Y
J
E
g

Mo

Booster Design Manual

Published — October 1986
Revision 1 — October 1988

AGS Booster Project”
Accelerator Development Department
Brookhaven National Laboratory
Upton, NY

*Supported by the U S. Department of Energy



Preface .......... teveeseennesensreeersesisrersnsestanssnesnanans crsesssesesanerens ceenenes 1X
Chapter 1. BOOSTER PARAMETER LIST ............... ceeressscssssnassasesnessasssensene .11
(Y Y Lee, R. Thomas)
1.1. Introduction and Booster Parameter Summary ...... cesecensresesnsossasnas L1-1
1.2. Beam and Operational Parameters ....ccceeeeveeececccscccnneccccacanes 1-7
1.3. Lattice Parameters teresssersasusessesssorsssnsssssorsssssssones . 1-9
1.4. Magnets and Power Supplies ceresesanesnes ceess 1-10
1.4.1. Ring Dipole Magnets and Power Supph& ........................... 1-10
1.4.2. Ring Quadrupole Magnets ......cccieecccneeccrnnscsccssssccnsecscens 1-11
1.4.3. Ring Sextupole Magnets ...ccccceeeervvereccccnscncneccencncacnses cessesaveres 1-12
1.4.4. Correction and Trim Magnets ........... ceeeresssscsssssnsasessansnssasene 1-12
1.4.5. Injection Magnets .....ccccceeeereernmecsessnscaneossssssssssscsssnnsesssssanes 1-13
1.4.6. Ejection Magnets .ccccccecrcrcieeercevnensnierenessnnasscsssessorcssssensasens 1-15
1.4.7 Magnet TOIErances .....ccecccreeccrnmnessercesesescncassscssscassssenceesesens 1-17
1.5. Ring Vacuum System .ceccccccveeerremenecsiccncccscsenes eeereesasssestsnsansensannsenss 1-18
1.6. Radio Frequency Acceleration System ...ececviecccvcennncecriiiraneneeeennennes 1-20
1.7 Booster Injection SYSLEIM  .cccccceeerrrnrmsrssrecssrencsssssnneessssssoscsssassescescannas 1-22
1.8. Booster Ejection SYSIEIM  ..ccccceeresrsnenercressaneacssasosnenecccnssnccsassssssesesssses 1-24
Chapter 2. THE BOOSTER LATTICE AND BEAM DYNAMICS .............. 2-1
(A. Ruggiero)
2.1. Introduction ....ccccceccrenesecnncneennens reeereseestnarancennnresssssasssasasasesnsssnnnnas 2-1
2.2. The BoOSter LattiCe ....ceceeecececccssseccssreoscssreeesessesssessssssasasesensasssansence w21
2.2.1. Natural ChromatiCity ....cccecccecsseremsorecrenssreseasossrscsnnssossesasenes 2-6
2.2.2. Eddy Current and Saturation Effects ...eeeerieieecenemnnnccaneanaeaee. 2-6
2.2.3. Correction SeXtUPOleS .ccccccrerrercersccsissereenreeeensacenaecaneeeasonanens 2-7
2.2.4. Chromaticity COrreCtION .cccecerececemsscsiserersenssassssensesenensesensesses 2- 8
2.2.5. Dynamic APEItUre ..ccccceeevrseccrereesssnrecssssnnsenecssssnsanssensesses e 2-11
2.2.6. Correction Coil on Vacuum Chamber ..cccoovrerreeenneciiiiieeanees 2-12
92.3. Closed Orbit in the AGS BOOSter ..ccicirimmeimeiinirerneiencreennseeecsesnencccan 2-14
2.4, Stopband COITECLION  .icvvccererssrrerrnreresssnesssnecssnsesscsssnnssencensnsssssssasess 2-14
2.4.1. Half-Integer Stopband Correctxon ........................................ 2-14
2.4.2. Third-Order Resonance COIrection ...ccceceeeeceecersesecrecsussosnsens 2-18
2.4.3. Skew Quadrupole COrrectors .cccccceseeercenrerermenncnccenectcsacsscenencs 2-20
2.5. Space-Charge Limit 1n the AGS BoOSter ..occcciiecceiiivsnenenncnsincnccnnnne 2-23
2.6. Longitudinal Motion ........... teresssssnsenteeesesnsanastsenssstsesnterasessrttesarsrnenne 2-25
2.6.1. RF CapUre .cccccccsrccsssessssranesssanesssnessssssnaasesssnssssssssssssssasnsens 2-25
2.6.2. Beam Loading Compensation .....c.ccceeeerenecssnnenesesacsenecssaonnes 2-30
2.6.3. Robinson Instability .ccccvceecroriimrninmemnniciieinintnennnereneeateeneaeees 2-31

