l& 2 presented by F. Pedersen at this workshop 

2.2 Blow-up during ac&m$ioa in !be PSB (2) 

0 The defmsing h=2 @s the "normal" operation of the blow-up process. 
Understood after the test in 12/93 but experimental demonstrationis 6 1 1  to be done. 
(Presented at EPAC94 [3]) 

2 

28 



LHC96 - oclobayh 
R.Geroby ’, 

. -  

2 3  Dehunching (h=16) and rehunching ( h d )  at 26 GeV in the PS 

OTight longitudinal emittance budget (Idlowing figures from low intensity 
simulation): 
m Total initial beam erniUamce (bw: 36 eYs 

Emittance of debunehed beam: 26 eVs 
Emittance of compresmd bnacbes 30 eVs 

0 Bunch dimensions (Ib, Dp) marginally satisfying for capture and stability in SPS, 
although with an already very large voltage for the fs 

0 Non-adiabatic beam gymnastics prior to ejection (I.> phase and energy drift of the 
beam w3.L reference) 

2.4 Fast ejection at 26 GeV from the PS 

0 Kicker rise-time longer than distance between bunches: 
*r 3 bunches will be lost in the PS extraction system, 
IC 1 (2 ?) bunch(es) will be incorrectly deflected and will end up with a tail at 
large transverse amplitudes 

3 

Bunch .mahnce <eVs) 

29 





END OF BUNCH ROTATION 
TURN 28748 6.029E-02 SEC 

Y ~ M  %hV.8) Lurrn 
U.Uurn“l  p lkl*v.a-’l t 4.7774Ci01 1.4009EiW 2.6010EtO4 v,uv) 

1.0086E-os -3.2222E-01 2.557:E-02 F0 ggg; ;:E:;; 
T W  5 t.V.d H 

2.0872E-W 3.2797E-01 11193 

1 
60 - 

*+ + 

B 

3. RECENT RESULTS 

3.1 Hardware 

05/06/91 
R. Garoby 

0 Prototype 40 MHz system for the PS (“CW):  
- 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 rise-time < 20 p, Closed loop 
bandwidth: - 400 
H.O.M. dampers id T talled} 

z. Gap short-circuit active, 

I 

Prototype 0.6 - 1.8 MHz syitem for the PSB (“COT’): 
- built and tested on knch 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 available (modification of present COS 

systems) 
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- 40 M H z  bunches in the PS : . . .  . 

11112196 : VrF = 300 kV 

-3.000 ns 22.000 ns 47.000 ns 
5.00 ns/DIV REAL TI tlE 

Y 2 C  t > 2.07500 V X 2 C l  > 35.300 ns 
VIC 1 -912.500 mV X l C l  > 10.300 ns 

DFLTk *' 2.98750 V OECTR X 25.000 ns 
VDELTR E 40.0000 nlk 

I ... . I 

560.000 ns 570.000 ns 

1.80625 V X 2 C 3 )  559.720 ns 
x i c 3 )  556.920 ns 

REALTI IIE 550.000 n s  
2.00 ns/DIV 

Y 2 1 3  1 
Y1( 3 3  -562.500 mU 

DELl'R ' 2.36875 V DELTA X 2.800 ns 
l/DELTA X 357.143 nlk 

34 



. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

. . . . . . . . .  . .  ?’ . . . . . . . . . . . . . .  

M 

05/06/97 
R. Garoby 

4. WORK PLAN 8 .  

4.1 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 (0 : 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”) 

4.2 Medium term aims (MI 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 I modify hardware and begin beam studies for the AD 

4.3 Long term aims (after 98) 

Start &run tde 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 Ions injectors’ complex for LHC 
Define (implement ?) a scheme to attain the ultimate 
luminosity in LHC ... 
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17/04/Y7 
R. Garoby 

, 

I 

beams GcV with frev synchro. on SPS 
Recaptured beam on h=84 (3 26 Weeks 17 

GeV ppp, 0.4 eVs, 9.5 ns) Week 18: beam to SPS 
I bunch on ht84 (from I bunch on Weeks 15-22 

h ~ 2 0 )  (5  to 15~10’~ppb, 0.14 eVs, 3.5 Week 23: beam to SPs 
ns) 

LHCH+ Captureonhi8 Weeks 35-10 (Sept.) 
Solittinn on h=16 . -  I e Blow-up and ncoelerntion on ha16 I 

SFTPROl High beam intensity capture / (Weeks 40-46 (Oct.) 

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 stnbilisntion loop for 40 MHz system 
Build md test 40 MHz phase loop 
Set-up and exercise tuning loop for the 40 MHz cavity 
Moniitor effects induced by the 40 MHz cavity on the bem. (rack 
evolution of multipnctor levels. 

I Domain 

’S 
ongitudhal 
lammeters 

Sap in the 
beam 

IPS . 
ongitudinal 
tarameters 

?ew PS 
“PS.rn”) 

Ugh energ) 
h a c  
“SPL’’) 

Act ip  

- increase VW 

- reduce Iqksl 

- ‘‘killer’’ kicker - “barrier- 
bucket” - bunch slitting 

- reduce 1Unl 

-increase lqspsl - increase 
transfer energy 
-imaginary 
variable ’yrss 

- increased 
injection energy 
in the PS (2 GeV: - no waiting time 
at PS injection 
energy 
-chopped 
injected beam 

Benefits 

better bunch 
compression 

no badly deflectec 
bunches 

improved stabflit) 
in SPS -> relaxed 
requirements on 
the PS 
improved stabilit) 
in SPS 
+ better bunch 
compression 
+ improved 
reliabwty ~ 

+ simplified 
operation 
minimal long. 

+ better bunch 
compression 
+ no badly 
deflected bunches 
+ reduced 
transverse 
emittances 
+ improved 
reliabilility 
+ simplified 
operation 

blow-up 

Comments 

b expensive and of 
imited effect 
. to be investigated but 
IO clear solution yet 
. beam losses 
’ to be investigated 

- needs high energy 
Linac or rebuilt PSB 
gection kickers 
. under investigation 
;source of dominant 
mpedance localised) 
’ deserves investigation 
’ major investment 
t needs upgrade of the 
nrnsfer channel to SPS 
. needs Mher.  studies 

p major investment 
. most effective solution 
o increase LHC beam 
xighmess 
. needs further studies 

.. 



Intensity Related RF Issues at Fermilab 
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Joe Dey 
Kathy Harkay 
Gerry Jackson 
Ioanis Kourbanis 
Dave M c c f i s  
Jim Steimel 

, : 

David Wildman 

Fermilab 
I 

Acknowledgments 

Future Plans Requiring Higher Intensities 

Collider Run II(l999) 
;iicieGe iiiiiiihi "ft,&iidtrg LuIIt,ilGiy fiunr GAG iu 36~56 

Multi-Batch Coalescing 

Higher Main Injector Intensity of 6c10 ppb 
Recycler Ring Barrier Bucket RF system 

Increase Pbar production and stacking rate 

Tev 33 (before LHC) 
Increase Collider luminosity to le33 

Slip stacking 7 
Additional Mah Injector RF ? 
A higher frequency IW system for the Tevatron ? 

NUMI = Neutrinos at the Main Injector(2000+) 
High intensity fixed target experiments to detect mutrino 

oscillations 

Muon Collider (?) 
A fast cycling high intensity proton driver 

Y 



Three Topics for Discussion 

Longitudinal Coupled Bunch Instabilities 

Multi-Batch Coalescing ( transient beam l&g) 

Wideband Recycler Ring RF ( barrier buckets) 

w 
W 

.. . .. . 

I 
I 

. . ._. . . .  

! I  nu 

5 

22 rnr 

Flgure I I Time Evolution 01 (he Bunch Phase (Mounlaln Range Plots) Through a 
Portlon of Ihe Booster Cycle Grou*ing dlpole oscillallons indicativc or the coupled. 
bunch instabllily arc clearly Seen The beam lntenslty IS I 5 ~ 1 0 ~ ~  protons per bunch. 
l h c  transillon jiirnp system Is om. and the RF cavlly dampers are out The horizontal 
scale is 2 n w  pcr dwlslon IRcl 431 
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Figwe 2.1.30: End of rhe p r a w s  of .I) n%ycli~# from Iht MlIn 

mriproronr. In (d) the cooled ralipiotonr hve ken injected into the 
T'evruon CoUider and the ncyckd rrrtiprounu brve k t n  &bunched 

Injector. Thc leftmost chug6 dirvi T- ria i, always the cooled 

scope 

4 ferrite loaded, 50 ohm RF cavities with I peak rccelerrrting 
..A&--- ,r L I ~  
rvr-e u1 Y v 

4 widehand amplifiers, 2500 watts CW, 10 lcHz to 100 MHz 

/ I  Low level RF system to generat4 barrier bucket pulses 
1 

- 
I :I_ . . . .. -_ .. . . _  . .. 
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[ Accelerator Compleg 
'I 

- - - 

2@&MeV linac . high brightness 
accelerated particle H- ion 
peak beam current >30(50) mA (ZWa, 40Dps) 
wuctures RFQ + DTL + ACS 

3-WV booster rapid cycling 
intensity 5 x 10'3 ppp 
repelitiorr rate 25Ht 
-m 0.6 NEW 
=-Y 1.99-3.43MMZ 

IOF vmqe 4 2 P k V  
circumference 339.4m (KEK-PS hmell) 

W-GeV main ring transition free(negative a) 
intensity 2 x 10'4 ppp 

RF frequency 3.43-3.511m 

' m e n t u m  cornpacfkm - .,11@3 

Htcumference 1~2rn(northsWd@EJ6) 

acceleration cycle 0.3Ht 

RF voltage 270kV 



I I I I , 1 1 1 ,  I 1 , 1 1 1 ,  

1 MW. 

J W-3G eV booster i!ji*L 

0.1 1 10 100 

ACCELERATION ENERGY(GeV) 
Beam intensities of high-intensity proton synchrotrons. 

- 1 -  
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Q, 
W 

16 bunches 
d!%!.) 
2x1 0’4ppp 

3GeV , 2(?0;iA fast extraction 
bunch length : -1OOns 

ZOOMeV, 30mA 
25Hz 
4 0 0 ~ s  

MAIN RING CYCLE 

5o.Ge.v 

3GeV 

I i 
P1 P2 P3 

0.12s 1 .* 
i 

P5 
i 

P4 
0.75 8.75 

MAIN Itlb(0 CYCLE3.4‘2 sec 
P192:0.12 
P2-P3:1.9 
P3-P4: 0.7 
P4-P5:0.7 

h47,  # of bunches:l6 
BEAM INTENSKY:2x90T4 pm, 
flat top duty dlactm:O.29 



. .  