TABLE OF CONTENTS




Design Manual Page v

2.7 Coherent Instabilities and Damping ..ccceecccviiiiinnennecccccssrennneceneecenees 2-31
2.7.1. Transverse Single Bunch .ccceeerrmiriiiiiiinrrecciiicneccenenceceeeennns 2-31
2.7.2. Longitudinal Single Bunch  cooceriieiiiiiiiiccirinaecieneeccccennennene. 2-32
2.7.3. Coupled Bunch Instabilities ...cccocveiiiiininiiinnnniicccranenncenencnncens 2-37
2.7 4. DAImMPINE  ccereeereierenacnccctscomcecasasscocssssssessessssssssssnnsssnsssesssssssssnes 2-37

2.8. Impedance of Beam Components ......ccccceeee. coressesessrsses . 2-38
2.8.1. Space CRArge .ccccccermimmeeeenrctemseeiecosssonerenessessessessssessssssonss 2-38
2.8.2. Vacuum Chamber ReSISLIVILY  ceeeieeecereenrerrerecerenceneeceeeecevenness 2= 2-38
2.8.3. Pick-Up Electrodes ...cococvveereeeneeeeeeeicsieisssssssensssssnscsssssssnens 2-40
2.8.4. BellOWS  .ocrerreeerieeenecrctcssiannteennrsssssssssossssssscscssssennesesessessasssnsans 2-40
2.8.5. Vacuum Chamber Steps ..ececcccrecemmierircceicrcneennneecescesssescessene 2-42
2.8.6. RF Cavities .. cereesesessteesttntesesasasnessarsssasans 2-42
2.8.7 Other Beam Components .............................. 2-42
2.8.8. Transverse Coupling Impedance .....cocccevvceccrnrcccriecnannn . 2-42

2.9. Magnet Alignment .....cccccceervevenennee. ceessssesssneasensanan veersnsessnssens 2-44
2.9.1. Main Ring Magnet Coordmates ........................................... 2-44
2.9.2. Coordinates of Beam Components ......cccccceecceemeeceneneecenccenes 2-45
2.9.3. Alignment Algorithm  .ccccveevviccrrnveennennee cessesesereenane 2-52
2.9.4. Alignment Tolerances ............ . 2-52

Chapter 3. MAGNETS AND POWER SUPPLY SYSTEM .....ccccrvreeveerececeene 31
(R. Damm, G. Danby, A. Soukas)

3.1. Main Ring Magnets ...cccccccociicicrninnnnnncerecsesisnsnimsssssssosssssnsssssssesssanane 31
3.1.1. Dipole Design — H Magnet with One Piece Lamination - ..... 3- 1
3.1.2. Quadrupole Magnet DeSiZn  .ccccuiriueeiiinnsinnteecncenrencnceseennns 3o
3.1.3. Correct1on Package .cccccccceirceireenrenetenreccscnsensenansnscessassessseseses 37

3.2. Booster POWer SUPDIES  ceceeceeeeremmeeciececenccrermeeescneesneescesansesesssasoncessons 3-11
3.2.1. Main Ring Power Supplies  .ccccceicemmmrcrreeeeecceecnenncececreencnene 3-11