[ Design Issues ': 3 
SOLGeV Main Ring 

*Transit i on-f ree r0 ng 

*Free from instablhies 
Imaginary yt lattice: a --POs 

Low impedance ring 
E *Large dynamic aperture 

*Tunability (v X*Y ) 
*Small emittance gtwth 

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

Imaginary y, 'lattice 

I 

"4-6-3 lattice" 
(1) Stability of linear optics 

I 

(2) Dynamic apertures(DA) I 

(3) COD correction 
*Dry run 



173247 Tuesday 7-May-06 

0 IO 20 30 40 50 
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W 

4 .6 .3  f r )  
230004 Tuesday ah-AprAt6 
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Maximum Apertures of the 50 GeV Wm Ring 
- 

A, = + .( :) + COD + (sagitta) apertures 
4, ==+COD 

= 53.9nmmmrad 

-= 0.5% 
P 
COD = 5mm 

hor izonta I vertical 
B magnet 47 mm(wlow, 44 mm 
Q magnet-) 53 mm 47 mm 

... 

summary of Lattice ‘‘4-6-3 ” 

* a 4 0 . 3  

(1) Linear optics stability 
*stable operating point 
*beam size -50mm 
*tunability 

*space charge 
Q,,Jl VS- a 

0. K. 
0. K. 

0. K. 
O.K. 

(2) Non-linear optics (Dynamic apertures) 
‘5 0. K. 

*space charge 0. K. 
*error fields need optimization 

*AP@ O.K. 

(3) Corrections 
*”Dry run” 

COD etc. 



3 GeV boeslw Iattfoe m e t r y  
STv STH sw STH SN STH S W  STH S N  STH STV STH 

i- 
e I 

F QD QFX QD QF QD QM OD QF QD QFX QD QF QD 

28 mil-FODO 
STH STV STH STV STH STV STH S N  STH STV STH S N  STH S f i  

14 cell-FODO 
STH SN STH STV STH STV STH SN 

w Y U  u ICI -- Y uu u u uu y 1 
D GFUu6% QF QD QF QD QF QD OF &""& 
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Maximum apertures of the 3 GeV booster 

& x 

&- Y 
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Space Charge Lihit 

P 
3 2 3  

%oh =- Rr F 

m0h P Y B A v  

P 

AV = -0.25 

3 GeV Booster 

In c o b e n  t Coherent 

50 GeV Main Ring 4.7 x l d 4  ppp 4.2 x I d 4  ppp 

0 

0 
0 

0 

A 
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Gotlective Effect 960505 

&)Marrow Band 
Longitudinal Coupled-Bunch 

1 
RP cavity parasitic mode: f p / f ~  

boostwfinjection): R < 9OOfi(Q 2 5, f >- MHz) 

G(R.Bartman) 
f 

P 5 

main ring(injection):R < 700sL(Q 2 5, f - 15MYz) 
P s 

"active damper" "Qcl cavity?" 
c)Resistive Wt l l  

Transverse Coupled-Bunch 
booster: < 0.14MUrn 
main ring: < 1.4Mmm 

I 
P- 
2 
I 

space charge impedance= - 5 5 ~  :. E, G 3eV - sa 
booster: t 10 problem 

12JNegative Mass Instability 

z 
n 

Inductivet wall : -h- 5 3a @ E ,  = 3eV-SeC 

space charge : no problem-capacitive, c<O (Wyt lattice) z '*V"r 
70 



1997 New Org%hzation 

3998 Construction Start 

1998 Neutrino Osciliation Experiment at 72-GeV PS 

2000 ........ -... . . .  

I '. . ;": .. 
,2ilO1 :. . 3-GeV Ring Installation into the 12-GeV PS Tunnel 

,,ET- *. . -,: ... . . . . .  .... ...>.. .... 
I .._. . 

'. ' .  : 2W2 50-QeV Ring completion, First Beam 

8 
3 
3 
x 
h) 
P 
0 
3 
3 

3 
X 
4 



RF Cavity 

Heavy Beam Loading 
(1) Beam Power > Cavity Pawer 
(2) Robinson Stability Criterion 

Rs - small(1Wm) 
(3) Coupled Bunch Instability 

Q - small (Q<S) 

Farrite! 
@*ms) 

*nonlinear behavior at la&? RF field 
*low Curie temperature 

New Material 
“Fine-crystal High-p Metal” 

*hig b permeability 
*Rs -constant for iarger RF field 
“(3-1 

BEAM DUCT 

Rnni w.’l”.. riremnnts -.---- --- 

(1) Eddy current 25Hz(3GeV) 
0.3 Hz( 5OGeV) 

(2) Impedance RT<1114Mn/rn85OGeV 
RT<Oj14MR(rn@3GeV 

(3)Thermal shock Beam hitting 
(4)No magnetization 
(5)Ease of fabrication 
(6)Small rn9intainance residwal activities 
(7)CoSt 

3-GeV Booster >> Ceramic duct 

50-GeV MR >> INCONELduct 
>> Ceramic duct 







Overview from Los Alamos: 
- Current Thinking on RF Upgrade Issues 

e PSR Upgrades in Progress 
e Space Charge Compensating Inductor 
+ BanierBucketRF 
e PSRInstabilii 

- by Arch Thlessen - 8 May, 1997 

5/08/97 1 

.. , 

PSR UDarades in Progress 

5/08/97 2 



PSR parameter list 
Beam energy 
Circumfereiwe 
Bunch length 
Number of Ibunches 
Revolution period 
Betatron tunes 
Transition gamma 
Maximum rl: vottage 
Chromaticity, horizontal 
Chromaticity, vertical 
Momentum spread from linac 
Momentum spread in PSR 

797 MeV (y = 1.85, p t 0.84) 
90.2 m 
250 ns 
1 
357 ns 
V, = 3.1 8, v,, =.2.14 
3.1 
12.5 - 14 kV 
-1 28 f 0.06 
-0.8 f 0.2 
0.05% 
0.5% 

5/08/97 3 

PSR parameter list (cont.) 
+ Typical injection time 

Typical stoiage time 10 w 
600 Ps 

+ Max bunchtsd-beam charge stored 6.4 pC (4 x 1 013 ppp) 
+ Max coasting-beam charge stored 2 BC (1.3 x 1013 ppp) 
+ Synchrotron period 720 ps for 10 kV buncher 

Coherent tune shift 0.008 

5/08/97 4 
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PSR Upgrade Programs In Prowess 

. -  

+ LANSCE Retiability Improvement Program (LRIP) Phase 1 (complete!) - improved Beam Availability from -65% to -85% 
+ LRtPPhaseII - Goaiis100pAQ20Ht - Direct H- injection 

+ Short Pulse Spallation Source Enhancement (SFSS) 
= Construction Starts 1 Aug, '97, Complete 1 Match '98 

- Goal Is 200 pA Q 30 Hz, 4x10'3 protons per pulse 
= New H-IonSource 
- + 1 .52~  Existing Current at Smaller EmlFeance - 

- Collaboration with K-C Leung, BNL 
= New RFSysEem 

+ pfiase 1 (1997-1998) - NW Driver for EXWq 2.8 MHZ Caw 
- Needed &oth for Beam Dynamics and ReliaWUty Improvement 

+ phase 11 (1999-2OOO) - New Cavity and RFOriver - Sum 12 KV 0 2 8  MHt, -6 
kV 0 5.6 MHz - W i n g ,  Cooling Water, and Utilities - m8m? 5 

Voltaae Waveforms Considered 

77 



PSR blefore Upgrade 

-. e, 

IPSR wiith 2 Harmonics i 
t 
8 --7.5 > 
-61)) I 

- i  
_ .  

sm&? 9 
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Space Charge Compensation with Inductor 

. . .  

.. , . .. . 
. .  .. 

. .. . . ..:, 'I . . , 
,;,,: ..:; -' 

. .  .: . 
- ,  

. .. . ' .:./ ,.", .' 
. . . , . . .. 

. .  . .  . ... . .  . 

Longitudinal SDace Charge Control 
+ Maximum Value is -1/2 of Applied Voltage after upgrades 

- Up to Now, Propose Control by %rut0 Force" - Make Sure Vp>V, 
And Test by Tracking with ACCSlM or other code 

+ InAnyBeam 
- V, a g dddt - opposite sign from an inductance 

0 Can becompensated with an Inductor ifg is amnstant 
+ ForPSR 

- For g=3 - inductance required in PSR is about 11 microHenries 
- Actual value of g not well known - at present g-3.9 

*  aft^ LRlP 9-3.6 
After SPSS g-3.3 

- In Process of Tracking Code (ACCSM) Modification - for any lon@udinai impedance 
m variation of g with Courant/snydet invariant 

-. 
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A Test of Spqce Charge Compensator 
+ For Space Charge Compensator Test, -5 rnicroHenries Max 

- Less than 1/2 Amount Needed for full Compensation 
* Ideaistoseeeffect 

4 triasaffvson 
- beamingap? - Stability threshold 7 

p Look ?or other problems caused by inductw 
changeminstebilltythreshold 

,. goodideasforetfectstolookat? 
+ Two Days with Access for Installation July 31,l Aug 
+ One 24 hr Clay for Tests with Beam - Tentatively Scheduled for 2/3 August, 1997 

t . 

Barrier Bucket at PSR 

5/08)97 12 



Barrier Bucket at PSR 
+ Study Stst Getting Underway 

+ Tradeoff between Injection Time and Voltage 
- Tracking Code Not Ye! Adapted for Bamer Bucket 

- Both Are Problems at PsR 
= Present injection time 250 ns is too long for dean gap 
= Voltage Available on QmGwity, -1OkV is Low 

+ b l . 5  - 10 kV ok, but bunching factor low 
+ M.5 requires 30 kV for full height bucket 

,, Not many particles at high dp/p at end of bunch 
- HOW DO~S PSR WO& Now? 