Chapter 4. BOOSTER INJECTION LINES ........crrrcccccacenn. .- 41

4.1. Proton Injection LINe eeeeirrrreicrrreererereeneccsssseesesenssannnnsessssansnsnsane 4-1

(R. Gupta)
4.1.1. Proton Injection Line Components ......cccccevevemeeeneeneenecrrneecees 4-1
4.1.2. High-Intensity Unpolarized Proton Beam Injection ............. 4-6
4.1.3. Polarized Proton Injection ......ccccececeeercrcccecnacnecnencennseccsrcsnes 4-6
4.1.4. BOOSLEr ADPEILUTIE  cececerirecreeerecnecsencereececccssssasveseansessessrassressanes 4-10
4.1.5. Injection Power Supplies ..cccieceeecirmmitnieneecneceecnneneesceenennnenens 4-11
4.2. Heavy Ion Transfer and Injection Line .cc.ceeerrvieveerenecrreneeennenncernennens 4-14
(T Robinson)
4.2.1. Heavy Ion Intensity in the Booster .....cccceiciicccecnencennncnennens 4-17
Page Rev. 1 January 4, 1989



Design Manual Page v
Chapter 5. EJECTION LINE AND TRANSFER LINE TO AGS ......... cevenes 5= 1
(S.Y Lee, Y Y Lee)

5.1. Beam Transfer t0 AGS ..cocreeeceerececereestensnessssssssssssesssssnsnssssnssssase 5-1
5.2. Beam BUIPS  ccocvrcrcininnitisiecccannsnnecessasssssstissssssssssssssssessossssnsasnnce 51
5.3. Focusing at the StriPPer eeecieieevivssiiscennicrennnenniitcscncnssersonsesnens venees D= 4
5.4. Beam Transport .ccccoeccvceeiceciiicsssnenisenserenesssemssssssssesnseesessessssssans 5 4
5.5. AGS Injection COMPONENLS .eeeeeererrmrenrensonmeescoscersasicassosessssscassessoss e O 6
5.6. Booster Extraction Power SUpplies  .cccccvereceimineereerenenccerecncesssccesenes 57

5.6.1. EXtractiOn  .cccccceiciiecmiieccnioscesreonccscsssnssssssersssassasssasssssssasses cees = 7

5.6.2. Beam TTanSPOIt  ciccecicececerccreercnncseeeconsssnssnsssascensnssssssscssnsenne w59

5.6.3. AGS INJECLION  cecieeeieercrecnnceeneeenrenncasnssccasressnascansssssssssnssnseons 5-10
Chapter 8. VACUUM SYSTEM ...iiiincnnicsennnesinntisessssssessassssssssssssasssases 6-1

. (H. Hseuh)

B.1. INtrOdUCLION  ceeeeeeeemereiiiarirscsisssesocessecosssassesrosssssasssnsssassosassessasersssaseses 6-1

6.2. Vacuum ReqQUIremMEent .icccciiiiiriiieeeiiecisnninnsiisrssesnsesssssnsssccsssssasssssssososs 6-1

6.3. Vacuum SpecificatiOn  .iecccvevivseeuiieciiiiierieceeenscsnsescensncecesessssssassosses 6- 2

6.3.1. Vacuum Chamber and Half-Cell ...cccoiviiiiviiivirienireciiiannneen. 6- 2

6.3.2. Pressure Distribution ..ccccivieeiieiemeeeniiicnrccneesecennenccennnssaacsaenes 6- 2

6.3.3. Vacuum Parameters .....c.cccccccicievemsecicnssneccnseccecscsssssocssacnns 6- 7

6.4. UHV Pump Body and Vacuum Pumps ..cceeeveeiiriniiivicnveeniicnnecassonnse 6-7

6.5. Injection and EXtraction LiDeS .uceeiciirrinccinniieniicniocceiecerscsersnecsncees 6-9

6.6. Vacuum Instrumentation and Control ....cccccceceerccsccrsenerennceseesoeosenes 6- 9

6.7 Summary of Vacuum EqQUIPMENt ..eeeerirviciiiiiiniiiiiinnneicssecncssnnocsanes 6-12
Chapter 7 RF SYSTEM ...ciiiiiiiininrriiiecncteiseiioscsmesisinisssessscssssessosssssssssesssssassons 7-1

(R. Sanders, A. McNerney)

7.1, INLTOQUCLION cecviiisiciiiinnceinscsssennsnnssssssssssscsesesssscosersnenssnnsnssesnessnane 71