- Reasonable options are h=l.5, h=2, h=2.5, h=3 barriers 

+ Want to Compare with a Traditional Fflarmonic System 
h4nteger ok if Cathode Follower Driver __ 

. 

I 

I 

I 

i 

, :., . . ;  . .  
. . .. . ,  . . .  . .  . .  
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Coasting beam instability signals 

23-Fh-97 
28:24: 82 

8.96 V 3.0 pC injected 

925 Injection 
250nsPw 
doff 
-1900 v opp. elec. 

(2.0 pc before hrstab.) 

200 p/div .2 IK I - WOW97 15 

Bunched beam instability signals 
23-Feb-97 
2e:35:38 

2.15 U 

. 2  Pls 

85 
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Stable Peak Intensity vs. Buncher Voltacre 

0 20 

5/08/97 18 

Peak Stored Charge vs. Bunch Length 
2 

1.5 

E 
C t 
c 

I *  as 

0 

5/08/97 19 
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- .  

instability from PSR RF System Problems? 
+ Measured Phase and Amplitude Jump a? Extraction 

- Phase Change c 5 O  
- Amplitude Change c5Oh 

See Atso Arch's Experiment 
These Result in Tiny Changes in Besm Dynamles 

- Wflh Open Circuit Drive of Cavity 

5/08/97 20 

.-  

Logbook - Arch's Test: - 
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InstatBilitv from Beam in Gap? 

0 10 20 30 40 

Duration of beam injected into gap (ps) -- 5/08/9722 

- 0  

Loabook - Beam in GaD 



SlgriaI power vs. time 

Sigrid power at t, t+ 60  IS, and t + 
160 ps from wide band stripline 
beam position monitor. 
Power wins at about 175 MHz, 

. thenspreadsinwidthand * a 
bl mplitude. 
If z 
E 
8 
a 
7 

a 

5/08/97 24 

Peak freauencv vsI intensitv 

L 

E? 

B 

c 
f 
1 z 

J 

The peak in the signal spectrum 
depends on the beam intensity. 
Top spedrwn is N c e  the 
tntensityofthe~spectnnn 
Beam conditions for the top and 
battwnspectraarethesame 
except for the beam intensity and 
the buncher voltage. 

89 
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Where! Vertical Instability Grows: 
2nd Half of Bunch 

+ CERN BPM Vertical Difference 
h r m m  - three;tracssatcfHmnttirnes - 

Vertical oscillations and beam density 

I I I I I 

+ WM41VD.46 
+ wc41.48 

Data taken Apr. 14, 
1997 
Data at t, t + m  ps, 
t.I-230 ps, t + W  p 

5/08/9728 

.-? - 
90 



Transverse oscillation h correlated with 0 
I I I I I I I 

0 -  

SRCM41 (top) 
SRWM41 AV (Sot) 
Data from 22/Feb/97 

5/08197 27 

. 

Sources of electrons 
For each injected proton, we have: 

+ "Convoy" electrons 1 
+ SEM from stripper foil from convoy elect- 0.1 - 1 
4 Knock-on electrons from stripper foil 1.3 
+ SEM from foil from circufating protons 6 
4 Tb-t emission from foil 4.02 

4 s+Elwmmbfw (1191 - 1 
(2 to 200 electrons created per p t m  lost) 

+ Residual gas ionization 0.0001 
+ Electron multiplication from electron osc. ? 

5/08/9729 



---- -- 
Conclusions 

+ Study of Inductor for Space Charge Compensation Underway 

+ Studying Barrier Bucket for PSR Underway 

+ PSR Instability is e-p 

- An Experiment Planned for August 
* ifloghrticsmwkout 

- NoR~ultsYet 

- F ~ U W I C Y  Dependence 

BJjsc~urceofaedrons 

hlotYet U- 

- Starts in 2nd Haif of Bunch 

a And Ml6chanismlorOruwth 

P 

~ - - .  . . .  . . .  . i , . . .  
I: . .  ,. . . 
: i! 

L -  
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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 ( 1J 4 MHz) at a rep rate of 
3.50 kHz. There will be one rf 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 M I R / Q  where R/Q is the ratio of shunt impedance to cavity Q 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 idea1. 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 
* 0shiiJKEt.Q 

M. Meth (BNL) 
R. Spltz (BNL) 

..-.. -9 .-a- I.8C.y , tuut 
Barkner Hall Room B 
BNL, Upton NY, USA 

wmNTs 

J AGS Barrier Requirements 
J Design Principles 

J permeability : 
J @-product : pQ 
J capacitance : C 

J Ferrites 
J u(r) measurement 
J sample measurement 

J Cavity Capacitance 
J New AGS Barrler Cavity 

J design 
J 118 model 
J drive circuit 

2 

MAY 7-97 
M. YOSHll 
Mlnl- Workshop 

J 80 kV per each station 

J Two Barrier Stations 
the length of station should be 

less than 102 inches (2.43111) 

J 4MHz 
cf. the revolution frequency at AGS 

Injection is 357 kHz 

J Summary 



MAY 747 
M. rowi 
Mini- Workshop 

J t o 7 e  the dr ive-tube current 
J high cavity inductance 
J square current waveform 
J simple structure 

The total current required for the barrier gap voltages Is, 

And, the peak current on resonance is, 

Therefore, follo$ng three basic parameters for the cavity ; p,  
pQ-product and'total C are chosen in order to rnlnlmite tota l  
t u b e c u r r e n t ,  

3 ,  

4. 

MAY M. VOSHN 7-97 

Mlnl- Workshop 

J Capacitance per gap < 200pF 
- to keep the average rf-current as low as possible 

J pa-product > 2000 
- to keep the peak rf-current as low as possible 

J IJ > 500: 
d l  - to get a high gap voltage, 7, oc L - dr 

- also, to make a cavity short 

MAY 7-97 



Radial Dependence of Ferrite (r and Magnetic Flux 

G. Rakowskv IBNU ’ RF Acceleratina Cavitv For AGS Conversion” 
: p(r) , B(r) distributions under biasing conditions 

p bas radial-dependence 
_-_.--. - For a given Idc, 

p increases with radius 
Hrf decrease as radius 

->Magnetic Flux becomes uniform 

I-- 
- p is uniform in a ferrite 

-> Mawetic Flux has radial deoendence. 

MAY 7-97 
M.Ycshii 
Mini-workshop 
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where N is the turn-number of pick-up coil , 0 is a magnetic flux through the coil 

As a flux fa' = Jsp).,@) , 

and a suffix (n) denotes the pick-up position. 
B(")=-= 

The time-integration of eq42) gives p ( t ) = ~ ~ P ( ~ ) d r  N") 

(3)- d#"' fimnJk.piCk-ttp 
dS'"' crosseciwml a m  

(4). 

From (3) and (4), then, the average flux density B, at n-th pick-up is given by 

97 

In the measurements all data are discretely 
re-written by, 

(a)- A' - 
4 -p)p>,d 

sampled. So, Integration in eq.(5) must be 

( 6 )  

for example, in our case, 
N = 30 turns , S = 763 XI@ m2 , Ar=200fisec 
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Bias Current : 100 - 1100 A 
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Capacii ance Measurement : 
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Outer cunductor 

(a) Fenlta discs with cooling plates 

, /Outer ccductor 

; plate ! 

(b) Fenite discs with no caolina plate 
FIGURE - 6 Superfish Field Plots : 

Electric field lines in the ferrite loaded cavities with the cooling plates (a), and 
without the plates (b) are displayed. Each crosmaectional view shows a half of the csvity 

1 2 3 4 5 6  
Number of ferrites 

Cornparlion 01 Total C bthvoen Exp. and Fish 
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AGS BARRIER CAVITY (cross-sectional view) 
- The AGS barrier cavity consists of8 eens of a -trpnt femte loeded cavity. Total gap voltage is required 
to be 8OkV at 4MHz. And, the cavity ie going to be dnven by one TIf 558 power tetrad (5OOkWl. 

4 

A 
I-- 

1 ! z  6 7 

Ill ! " I >  Ill ' Ill II I t 

I ...' I I I I , 
1 '. ! 

ONE CELL:l7..Tmlesa 

4 

b 

i If -. . . . .. .. .. . ... - ._ 102 ( the length'&odld' be a exact fit in AGSf -. . . . - 

1. Fenits disc : &IO x 6200 x t28 (mm) ,6 per cell 
2. coding Plate : L'4" thick , 7  plstes per cell 
3. Accel.arating ceramic Ga : max. l0kV gap voltae at 4MHz 
4. h a m  pipe : bore 
5. Outer Conductor of the Cavity 
6. RF Power Feed Line 
7. Bus Bar8 Cell Connection 

March M.YOSHII 26 1997 

!e as same as a present Inpe 
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R&D Works for RF System of JHF 

Chihiro Ohmori 
KEK-Tanashi 

JHpRFGrwp 

REQUIREMENTS FOR RF SYSTEMS 

RF VOLTAGE 

RF FREQUENCY 

REPETITION RATE 

CIRCULATING CURRENT 

IB 

Booster Main Ring 

-450 kV 270 kV 

1.99-3.43 -3.43-3.51 MHZ 

25Hz(50Hz) 0.3Hz 

4 - 7 A  

8 - 1 4 A  

6.4 - 6.6 A 

JSPS Meetiurnaga Univ., Oaober 9,1996 



REQUIREMENTS FOR RF SYSTEMS 

NEED HIGH VOLTAGE 

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

50 Hz OEERA-TION NEEDS 800-900 kV 

-40 kV/CAVITYf34M 
>10 kV /m (>13 kV/m) 

10 Hz OPERATION FOR MAZTNRING (in future) 

>lo kV Im 

September 18,1996 

JHpmGroUp 

RE.QUIWMENTS FOR RF SYSTEMS 

STABILITY FOR BEAM LOADING 
--. 

CIRCULATING CURRENT 4 - 7 A 

IB -14 A 

Y (=IBAo) 1.4 

IO 10 A 

To handle Beam without direct feedback. 

Sepfember 18,1996 
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ASSUME 2 0  COFES PER METER 
2.5 crn thickness 

V>5OUV 

R > aoo&L--- 

SLXMARY OF MAGNETIC CORE MEASUREMENTS 

C O X  FOR BOOSTER CORE FOR M A N  R N G  
NOT Go03 3 E E  RIG CORE 

OK XOT FOOD 
(HTG'I LOSS EFFECT) 

NOT GOOD ?TEED 3!G CORE 
PROBABLY Oii OK 

. .  . . . . .... . . .. .. . .... l..l"l_l . .......................................... II___ - ...... ... ..... . . .. 
.~ -. , 

109 



What is FINEMET? 
Soft Magnetic: Material with very fule cqstallized structure. 