7.2. RF System DesSIZN  iceuiinriiiiinieiicniiniectnisnssssnenessssescrnenscenssenssssescasses 7-1

7.2.1. System ConfiIguration ...cccccveeeeeececereenneneereeeeeeceeseesssesanesessesnce 7-1

7.2.2. Cavity DeSIZN  ceeeerererceciieiirecreereenceseronsssrasresesssscssonsessessessnee . 7-2

7.2.3. Beam LOAAINE  cocrcrcercrrieirniieiieenrerenrecenenssserssreeresssnsnsssnssnressnes 7- 6

7.2.4. RF AMPIEErS coeecrieerirericecccreecrnecereecenneeeceetereessessssssesenssessnnns 7-6

7.2.5. RF Voltage Cycle .cciiiireiiiiireeciieeeecteceneeniccecrennscsnnsasscssascnnes 7-7

7.3. RF System SpecificatiOns ..cccccceceecemeeccmueenieenecresssrsrssesceresensasnsncsssnnens 77

7 4. Control LOOPS  ceeccccrcercirresricrciccceeneenreomnnessrecnnsnnsesmsssnssssssosssannsasessnsess 79

7.5. Low Level RF System  coviiiiiiiiectierecencercncennrncccerreassmncsasensssoscennses 79
Chapter 8. BEAM INSTRUMENTATION ... ieeireercescrensencsnscsenassenssases 81

(R. Witkover)

8.1. Beam Instrumentation .icc.ccccceeceemcrrssnmesccsstsesesissnsnncsoscsssasesssasssnsnee 81

8.1.1. Booster RIDE  .eveiereiririineiinninnrirronenesesssssessssossssossessessasessessancs 81

8.1.2. Injection Lines .ccccriiiiriiriiiriceccniienenicnincncsseseensessssnsosesennane 86
Page Rev. 1 January 4, 1989



e e e e’ e e e Sue?® e

ai”

Design Manual Page v
8.1.3. Ejection LiNe ittt ceen st sse e sssannanees 87
Chapter 9. CONTROL SYSTEM ...inririccricsscseiissssssnssssssasssesssssssessasssasssase 9-1
(B. Culunck, R. Frankel) ,
9.1. Control System Central Facilities ..c.ccocvvvmecvererenenerennceneeecereennnnne. g9-1
9.1.1. TIMINE ceecrmverercrverccnnccsencens ceeetserressrsnsesssssasasanane 9-1
9.1.2. Analog Signal Distribution ......... cesesssssssessssssnssessaserne 9-7
9.1.3. Consoles ...cceceeeens . cessesenstsnassnnnennesssensnannsnans g9-9
9.1.4. Network Hardware ...c.cccccccicceccccccccscencerecnecnnnences . . 9-11
9.1.5. Booster Safety and SeCUILY  .cccccccrccccerercsceseneessesesessessssnnssnece g9-11
9.2. Booster Control SOftWAre .....cccceeeeeeeeesenecercasnssnsescsnsansessssesssosesssssssas 9-13
9.2.1. User Interface .cccoreecceerecnecncnnens . .. 9-13
9.2.2. Booster Alarms censvesense teetsassessrrestaseasesstsasssesesenes 9-15
9.2.3. Archiving of Booster DeviCes ......ccoceeererccrcsenssnrscssccssssssesecene 9-17
9.2.4. Accelerator Programs ........... g-18
9.2.5. Programs for Maintenance and Test ....ccoecerrvrecrerensrrccsccnnees 9-19
0.2.6. Accelerator Database ....ccccccccicceniecniceciiniencencicsesesssesasssasassse 9-20
0.3. System ENZINEETINE .ccccerverermemmeenrnresserericsseenssesessesecssssssassassessassossss 9-22
9.3.1. Booster Controls System Architecture ...... 9-22
0.3.2. System INtegration ....cccccceeeesesserscoscececcaseosances ceessenscansenns 9-24
9.3.3. Hardware Documentation .....ccccccecieeccencoccevensecesanssocsssssencnees 9-24
9.3.4. Software Documentation ....ccccceccccecsecsssessissncessnsencesansessssssnes 9-25
9.3.5. Maintenance and Test Procedures ....cccccerverenenccernnseesrrcrcannes 9-25
9.4. Accelerator Control Hardware (Device Controllers) ......cccoceeeernnenennne 9-25
9.4.1. Power Supply Controllers ....c.ccccciiiremeensencrnnnncecsianenescssesennees 9-25
9.4.2. Booster Vacuum SYStem ..cccccccccrcciccencceenccsscnsmsnsescssossssssssssene 9-28
9.4.3. Booster RF Controls ...c.cccicccccccricrsccsnseeersersnicssecccsssncssossassses 9-33
0.4.4. Booster Facllitles ..cceceeerereeeceieeiiieeecreasencncscnsessncsesseessssaassonenes 9-35
9.4.5. Instrumentation INterfaces ...cccccccccevecemmcsecrneicriscecnnnsennonaeees 9-35
Chapter 10. ACCELERATOR CYCLES ......cccccriiimmmmenrmmemmencssassesssrssssssessssssses 10- 1
(R. Thomas)
10.1. Acceleration Cycle for Proton Operation ....c.cccecececriesssecenncsccnnsenss 10-1
10.1.1. Assumptions about the Proton Cycle ..errivciinciiceicerennne 10- 1
10.1.2. Other Cycle Parameters .....cccccccccceececccveneneeescccssssssensessanses 10- 7
10.1.3. Time Available for Proton Acceleration .......ccccccrreccrceenene. 10- 7
10.2. Acceleration Cycle for Heavy Ion Operation ....ccceveccrccvecnvecnnnnces 10- 8
Chapter 11. BOOSTER OPERATION FOR RHIC .......viviiiriiiecnierniceenanens 11-1
(M. Rhoades-Brown)
11.1. Heavy Ion Particle Intensities 1n the Collider ..... 11-1
11.2. h=3 Mode 1n the Booster tereereseenraraearansssssmnsassnsatsestesannarenaasane 11-1
11.3. h==1 Mode 1n the BOOStEr ...cccccciererirreccemeeeccsccsereccsscseoseessacssenseonse 11- 3
Page Rev. 1 January 4, 1989