High Penneaiiility t 93 I @3.3M& 
Low Quality :kctor 0.63@3.3LWz 

R-100 0 for :new core as 0.D. is large (67cm). 

Very High Cuie Temperatwe 4 0 0  degC 

R 76 Q@.3MfIz 

Very Stable for Temperature and RF fower 

Very thin tape, Easy to make a big core 
- 

Not Saturated @ 10 A 
-Sepmber 18,1996 
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2.00E+lO 

(1-( 

3 
1. OOE+lO 

0. OOE+OO 
1 10 100 1000 10000 

B r f  (Gauss) 

Suitable for Barrier Bucket RF 

Easy to make an isolated pulse 

Many possibility for RF gymnastics 

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

Decrease Peak intensity 

To flatten Bunch shape 

September 18,1996 
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JHP RF Group -_ 

Barrier Bucket 

JHP synchrotrons : very high intensity machines. 

To reduce beam loss is 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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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 

. .  . .. . . . . .. ~ 

.. . , ,..: . .  . . ._---I 

. . .  . .  
. .  . .  . .._ : .. .-. , - - 
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The typical RF voltage signal in the class AB operation. 

I 



. -  

The typical volbage signai in the class AB operation for the harrici. Iiucket. 

Beam Loading 

RF system does not include the tuning loop.+Silnpler 

t;, t o  %'u 11 I t  ;I  11 I (a 11 I i i I F' ~c 1 I 1 Y t 1 ~ 3 7  

Y=1.4 was chosen for stable operation 
If no tuning system, compensation technique is required. 

Ex.: feed-forward 

___ . .. - .  - .  .. 
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Beam Loading 

for. - l ~ i ~ l ~ ; - ) ~ ( l  Y 1 i-wr-moni<:s 
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 andor 
feed-forward techniques. 
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As Q-value is low, effects excited by other bunches have 

Because of fast response, compensation is applicable. 
been damped, automatically. 

- 0  

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 rescbnance. 

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. I 
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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 199s. 
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. 

123 



3. Spacecharge in the proton driver rings of the muon collider dangerously re- 
duces the longitudinal focusing given by RF (K.Y. Xg). 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 -4lamos 
which suffers from similar effects. 

Third ICF.4 Mini- Workshop on High Intensity, High Brightness Hadron Accelera- 
tors Brookhaven National Laboratory May 7-9, 1997 
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MOTIVATION 

(Laslett) T h e  shift, AQ 0: -- 
f J 

Bunching factor, Bj  E DC beam current 
Peak beam current 

Can increase B, 
by employing second-harmonic cavities to modify the bucket, but this 

- "wastes" RF voltage 
- introduces phasing complications 

0 by modifying the distribution of particles in phase space. 

Projected (1-D) Dimity, p(l) 

p(t) = Line charge density function 
I 

n 
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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. 

Compiitntional investment in the maps bcncfits repeated use with 
dittereiit data - as in optimization. 

Replacement of the Runge-Kutta integration by full-blown tracking 
would permit the reconstruction of: 

0 arbitrarily complex (even no) RF; 
0 non-adiabatic processes: 
0 self fields 
0 particles outside the bucket (but NB normalization). 

Question Marks 

How fast cnn it  be made to run? 

Minimum number of profiles required. 

“Free” parameters: n, gain. 

lntluence of the phase loop, 

- !  

4 
\ 



. . . ..I .... 

@A CERN injector complex 
~ LHt P 

ALlC 
f: DELPHI 

LHC-6 

3 e- 

LHC filling scheme 

LHC 

SPS 

PS 

May 1-9. !WI ‘nl MINI-WORKSHOPON HKiH INIkNSKY. HKiH BKICiHfilWJ: HADRON COUIDUW: 
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Machine 8 process 

0.14 190 2.5 1.75 1.40 2.14 145 1 
1.40 2.14 1.45 8 0.14 190 2 5  3.5 
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25.5 26.4 1.00 16 0.19 24 1 7.6 
25.5 26.4 (0.25) 84 O S  QS) 0 2  40 
25.5 2&4 0.36 04 &X 12 0.7 40 
25.5 zs.4 0.36 04 0.36 4 2 2  40 

274 3.56 150 8 0.M €6 4.1 3.69 

25.5 26.4 0.52 e20 052 4.3 3 2 0 0  
4 5 0 4 5 1  1 4 6 2 0  1 2.5 0.6 200 
450 451 1 9240 1 1.7 0.8 400 
450 451 1 35600 1 1.7 0.9 4W 
7DOO 7M)l 25  35640 25 1 0 2  400 

unch, or (W CPS brgiludinal emiuance~ea or (pse bvlch em1ttance~lO.5. 

bunch parameter limitations 
IO'* protonsbunch 
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M n y l - 9 .  1W7 (rd MINI-WORKSHOP ON HIGH IN@NSM. HIGH BRIGHTNESS HADRON C0LLDER.S 
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.. _.... . _---- 

- -  .- 

the m-mt stringent 
~ bunch parameter limitations ~ 

+ 

+ SPS microwave inatability EI.I*L1X OC # - N - ~  lbWlCl, 

"Keil-Schnell-Boussserd", 1U.a 10 R assumed. 
y,: 23 Y 19 (decreaus also capture voltage)? 

& = 23 MWm, e l 8  1.3 GHz assumed 
+ TMC (transverse mode coupling) 

200 MHt petlodk transient beam loading (BL) 
zcav = 360 kn 888umed 

300kW installed power assumed 
+ - 4WMHrBL 

+ Transfer line momanturn acceptance 
6.1 O3 total assumed 

Quasi-adiabatic compression 
onh=84to600kV(!) 
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Mq7-Y. 1W7 WMlNI-WORKSHOPON HIGH IKtENSITTy. HlOH BRIGHINESS HADWUN COLLlDwW: 

First 40 hHz bunches 

MAY 7-9. lY97 

. .  . . 40 Muz bunches in the YS 
Vrf=3OOkV 11/12/96 i 

, , .;. : 
- . . . .  

I .  

-3.000 ns 22.000 ns 47.000 n: 
5.00 n w D I V  REAL11 ?I€ 

%?<I> 35.300 ns 
X I C 1 )  10.300 n i  

Y 2 C 1  2.07540 V 
Y1<  1 > -912.500 UJ 

DEL16 Y 2 . 9 e m  v ns 
40.0040 ni 

W MINI-WORKSHOP ON HKiH INlENSITY, HIGH BRIGHTNESS HADRON ccILLIw(S 
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~ Bunch rotation test 

Mny 7.9. IYY7 

: . 

@h Synchronisation jitter a 
. . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . .  

569.200 ns 549.200 n s  553.200 n s  
2.00 ns/01v RERLTI  ME 
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Space-Charge Effects and Ferrite 
Compensation 

K.Y. Ng and 2. Qian 

(May7, 1997) __ 

I INTRODUCTION 

E17 TRANSVERSE TUNE SPREADS 

111 M'ECROWAVE INST.4BILITIES 

IV POTENTIAL-WELL DISTORTION 

V FERRITE COMPENSATION 

VI FISRRITE-LOADED WAVEGUIDE 
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r INTRODUCTION 

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

0 We concentrate on the first ring where space-chaxge is more 

important. 

Kinetic Energy 1 1 GeV injection, y = 2.06579, p = 0.87503 

I 3 GeV extraction 

Cycle rate 115 Hz 

Circumference, C I 237.10 m 

R€ harmonic, h 1 2 or 4 for 2 or 4 bunches 

Transition, Tt I 7  

-, G 

Bunching factor, B 1 0.25 

No. per bunch, NB 12.53 x 1013 

95% bunch area, A 1 eV-s 

95% emittance, ~ 9 5  200 x  IO-^;^ rn 
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I1 TRANSVERSE TUNE SPREADS 

0 Laslett tune shift at injection 

t 

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

111 MICROWAVE INSTABILITIES 

n 

For parabolic bunch, s 
L 

l5#7x/0- 

/ & q a ~  

? = 84.73 ns or e^ = 22.23 m 

? = 42.37 ns or .! = 11.12 m 

for h = 2 

for h = 4 
A. I B = 0.25 e* 

0 Using Krinsky-Wang criterion and a bunch area of 1 eV-s, . 
71.27 s1 for h = 2 

142.5 S-2 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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Spacecharge impedance: - 

With ~ ~ 9 5  = 2 x 10e471. m, bunch area 1 eV-s, and assuming 

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

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

- Using a 5 cm radius beam pipe, 
- - 

i91.1 0 for h = 2 

i76.8 s2 for h = 4 

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

transition, hopefully, microwave instability will not develop. 

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

nCut,ff = 2074. Tunes: u, = uy = 5.18. 

0 With b = 5 em, a = 3.35, 3.85 cm for h = 2,  4, 

i2.21 MR/m h = 2 

i1.23 klSl/rn h = 4. 

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

0 A particle at distance s from bunch center sees a longitudinal space- 

charge Ezsp ch field and a potential drop per turn: 

a 

11.1 kV e 
37.4 kV e 

for h = 2 

for h = 4 
* 

0 On the other hanc., neglecting space charge, the synchrotron tune 

and required rf are 

for h = 2 

for h = 4 

e. For 40 = 0, rf voltage seen by end particle of bunch is 
- 

hwol 37rB 
Pc 2 V = Visin- - - V,fsin- = 0.924Vd 

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

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

0 We wish t o  compensate this distortion by ferrite. The frequency 

is roughly is at - 2.2 MHz and - 4.4 MHz for h = 2 and 4. 
7k 4 . i 2 - 2 =  9-7/+/* 146 G +% k+@q& &-@& 
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V FERRITE COMPENSATION 

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

- Thus, it can be cmceled by adding a n  inductance. 

0 Consider using a hollow cylinder of ferrite of inner and outer radii 

b and d and length e. Impedance introduced is 

For example, with p’ = 1000, d = 5.5 em, b = 5 crn, to  cancel 

a space-charge Z/n of - 100 Q, a length of 4! = 63 cm will be 

enough. 
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v.1 Loss 

e One way to include' loss is to write 

and & = -  PI 
PI! 

I 

e We want material with large p'. However, pi' as well. 

e Since the real part is proportional to frequency, we need to  sum 

many harmonics t o  compute the total loss. For each bunch, 

00 

Current : I ( t )  = I,, + In cos nwot 
n=l 

148 



cn 
a3 
ln 
0 

I I  
0 

€3 

€? 

Q 

E2 
3 c- 

. u - -  , .. 

0 

0 

1'L ... 0 

0 

0 

0 cv 

1 

149 



8 

0 If we assume Gaussian distribution, the summation can be 

approximated by integration to  give, ? = d o r ,  

For h = 2, IZll/nlspth = 100 R, and Q = 1, the power loss is 

P = 25.6 kw, parabolic, (29.2 kw by above formula). 
- 

Need to sum up to at least n - 4/(arwo) = 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 kirger. 

A I/e 
w r  particle per tun? is 6.5 kV. 

Worst of all, because of the short wake (small Q), center of bunch 

-loses much more than the ends. 

Such position-dependent loss is hard to compensate. 

0 

0 

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

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

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

0 Here, the assumptions axe (a) a perfectly conducting medium out- 
Y 

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

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

1819 (1990). 

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

where x , ~  is the A-th zero of some combinations of modified 

functions of order m. 

0 The above are just summations of sharp resonances. 

There are analytic expressions if the ferrite layer is thin. 

i 

Bessel 
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Monopde (m = 0) 

Resonance frequency is 

0 Result is E independent when ~p >> 1. 

e For p = 1000,S := 0.1, d = 5.05 cm, l. = 63 cm, 

fol = 840 MHz , -- A'' - 4 1 0 0  st 
n 

F'L 1 COO) 

But if loss is included a s  perturbation, loss is - 76.8 kV per turn 

near bunch center and almost zero at both ends. 

0 For the low--loss Yttrium-iron garnet, p = 3, E = 8 

f7 

= 4 3  s2 II - 

t' = 63-cm) 
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VI1 HIGH TRANSVERSE DC BIAS 

0 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 
_II -.-_ 

of the ferrite to decrease 5y the same factor. 

- 

0 This can be accomplished by passing a DC bias field through the 

femte. To reduce loss, we suggest the bias field 1_ field due to the 

bunch particles. 

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

0 Use a dc biased field Hc in z-direction, so high that the magneti- 

zation &! inside the ferrite is saturated and becomes 2Ms. 
.- __ 

. 0- The ac field from beam particles is in the x-y plane. This ac 

field causes the magnetization to  precess about Hc, or creating an 

ac magnetization n?, in the x-y plane. 

e Thus; we have 

153 



I) / S l O P  P, 

? 

2C 

5 

riecfr on 

154 



12 

When ]GI I << Hc, the equation of motion is 

dh? 
dt 
- = r(2Ms x .l?l +.?A? x Hc) 

where y = 2.80 x 2.rr MHz/Oersted is the gyromagnetic ratio of 

the electron. Defining the magnetic susceptibility 
4 4  

tensor X, as 
w +  

$1 = x , H ~ ,  the solution is 

where 

tt 

e X,= 

x - j K  0 

0 

and 
- 

wc = YH, 7 
M,  w, = y- 
PO 

0 There is a resonance at the gyromagnetic resonant frequency 

w, = yHc,  which is proportional to the dc Hc. This explains why 

we want Hc to  be large so that the resonance effect can be avoided. 
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Loss can be included by letting w, - w, - iwa ,  giving 

-- Xf - (%) (%) [(%)2-1+a2] 
Po [ (32-1-a2]2 + * ($a2 

. -  . -  

Note that, actually the above depend on only Ms and a. 

0 Usually the ac field comes from a cavity. Then, w will not be 

changed by very much and can be considered f ied  except very 

n e x  to the resoname. Therefore, x is plotted as a function of Hc 

This explains why the formulas have been written a s  a function of 

W C I W .  

0-111 our application, the ac field comes from the beam pazticles. So 

w has the range of the bunch spectrum. For h = 2, w/(27r) varies 

up to - 2.2 MHz, and for h = 4, up to '- 4.4 MHz.& / s ~ M t f i  
4 i  - $f 

UY 7-7AfHz 

0 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 p' is usually smdl. 
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Application 

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

at 25 Oersted. 

Thus, M’ = 3300 - 25 = 3275 Gauss. 

Choose Hc = 25 Oe. 
- - 

This gives resonant frequency w,/(Zn-) = rH, = 70 MHz. 

Up to 10 MHz, p’ - M,/H, = 131. 

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

0 At extraction, want p’ to be reduced to 131/4.58 = 28.6. 

The biased field should be raised to Hc = MJp’ = 114.5 Oe. 

aww 
0 At low frequencies, the loss is prr - ,--+ 
0 Take a typical value of a = 0.05, we find prr varies lineady from 

wc 

< -  

0 and reaches 0.5 at 5 MHz when Hc = 25 Oe at injection, and 

is reduced by a factor of 4.582 = 21.0 when Hc = 114.5 Oe at 

extract ion. 
Ir 157 
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VI11 CONCLUSIONS 

1. The most serious spacecharge effect Laslett tune shift €or h = 4. 

2. Longitudinal microwave instability seems to be safe . 

3. Potential-well distortion needs ferrite compensation. 

4. Ordinary compensation without DC bias field gives large p‘ and 

also large p” of the order of 1000. The loss is about 100 kV per 

turn and is position dependent along the bunch. 

5 .  Laxge transverse DC bias beyond saturation eliminate hysteresis 

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

6. However, large transverse DC bias gives small p’, but is still good 

enough. Total ferrite length of 2.4 rn is required if thickness is 

1 em. 

7. From injection energy of 1 GeV to extraction energy o€ 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 
b 

.- 

a solenoid. 
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ICFA Workshop 
May 8, 1997 

RHIC Operation with Increased 
Longitudinal Bunch Area (1) 

Jie Wei, Brookhaven National Laboratory 

I. Introduction 

11. Intrabeam Scattering at Injection 

111. Transition Crossing 

IV. Storage and Luminosity 

I 

I. Introduction 

Results of 1997 Sextant Test; 

0 Intensity! typical 2x lo8, up to 4x lo8 /bunch 

i I3u& wetti iypicai 5' = 6.5 i 0.i eV siu 

Aun+ beam during 1997 sextant test 
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111, Transition Crossing 

0.5 I I I I , 
non-linear 0 ~ 0  

effects 0.4 - - 
CI C 

0 
I 5 0.3 - , - 

0 e8 , 
0 

0 

3 “ ‘ 19?1\(1?3t - 0.2 . ‘  
,,I’ ~=300kV,h=a6s 

v - 
v) 

# 9,=0.16. e1=0.6 

/ No =lo9 perbunch - 
AyY = 0.8 in 60 ms 

I .  0.1 - ,, ‘ 
I 

8 
0 

8 
f I I I I 

0 0.1 0.2 0.3 0.4 0.S 

((99 0 

J 

s (eV.s/u)  reEIL1-t 

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

I 
0 a “first-order, matched” TyT-jump lattice, i! 

crl = -0.6 rerriains almost constant during the jump; 
td C- + n-5 :;ti; 4 N , = - o ~ .  [ne&) 

0 two quadrupole corrector families, one for YT-jiimp, 
the other for optical optimization; 

0~53 , .  Trrp<h:av Trbo jov  

0 chromatic nonlinear effects greatly reduced. - ( w , +  r.s).wp S 
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IV. Storage and Luminosity 

mrabeam Sc atterinz gro wth at storave: 

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

0 there exists no equilibrium state jnegative-mass regime) 

(above transition) 

BEAM LOSS 
(Beam loss due to IBS) 

(4) 

BUNCH-AREA GROWTH 
(Bur& area growth due b IBS) 

- S0=0.3eVs/u - - - S 0 4 5  eV du 
0.2 . 

0.0 
0.0 2.0 4.0 6.0 8.0 10.0 

Tlme (hours) 



V. Conclusions 
INSTANTANEOUS LUMINOSITY 

(Luminoslly loss due lo IES) 
25 I 1 

0 

- s04.3 ev s/u --- So=O.S eV s/u 
A,u* In RHlC , B =I m storage 
60 bunches, 10' per bunc 

t,.v=lOmmmr 
V,=S MV, h-2520 

I I 
0 2 4 6 a 10 

Time (huts) 

EMITTANCE GROWTH 

- S0-0.3eVe/u --- S,-0.5 eV du  
- 

'a- 

I 
0 2 4 6 8 10 

Time (hour) 

ith an m a s e d  I lonj&whal emlttance: 

0 intrabeam scattering growth at injection will be re- 
duced; 

0 Current 'yT-jurnp scheme is adequate for efficient tran- 
- sition crossing; ' I  

i 
I 

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

Re-bucketing process will be (iiscussed by Jorg. 
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Conclusion 
Particles are captured up to (sigma): 

I-'..T;;diecE Sigma 
- 

at storage 0.2 eV sec/u 8.3 
3.75 at storage 0.45 eV sec/u 

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

To do: 

Extend tracking program to simulate rebucketing while 
ramping 

??? 
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Session on Longitudinal Instabilities 

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". -4 bunch inside a barrier 
bucket behaves like a coasting beam because the bunch particles drift most of t,he 
time. However, it-is also a. bunch because of its finite length, and therefore we ca.n 
talk about bunch modes. Chin and Tsutsui denionstrated the equivalence between 
mode-crossing instability and the Boussard-Iieil-Schnell microwa.ve instability. -41- 
though this equivalence had been denionstrated for a resonant impeclance by man\.. 
authors, they were the first to dernoiistra.te mode-crossing instability for a pure 
inductive impedance below transition, which is predicted by the Boussarcl-Keil- 
Schnell theory. They expanded the bunch modes in terms of' orthogonal func.tions 
and conipute the eigen-modes as a. function of liunch current. They also wrote 
a code to track the bunch pa.rt.ic1es in the longitudiiial phase space, and verified 
that the onsets of insta.bi1it.y agree with theory. The code is a. tracking i n  the time 
clonmin and approxiniat.es a. h n c h  as a. series of triangular buuches. 