Design Manual Page vis

11.3.1. RF System and Acceleration Cycle for Heavy Ions .......... 11- 3

11.4. Possible Alternatives to the Pure h=1 Mode ....cccccvmriirrviricsacnnens 11- 3
Appendix A. BOOSTER LATTICE RUN AND PLOT ......uiirnnnnenecccsenene A-1
Appendix B. LTB OPTICAL RUN AND PLOT ............... reeesenssesnssasssrisssenesse B-1
Appendix C. HTB OPTICAL RUN AND PLOT . . . C-1
Appendix D. BTA OPTICAL RUN AND PLOT .....evveeerenisnececssossaseseses D-1
Appendix E. STRAIGHT SECTIONS .. cetossssessessastsssastsssisesassssetsttessenssnanes E-1
Appendix F BOOSTER TECHNICAL NOTES .....rereeecrerenaneecasessccacans F-1

Page Rev. 1 January 4, 1989



Design Manual Page 1z

PREFACE

To meet the need of new physics research, there are three major objectives for the
AGS Booster Project.

The first objective 15 to increase the proton intensity in the AGS by a factor of four

(to 6 X 10*° ppp). This can be achieved by increasing the proton energy from 200 MeV
to 1.5 GeV 1n the Booster and injecting the protons into the AGS four times per AGS
pulse. Thus, a fast-cycling magnet gwiding and focusing system (and its corresponding
power supply system) has to be constructed, and a radio frequency acceleration and con-
trol system under heavy beam loading is required.

The second objective 1s to increase the AGS polarized proton intensity by a ,actor of

twenty (to 10’ ppp). This objective can be achieved by accumulating 20 to 25 pulses of
polarized protons from the linac while the AGS 1s 1n the acceleration and extraction por-
tion of its cycle. Therefore, good field quality and mimmal depolarization resonances
have to be achieved in the Booster

The third objective 1s to accelerate heavy ions up to gold in the Booster for AGS and
eventually for RHIC This objective requires the Booster to accept heavy ions at one-
third of the proton injection field and to avoid electron stripping or capture for all
species. Therefore, a high vacuum (three orders of magmtude better than required for
normal proton operation) is needed. Furthermore, additional radio frequency systems to
accelerate heavy ions at lower frequency are required. Extension of the sensitivity and
lineanty of all instrumentation to lower frequency and to three orders of magnitude
lower intensity has to be accomplished.

The Booster 1s a circular accelerator W1th a cxrcumference of about 200 meters, one-
fourth that of the AGS, and 1s located at the north corner of the intersection between
the AGS and the 200 MeV linac (see figure on following page). When completed, the
Booster will recerve proton beams from the 200 MeV linac and heavy 1on beams from the
existing Tandem Van de Graaf, and will provide higher energy beams for the AGS
through a common extraction port and beam transfer line.

The design manual of the AGS Booster 1s a compilation of required specifications,
characteristics and locations of the components necessary to build the machine. As such,
1ts purpose 1s to bridge the transition from the conceptual design to the engineering and
fabrication of the accelerator and to reflect design changes necessitated by future con-
struction progress.

This manual reflects the contributions from Booster staff and manv members of the
AD and AGS Departments. Names of coordinators of each chapter or section are listed
at the end of a particular chapter or section. The editorial staff 1s the Parameter

Page Rev. 1 January 4, 1989
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Commuttee of the Booster Project; Y Y Lee, Chairman, G. Danby, F Dell, S. Y Lee, E.
Raka, A. Ruggiero, A. Soukas, and R. Thomas, secretary

The revision of the design manual 1s the responsibility of the project manager All
suggested changes, errors or omissions should be brought to his attention. After review,
the actual changes will be made by authorized personnel and the new sheets will be
1ssued to all holders of numbered manuals which will be assembled 1n ring binders.

The manual itself 1s structured for easy changes. Such changes will result from the
on-going design process as mentioned above or may be simply due to the correction of
errors. Missing entries mean that these values have not been calculated or verified at the
date of printing. In order to avoid confusion caused by outdated information, each page
of the manual 1s coded as follows:

1) Page Revision ,
This number will be changed sequentially each time a change 1s made to the con-
tents of a page. If a change requires the number of pages to be increased, then all
succeeding pages in that chapter are revised and/or renumbered.

2) Date
This shows the date on which the page was printed.

In conjunction with the Booster Design Manual, which specifies the design of the
technical components, there are two related documents. The Booster Management Plan
provides the baseline and controls which BNL and the Department of Energy will follow
to meet the technical, cost, and schedule goals. The Preliminary Safety Analysis Report
describes the conventional facilities and analyzes the safety issues in the radiation, fire,
electrical, and personnel protection areas both during the construction period and in

future operation.

W T Weng

Page Rev. 1 January 4, 1989
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CHAPTER 1. BOOSTER PARAMETER LIST

1.1. Introduction and Booster Parameter Summary

The goal of the AGS Booster Project i1s to enchance the capability of the AGS for
basic research 1n high energy and nuclear physics. At present, the AGS 1s a proton syn-
chrotron capable of accelerating protons to 30 GeV with intensities 1n excess of 1.5 X
10" protons per pulse (ppp).- In addition to proton acceleration the AGS has also
accelerated polarized protons with intensities of approximately 5 X 101° polarized pro-
tons per pulse. The newly completed heavy ion transfer line, interconnecting the AGS
with the Tandem Van de Graff, provides the AGS with the capability of accelerating
heavy 1ons up to mass number 32 (sulfur).

The Booster, by increasing the injection energy of the AGS, will:

e Increase proton intensity in the AGS by a factor of 4 (to 6 X 10'3 ppp) to satisfy
the demand for beam delivery for rare K decay, neutrino scattering, and other

approved or planned experiments.

e Increase polarnized proton intensity in the AGS by a factor of 20 (to 10'? ppp) for
multi-target operation. ‘

e  Accelerate heavy i1ons 1in the AGS with mass numbers up to 200 (gold) and beyond
for the AGS physics program and eventually for injection to the proposed Relativis-
tic Heavy Ion Collider (RHIC).

The scope of this project consists of the construction of a rapid cycling synchrotron
linking the Linac and the AGS capable of accelerating protons to 1.5 GeV at a 7.5 Hz
frequency and heavy ions to 2 maximum field of 1.2743 T at a ~1 Hz frequency

The cost to complete the project is estimated to be 31.7 M$ including contingency
(in actual year dollars). The project 1s to be completed 1n the second quarter of FY
1991.