The secoiid talk by M. Blaskjewicz is on .*Fast Particle-Pa.rt.icle Update Sclieme" 
in tracking. When tracking A' paxticles involving hina.ry iiitemction, the nunii,er 
of steps per turn is usualiy U( A(72)7 which rises shaxply when inore particles a.1.e 

required. First, the tjnieorder of t.he pa.rt.icles a.re sortecl, which t.a.l;es O( A' I n  3') 
steps. Once the ordering is k i i o ~ n ,  the positions of the particles ca.n be upda.t.ed 
using a recimence relation: which takes O( 3'). Thus: for each turn, the nuniber 
of steps is reduced from O( hi2) to O ( N  hi iV): and t.he sa.ving in time is very 
significa.nt . 

z 

The third tall; b? .J. R.ose is on "Stabi1it.y in R.HIC" against 1oiigit.ucljna.I 
coupled- bunch instability. ZAP and analytic f o r 1 d a  computa.tions for bunches 
passing through the the 2s MHz cavity shows instabilities clr iwn by only t.l.ie.first. 
few 1ii~lier-lia.rmoi~ic modes (HOM). This is bec.a.use the form f x t o r  falls off as 1 . 1 ~  
inverse of both the HOM frequency and the square of tke lxinch length. Since bhe 
bunches in RHIC will be long, the form factor is less than 0.6. Note t.1ia.t. this is 
rather conservative; for a Gaussian bunch distribution, the form .factor will fall off 
very niuch faster. Some passive de-Qing had been performed on these offensive 
modes: so that the growth rates for the unstable modes will he within the range of 
the injection damper rate of 10 sec-'. From the Pt'IAFIA computation of the Hob1 
dampers, it appears that there should not be any problem concerning longitudinal 
coupled-mode inst-ability. 
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KEK 

i 
Yong Ho Chin 

and 
Hiroshi Tsutsui 

1 997 Particle Accelerator Conference 
Vancouver, Canada 

May 13,, 1997 

I ntrodu ctian 

Barrier RF System 

Relative position 
of particle in a beam 

Characteristics of a barrier R f  system 
a A very flat bunch --> A smaller peak current 
11 A variable bunch length 
li A small synchrotron frequency (vrmS=l 7Hz at JHF) 
a Synchrotron frequency proportional to the energy 

deviation --> A spread is comparable to the 
frequency itself 

s A strong Landau damping effect 



A 
U 
U 

Collective stability of a bunched-beam in a 
barrier bucket 
I Keil-Schnell-Boussard criterion would give a 

reasonable estimate, IF 

i: the wave length of beam density modulation 

B the instability growth is much faster than the 

is much shorter than the bunch length 

synchrotron motion. 



i.. . . .  
... 

i .. 
,i&' 
;u. 

Main framework of the newly developed theory 

m No coasting beam approximation 
D Vlasov equation for evolution of phase space 

distribution 
D Synchrotron and energy mode expansion 
m Action-angle variables to  describe the squarish 

particle trajectory in phase space 
I A Gaussian energy distribution 

11 ' .  m A full inclusion of Landau damping effect 

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

Their application t o  JHF 50 GeV proton 
synchrotron a t  injection show good agreements. 

We will demonstrate (as Sacherer predicted) 

.. . 
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Using impedance Z(a/ a,,) and Fourier 
transform of p($), $(VI  

. .  

x exp(-i(p + a)# - iQ0) 

w' = V , ( O  . I 1  
' 

Vlasov eq. becomes an integral eq. for fm(l): 

where Ib=circulating current and 

. .  , .. . .  ,;, :. .... .':; .:..,;. .. . . .J -. *. ... ._ .. . . .  . . . . . . .  . I  . . . . . . . . .  

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

For a Gaussian energy distribution fo(l), the best 
choice is the Laguerre polynomials Lk(x). 

Finally, we get a matrix eigenvalue eq. for R: 

. -  . . .  . .  
i .  . . 't .. : : .: . .  

..: . . . . . .  
3 -  



~ ~ ~ i i # ~ p ~ d ~ n c e  cases to be stuclied by the 
thesi-y and sirnuiatiuns: 

i Rksonator impedance 
+% Pure inductive impedarice 

the stretigtti chosen to be equal to  that of the 
resonator impedance at  low Frequency 

Fig. 1 : Coherent: synchrotron mode f 
and the growth rate as a functio 
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The simulation for 5A shows that the energy . 
distribution stops to blow up a t  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. 

.; . . .  . . "  ..-..,. , . . 
,:?< . .*v . . . . . . . . . .  

. .  

. . .  
... 

.,.,. :.. ........ .. .? 
r i  . . . .  

Inductive impedance 
. . . . . .  

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

..................... 
. .  
. . .  

- . .  

Circulatlng current (A) 

Fig.4: Coherent synchrotron mode frequehes ' 
and the growth rate as a function of circulating 
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The simulation a t  9 A  shows that the energy 
distribution stops to  blow up a t  the initial spread 
of about 0.2 1 %, in good agreement with the 
analytical result again. 

77 
An evidence of the ' 4  

negative mass instability + 

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

A i ,  . 'A 

1.; 

. .  I 
The negative mass instability has the same 
threshold for all coasting beam mode"n" for an . 
inductive impedance: 

(Keil-Schnell-Boussard 
criterion) 

I I his behavior agrees with the simultaneous oriset of 1 

'A , i" . . .  ..: . ,;.. . .  
. . ;% ._ 

. . .  -..-.-.., ..-. . .-_.- .---2 - .. . .  ; .............. : . . . . .  . .  . .  
..... . . . .  . . . . .  . . .  . .  

....... .. ............ .... . .  : . . :  i . j . : I  ;,:,.i : . . i  : . .  : , ,  

! ..--. 1 --..--- L...--".-:.- -.-,.. i...-.. ..___: _.... :. i . . .  1 3 r . i  . , 8 . 0  . . , 

~ 



, . . .. . . 
<:A,:';. .. A .  

, . .  

. -  I 

! 

0 2 4 6 8 10 
Circulating current {A) 

e .' e 

h 

8 
5 
A 

Y 
C 

H 
3 
P 

r 

T!,~IANGuLAR,o,=0.204%,L=468.103pH,lmax=29.mmax= 10 
Bwrier Buckets at *150". Qn=9.991660e+01 /sec 4 0 0 1 1  q i r 1 1 1 1 1  I I I I I I I I  1 1 1  I t 1 1 1  

' 7 
. , . _ .  . :. ' _  .. ' 

. .. 
. . .  

L ...... . . : .  . . .  . .  

2 4 .  6 8 10 
O b  
0 

190 



I 

191 



t 
0 

I _- __ 

I 



B 

g - 0  

h ?  





HOM Dampers for RHIC 28.1 MHz 
Accelerating Cavity: 

Stability in RHIC? 

RF Workshop @BNL 
May8,1997 

Jim Rose, RHTC rf 

\ 

r? 

I 

SUPERFISH Output for 28 M[Hz 
Cavity (15O'lcHz low to allow final 
tuning after manufacture) 

1SOPERFISH DTL SWCMXy iiii919s 11:27:39 
Problem name =FINAL 28.15 MHz CavieL- 14 Sep 1 
Nesh problem length IL] = 200.0000 a n  
Stored energy 101 for mesh problem only I 7179.22754 mJ 
Power d i n s i p a t i o n  [PI  for mash problem only - 77675.50 W 
Q ~ l . O ~ p i ~ t ~ H z l ~ U I J l / P O ~  - ' 16200 
Trmnit time factor (TI - 0.92430 
Shunt impadmnce [Zl mesh problem only. ((Ea*t1**2/2*P) - 1.030 Hohm 
Shunt impedance per unit length [ Z l b l  I 
banetic f i e ld  on outer wall * 2748 Alm 

8554 hlm €&MX tor wall and stem segments at z=Z14.43.r= 13.49 em = 
ernaX Cor wall and stem segments at 2- 29.69.r. 13.07 cm - 10.776 w l m  

1.030 Uohmlm 

Beta T TP S SP OIL  Z I L  
0.37221783 0.92430 0.02374 0.37410 0.05623 .0.007191 1.029926 

ISEC rbeg rbeg sand 
Hall---------------------------. (cm) (ml (CUI )  

2 0.0000 6.1900 20.9500 
3 20.9500 6.1900 21.4500 
4 21.4500 6.6900 21.4500 
5 21.4500 9.4800 17.4500 
6 17.4500 13.4800 1.5600 
7 1.5600 13.4900 1.S600 
8 1.5600 20.0000 62.7000 

10 63.3350 20.6350 63.3550 
11 63.33SO 41.9989 216.9305 
12 216.9305 41.9989 216.9305 

9 61.7000 ao.oooo 63.3350 

13 216.9305 i5.wee ~15.025~ 
14 zis.02~5 13.493a 31.4597 
15 31,4597 13.4938 27.6465 
16 27.4465 9.6806 27.6665 
17 27.4465 6.6980 27.9545 

W~ll--------------------------- - ... - 

6.1900 4.4639 
6.6900 7.9438 
9.4800 8.5137 
13.4800 6.7360 
13.4900 0.4071 
20.0000 0.0185 
20.0000 8.2558 

41.9989 6.2291 
41.9989 0.6321 
15.3988 0.1076 

ao.63~0 8.4820 

13.4938 13.4938 0.1962 8.9394 

9.4806 10.7765 
6.6980 9.1560 
6.1900 8.2337 ..------- Total .. - I -  L 

0.0395 
0.0542 
1.0077 
9.0926 
31.2894 
10.5454 

1329.1914 
1738.2368 87.3094 

16276.6230 
5750.1382 
1206.7163 
512lL.ObZS 

12.9688 
I .  1670 
0.0596 

77675.5078 - - 

df ldz  df/& 
~HHZImal 

------------"* uall 
0.0000 0.0006 
0.0011 0.0011 
0.0061 0.0000 
0.0056 0.0023 
0.0000 0.0000 
0.0000 0.0000 
0.0000 0.0958 
0.0049 0.0049 
0.0044 0.0000 
0.0000 -0.0229 
-0.0103 O..OOOO 
-0.0013 -0.0014 
0.0000 0.0777 
0.0253 0.0291 
0.0079 0.0000 
0.0012 0.0012 

-------------Wall 

I 
FlNAL 28.15 tlHz Cavity- 14 Sep lFREQ= 27.897 
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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 (2. 

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

1 0" 18 Fm 
-i-- 

T r+ V,fos4, 

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 RHlC, only the first few HOM's contribute to 
instabilities. 

bring these within the range of the injection damper rate 
of 10 sec-I. Damping experiments have confirmed this de- 
Qing on the Proof of Principle (POP) 26.7 MHz cavity. 
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I- 
HOM d a m p a  performance (two damping loop-longitudinal modes only). MAIU results. , 

I 

IDA\- DIC\WNO FACtOl 
m*LLzD NO HOM INSTALLED 

Nr. F"fW k@Ql Q[-1 wQ[Ql rL'PtQ1 W 
1120 1 

> 

1 27.7 1120 ' 17900 62.6 

,- 

HOM DAMPER (COWLING LOOP) 



r Prototype HOM Damper Notch Filter 
r 

“Folded” Quarter wave resonator I 
creates open circuit at fundamental 
rf frequency; similiar to parallel 
L-C notch filter 

Dimensions of 370 mm long by 
150mm diameter 

Bench test: 
Notch depth of -49 dB, 2”d notch 

G co at 368 MHz, 3‘d at 422 MHz 
cn I 

C o r  

AV(l 
$6 

I 

i? 

0 
0 

h 
N 
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N 
0 
0 

I 

b 

High-Pus element Chebyshev miter. 

I -, 
1 , I  

HIGH PASS FILTER 
MODE DAMPER ASSEMBLY 

__IC__ 
I 

7 
Standard 6 inch coax 
outer conductor 

e 

Commercial ceramic g-- vacuum feedthrough 

I 
I 

i 



POP CAVITY - MAFIA RESULTS TEST RESULTS 

TABLE 3. 

Stabi l icy  diaqram f o r  beams vich parabolic l i n e  d e n s i t y .  





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 comples 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 a.nal:.tic formulae for feedba.ck gains 
in the presence of a changing system paramet.er-: such as: synchrotron frequency 
or beam energ?. LQR. is a. technique that obta.iiis the optimum set. of gains t.liat. 
maximize some performance criterion. TIpically the crit,erioii is a weight.ec1 sum 
of output. a.ccuracy plus a rnea.sure of the conbrol effort. 

Onillon showed that in the design of the R.HIC beam control system the two 
t,echniquez were used together. First. LQR was used to produce a set. of .feedback 
gains and t.he system poles were obt.ainec1. Then analytic relations were found for 
the ga.ins a.s funct.ions of beam and rf parameters by pole placement. These analytic 
relat.ions will be imbedded in the digital signal processing (DSP) a.lgorit.hms for the 
R.HIC' rf beam control system. The benefit is tha.t the system dyia.mics: ba.ndwidt,h 
and t.racking error, for example. will be independent of beam energy or rf voitage. 

M. Blaskiewicz of Brookhaven presented a description of the rf sFstem FOI the 
L-S National Spallation Neutron Source (NSNS) project. .-\ithough the rf s>-stem 
does not accelerate the beam because the ring in only an accumulator it is a high 
power system because of very high beam loading. -4t 2 x lo1-' protons in the ring 
the rf hearn current will approach SO A, Making the assumption that the cavity will 
be essentially uncompensated because the injection periocl ( ilms) is shorter than 
ferrite response time requires full reactive beam current from the power amplifier. 
The system employs high power tetrodes (600 k W )  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 paxicle 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 2.5%: while using a isolated sinewave for a barrier bucket could give an 
even greater improvement of 3.5intemity will ultimately be limited by space charge 
driven tune spread any improvement in bunching factor will likely translate into 
increased inteiisi ty. 

System stability was analyzed according to the conventional coilsiderations 
used for synchrotron:, even though the NSNS ring will not accelerate. Biaskiewicz 
pointed out that although these consideration are s u E e n t  they may not be nec- 
essary and that further work is called for in analyzing the accuniulator problem. 

R.olanc1 Garoby of' CERiX/PS presented a brief description of a. newly commis- 
sioned diagnostic sys tern a.t the PS that. meastires the phase turn-b\r-t.urn of each 
bunch in the PS. Tlie syst.eni is based on a commercia.1 DSP I3oa.d and commer- 
ci ai  coils t an t.- fra c t i on t.i m i ng cliscrim i nators. Some t y pi cal res 11 1 t.s we re shown that 
showed how the system can reveal coherent. dipole oscillat.ioiis from injection phase 
errors from _,~  one .- ring 'of t.he PS Booster. The main role of the iiew syst.em will be 
in  det.ect.ing and anaJyzing longitudinal coherent. inst.a.bilities i n  the PS. 
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STATE VARIABLE ANALYSIS 
F* OHI./hfl 

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 

N 0 instance). 
cn 

Past 1 
State Variables 

Icommands) 

Inpu/ t- 
I I 

l 
a 

State vector X(t) = minimum set of variables (information on 
the past) sufficient to calculate the future evolution of the 
system when we know for trtothe inputs and its internal 
physical laws 



N 
0 
QI 

U 

State vector X(t) =[xi  (t)ITl<i<n n order of the system 

Input vector U(t) = [uj(t)] ISjsm 

Output vectorii(t) =[Yk (t)] last 

T 

T '  

STATE AND OBSERVATION EQUATIONS 

I X( t) = AX( t) -I- BU( t) state 
Y(t) = CX(t) f DU(t) observation Linear and stationary system: 

For a discrete system: 

I '  
I 

Resolution of the state space equation: 

Look for a linear solution 

State space representation /Transfer function: 

X(t)=AX(t)+BU(t)* sX(S)-X(O)=IZX(S)CBU(S) 
=? 

Y(t) = CX(t) f DU(t) Y(s) = CX(S) f DU(S) 

-~ _ -  
Poles = eigenvalues of A 



N s 

Example 

[s -12) 
11 s+7J s +  2 , (SI -A)-' = . Ws)= 

s(s + 7) + 12 s2 +7s+ 12 

Passage transfer function /state: introduce a new variable 

Y(s) ' Y x, s + 2  
U(s) x, u s2+7st12 
-=--= 

Y =sXI t 2x1 mds*Xl t 7~x1 + 12x1 = U 

or with x, = XI, (successive derivative) 

Y =X, + 2X, and Xz = -7Xz .- 12Xl + U 

Discrete state space representation 

J 

POLE PLACEMENT, LQR 

X = A X + B U  
Y = cx + DU 

System: 

Commandability 

W t O )  ,Xf ? Uti) a to 

rHRk[B AB ,.. A"-IB] =number of commandable states 

ObservabUity 

Y(t) ' X(4d ? to 

rank[CT ATCT .,. ATn-ICT] - how many states we can reconstruct 
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LINEAR QUADRATIC REGULATOR (L.Q.R.) 

Linear system 

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

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

COST 

I U,,, (t) = -LX(t) = -R-'BTPX(t) where P satisfies the algebraic Ricattil 

I 

Choice of Q and R: 

Choose diagonal matrices 

J=--j(YTQ,Y+lJTRU)dl I "  withYmCX 
0 

equation: P A + A ~ P - P B R - ~ B ~ P + Q = O  

Optimal cost J , ,  = X ~ P X ,  

N 

0 
4 

Qy = 

qi and rj represent the relative importance of the variables toward each other 

Yl. 
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 

i 

the bigger a2, the bigger the priority of y2 is compare to 

If R+kR with k z l ,  the command will be less strong, the closed system will 
be slower. 
If Qy+kQY with k>l, closed loop faster, stonger command 

(A,B) has to be commandable 



mrc CASE Discrete systems 

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 speedlamplitude of the command and phase excursion 

Several iterations before finding Q and R 

Just a set of gains could not do it (compromize loop responselstability) 

Solution: 

Uk = -LX, with L= BIP-'Bd + R-' where P satisfies the discrete Ricatti 
equation: 
P=AdTPA, -AdTPBd(BdTPBd t R ) ' B d T P A d  +QA,j 

Example: 

X( t) + 28unf( t) c o*" x(t) = Ku( t) 

A=[ O 2  B=[y], C-K[I 01, D - 0  
-On 
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Final state space representation: 

rank[Bpa A,RB,+,K A,R2B,R]=3-Feedback using pole placement 

kR - (111, + I l l 3  +I213 -Us2) /  bko 
k, = - ( I ,  + I 2  + I 3 ) /  ko 
kj * -(I1 *12 *13)/ (bko) 

Use of the phase integral: k~ + -kR if,use of the radius. Transient 
Simulations: desired poles: -139+ j*l39, -139- j* 139, -28283. 
Reference: 1 mm radius step. 

Vp170 kV, ~ 1 2 . 6  

Response time 40 ms 

V e l 7 0  kV, y=12.6 V p 3 0 0  kV, ~ 1 0 8 . 4  V,p6000kV,~108.4 

Open loop Bode plots 

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

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 loops. 



i 

8 
2 

(II 
Y 

I 
0 
a 

H 
I Q 
i 

p? 

0 



PHASE ERROR FOR A GIVEN FREQUENCY ERROR 

Phase measurements errors 

t ins  tins t ins 

System excited by a white noise (90aamplitude, bandwidth 5000 Hz) 

Noise attenuated by a factor of 40. , 

noise power spectrum phase power spectrum 
400- 0.4- 

O . 2 L  . . 1 
0 

5000 0 5000 

Effects of the tuner on the phase and radial loop. 

Tuner effect = rf phase steps, 

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

Step on the rf phase 
The radius integers the step 3 the phase deviates. 

the feedback tries to bring the phase to zero. 

t 
('pfl -+ R) = bl('p,f + 'p) 

Perturbations due to the tuner can be seen as radius steps. 

a(t) = j'p(u)du = k*R 
0 
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Practical realization 

Use of a VME DSP board 

Store the feedback gains in a table (RAM), as a function of energy 
Access the gain table as a function of the energy 

rtdl Comport 

riigirai inputs (VS8j 

'Pb Gains f ew,  (updated at 78 kHz) 

DfjP Specify for gain table R (RAM) 

O b  .--$ Ferror 11,12,13,14 phasdrad 

Ackermann's formula 
Updated according to the loop 
response needed 

200 sets --+ bZb 

~ Calculate gains calculation 
- 

pq 'psyn- P2 ~1 p1 I I , I P ,  1% 14 synchro 

I I I 
V M E  Bus 

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

Gain table 

Phase and radial loop 

kphase kjphaP: h e l a y  Iradius 

Vp170kV,p12.6 0.0242 IO6 6.249 io6 0.291 0.0208 IO6 
Vp300 kV,y108.4 0.0243 IO6 6.671 IO6 0.291 0.1014 IO6 
Vp6000 kV,p108.4 0:0242 IO6 1.13 IO6 0.290 0.005 io6 

Only kJradius changes during acceleration 

0.0208 IO6 

Range: 0.0017 IO6 to 0.1796 lo6 
200 points: Again=1000 

I mm step: 1' phase jump 5 mm step: 7' phase jump 



Synchronization loop 

108.4 

k@btb k 6  k6h 
Vp170 kV, yi12.6 9.6386 IO3 0.6653 IO3 0.0053 IO3 

Vp170 kVM08.4  9.644610‘ 7.7186 10’ 0.0728 I O 3  
I Ve300 kV.yh12.6 I 9.6386 lo3 I 0.6653 IO3 I 0.0052 IO3 I 
1 V ~ 3 0 0  kV. -108.4 I 9.6447 IO’ I 7.7186 IO’ I 0.0728 IO’ I 

Only k,, and k, change during acceleration 

Range: 
k,, from 0.6653 IO3 to 7.7186 IO3 20 points Again035 
k, from 0.0052 lo’ to 0.0728 IO’ 20 points Again=0.33 

I 

I 

No noticeable effect 





The NSNS rf System 
M.Blaskiewicz, J.M. Brennan, A. Zaltsman 

charge exchange injection for lms then extract in one 
turn 
60 Hz repetition rate 
2 x 1Ol4 1 GeV kinetic energy protons at extraction 
less than uncontrolled losses 
keep peak current small 
Dual Harmonic system: 

N 
N 
W 

E 
5 
2 
0 

Vrf(t) = 40kV sin(wot) + 2OkV sin(2wd) 

-=  zac 1200, &all = 20Q 
n 

IE - Eo1 5 5.6MeV in Linac, 9.4MeV in Ring 

100 I I I I I I 1 I 

T,,, = 841ns, Tchop = 480ns 

-60 ' 1 I I I I I I I 

0 100 200 300 400 600 600 700 800 
time (ns) 

Cavity and Amplifier Design 

h = 1, f = 1.26 h4Hz 
h = 2, f = 2.52 MHz 
f5% variability built in. 

Need 40kV at h = 1 and 20kV a t  h = 2 
Want to retain the option of zero detuning angle wr = wo 
so full beam current must be compensated. 
5 lOkV per gap. Direct coupling to * AGS cavity. 
Beam current 

&( t )  M &(t> (1 + a1 cos(wot) t a 2  c o s ( b o t ) ]  
ul = 1.3, u2 = .l, and &(t) = 40t Amp rns-'. 

ulfmmar = 52 Amps >> ~2&,,,,~ = 4 Amps 

Equivalent .Circuit 

Plate choke Blocking cap 
I f  

Anode Tetrode _---_ 
Rsh :--'I.. /\ la Ib 

PS 

I---- 

Vd 5 
v v  

/- 
\ 
/ 

IP lg 



N 
N 
P 

I,& 

! 
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assume blocking capacitor and plate choke are very large 
gap voltage 

generator current across gap 
V,(t) = K(t) - v, 

I a ( t )  = -fa(t) + [n 

I, = Ia(K,Vd) 
anode current , 

lJ t )  = -Ia(V,(t) t v,, Vd(t)) + I p  

power amplifier supplying n, accelerating gaps in parallel 

03 

K(t) = 1 w(r)(Ib(t r )  I g ( t  - T)/ng)dT 
0 

W ( T )  is the wake potential of the unloaded cavity 

1 
2R 

. W ( 7 )  = - J dwZ(w)e - iwT 

R,h is the shunt impedance per gap of the unloaded 
cavity 
wr is its rcsouaui irequency 
& is the unloaded quality factor. 

Grid drive voltage 

&(t) = p d  3. A& Sin(wt + 4 d )  

Anode Voltage 

Vo(t) = Va t AVa sin(wl) 

AVO = V, for direct coupling Current through tetrode 

la(t) = - af cos(wt) f Iosin(wl) + higher harmonics 

-a1 compensates the beam current 
l o  drives the cavity 
For thew = wp case IO = AVo/R,h 

Y 
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irrelevant compared 

a,P = 52 Amp 

. Take 

Anode Voltage, 6 gaps at h = 1 

ng = 2 f9 = 104 Amp i 

V,(wl)  = 9kV + 7kV sin(wt) 

Grid drive voltage 

%(ut) = -5OOV + 450V cos(wt) - 53V sin(wt) 
N 
N Screen grid voltage = 2kV. 

Load Line for h = 1, TH558 tetrode __ __ ..... - 

............. 

-.-.-.-.-.-.-._._, 
1 - . - . - . - . - . _ . _ . _ . _ . _ .  

........................... ............................ 

Va (kV) 

For V, > 2kV 

Va/lOOO 4- (0.132 f 0.002)Vd = constant 

So Z, = Ia(K + 132%) 

in region of interest -t 1 dimensional interpolation 

< ZaVa >= 585 kW 5 6OOkWmanufacturers spec 

How far can we push it? 
For h = 2 two gaps, one tetrode, 2OkV/gap, N lOOkW 

Anode Current and its Fourier Reconstruction, h = 1 

a 1 I I I I I 

50 100 150 200 250 300 350 
-50 I 

0 rf phase (deg) 



N 
N 
0-l 

Dynamic tuning of the cavity resonant frequency 
steady state first 

gap volts vg(t) = exp(ihrJ0t) 

beam current 

generator current 

Ib(t) = i b  exp(ihw,-,t) 

~ ~ ( t )  = ig exp(ihw0t) 

$ = z c (  f b  f fg) 

relative phase of 8 and i b  is M go", (Rwal/) 

tune the cavity resonant frequency by biasing the ferrite, 
for minimum current 

IB = &/&h 

Where R S h  - lOkQ 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 = IbRt/G ,S 3 
Rt = effective resistance of cavity and tetrode in parallel. 

7 

I 

Calculating Rt 

sv, =sv, 

where 

I ! 
I 
I 
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Using c Y,  >t= 1/3750 and 2 gaps per tetrode Rt R 
7500 

Y = 5.6 without rf feedback 

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

0.01 l l  

0.008 

0.006 

0.004 

0.002 

0 

Barrier cavity upgrade 
Use same tetrodes, but drive with a pulse 
reduce gap capacitance 
fr = 2.33MHz > 2fo for no debunching 
< IoV, >= 1.8MW over one611 
< Io& >= 220kW over many cycles 

15 

10 

5 

0 
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-1 0 

-1 5 

I I 

I 1 I I I 
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5.1 Sciislllvily 

Tlie b l ~ ~ l c  blciisurcmcni Sysien nitis1 he ii highly rciisilivr 1001 iii orclcr lo pin.puinl 
llie hinli and duration ul'beaiii instiibiliiics. Yroiif n i  1116 scii~ilivily can be seen ill I'igura 33. 

I 
All Bunches I 

.-I 
215 215.2 215.1 215.0 215.8 210 

ma 

Piguru 33 Briilciicc iliiii buticlics ore nrclllnaliig 81 I ,  prnvcs Iilgli rcnsilivily 

This 11101 \vas I;ikrn iil C215 jiisl l r r o r c  injeclion. Given lhnl the s i l ld l  nlllplilude 
syiiclirolroii frequency ', f,. is approxiinaluly I .6 kHz 011 iliis beniii nl iiijccliuii energy. lliu 
graph should Iw able In conlinn this sUleincnI. 

Closer inspection rcvcals lhat 11ic period of llic signal iii P i y r e  33 is opproxiniatcly 
600 p. tlie freqiieiicy is ilius ngi\'cii by 

\Vi l l i  tlic kiiowledgc 11iii1 syiiclirotroii oscillaliunt ci i i i  siiccesfitllg be observed, il i s  
lriic III siiy iliat ilia sysietn sensitivity is of n high (pinlily. 

1 -  

'llic results of beiiiii iiislnbilily analysis w r c  lliv key tu cuiiirlctiiiii of llic lrrojrcl 
specifieitlion. If kblierent longittillinn1 dipolar iiistabi1ilir.q could bc itlcnliliecl tl~cn 1W 
slicciulists would he alilc IO Ccncr isolate tlic sotirce(s) of iiiipcdaiicc dtiviii? lhc iiisliibilily. 

' 

Tlic first slaga iii lliis proccss - idciililicnlinii of llic birth niiil iinlitw iir iiii iiislobilily . 
wiis siiccesafiilly coinplcccd duriiq [lie &ID sessinn.. 

'ria user lhcn sclcc~ed II iiew scssion following ~ l i c  progress uf IWO clioscii hunches, 
niid zooniina on ilie rrnion of iiisliihilily by sdwtiuii of new Start, Sup iiid Skli settiiigs (see 
l igi irc 361. 

2 Bunches I 

365 375 305 395 405 115 425 
rns 

Iu 
N 
W 

Plguic 36 'llic cficci on IWO buiiclics cluu IU ii growing inriabilily 

And iiispecling tlic dlffrrence iii pliase bslwecn 111c IIVO hunclics (see Hgiire 37) 

2 Bunches 

Pigiirc 37 Dlffcniicc iii plinsc t i l  llic Itvci htinclics during inriebilily grmvlh 

I'ipurcc 35 In 37 cbr ly  identify n growinR inslahilily. The peak-to+cak iihingiiilucle is 
IIK~WLVII 180 ;iiiil 20.5 ns which. with un RP period of I IO 11s. corrcspoiids in tlc;lrly 25 %I of 
one HP Ium. The lonpiludinal inoveiiunl of  lhc hiindies is tlarcfurr? qiiilc Inrge. Tl ic ~iliasc 
diffcrcnce hetivccii twii clioscn biiiiclia is also quitc Iiirgc. In tlic ide;il c i w  cvlrrc 110 
iiirlnbililicr nre present. nll biiiichcs slioiild reiikdii liwd 01 ilio syiiclircriiotis 1iniiii willi a single 
plinsc. ip,, llic syiiclirniious plinsc. 

liicrcnsiiig the blowup nnd licncc tlic longitudinal miittiiiiee 111e sittintion wns restored 
tu thur ulFigum 34, sliihlc b u m .  
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