As presently designed, the Booster will have: A circumference equal to one quarter
that of AGS, with six 1dentical superperiods. It will have a FODO lattice with bending
magnets missing in some cells 1n order to accommodate the space needed for RF accelera-
tion, 1njection, ejection and abort system without otherwise interrupting the periodicity
The dipoles of the proposed lattice have an aperture of 152 X 70 mm and an injection
field of about 1.6 kG (0.5 kG for heavy 10ns).

In total, the Booster will have 36 dipoles, each of 2.4 meter magnetic length, and 48
quadrupoles, each with a magnetic length of 0.50375 meters. A ‘‘separated function’
structure with quadrupoles and zero-gradient dipoles has been chosen. Furthermore, for
maximum tuning versatility the dipoles and the quadrupoles will be independently
powered.

Page Rev. 1 Janvary §, 1989
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This chapter describes the parameter list of the AGS-Booster and the associated
proton njection, heavy 1on injection, and ejection lines. The revised design provides 48
chromaticity-correction sextupoles — one next to every quadrupole. The maximum
eddy-current sextupoles strengths are taken to be 0.2 T/m? A schematic layout of the
Booster lattice and its superperiods can be found in Chapter 2. (See Figure 2-2.) The
present values of the Booster parameters are tabulated below (Note that the values
listed are for use 1n design and in theoretical calculations.)

Page Rev. 1 January §, 1989
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BOOSTER PARAMETER SUMMARY

type of machine

beam energy, max
P d C S

1.50 1.93 11.60 30.95 53.81
0.854 0.588 0.350

1.500 0.963 0.967 0.967

carcumference
magnetic bending radius

straight-sections (12 total)
A3: RF (hvy ion, Band I)
A6: RF (protons)
B3: RF (hvy ion, Band II)
B6: reserved
C3: sector vac. valve
proton/hvy 10n inj. kicker
elec. septum (hvy 10n 1n;.)
C6: vac. sector valve
current xfmr
damping kicker
proton/hvy 1on 1nj. kicker

special sections
Al. vac. sector valve - -

(no pump)
B1. vac. sector valve

(no pump)

bunch spacing, no. of bunches
no. of particles/pulse

C s Cu 1

54 ~15 ~10 ~6.6

transverse emittance, €y, (90% area/)

synchrotron for protons and heavy ions,

polarized proton accumulator tor accelerator

1 Au

74.62 68.95 GeV
GeV/nucleon

201.78 m (1/4 AGS)
13.75099 m

D3: vac. sector valve
profile monitor
dump kicker

D6: upstrm half reserv
absorber block (dwnstrm half)

E3: vac. sector valve
tune kicker

E6: RF (protons)

F3: wall current monitor
vac. sector valve
ejection kicker

F6: ejection septum
(bellows, PUE, sextu-
pole require enlarged
aperture here.)

- B8: hvy 1on 1nj. kicker

C5: stripper foil (protons)
graphite block
C8: proton 1nj. kicker

67.26 m center-to-center 3
protons, 1.5 X 101%
polarized protons, ~ 10!2
Au

~3.2 x10° 10ns’

50 mm-mrad, protons

*These values are based on the assumptions specified in BST/TN 55, “Expected Heavy Ion Intensity

in the Booster, by Y Y Lee.

Page Rev. 1
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bunch size

lattice, total no. of cells
betatron tune, Vo Yy

natural chromaticity

;5’x max, min
By max, min
horizontal dispersion, max, min

magnet type

magnetic field, dipole, ejec.

magnetic radius of curvature

magnetic gradient, quad, ejec.

dipole length (magnetic/physical)

quad length (magnetic/physical)

number of dipole and quadrupole magnets
dipole excitation current, max

quad excitation current, max

vacuum chamber, dimen.

RF harmonic number
RF frequency
P d C S
inj. 2523 0.788 0.562 0.446
ejec. 4.114 3.877 3.884  3.885

acceleration period

Injector system

Page Rev. 1

protons bunched to <1.5 eV-s
heavy ions bunched to 0.05 eV-s/nucleon

"FODO, 8.4075-m cells, 24

4.82, 4.83
£, ==5.093, £ =—5.447

13.865/3.5754 m
13.644/3.7033 m
2.951/0.540 m

|
|
iron-dominated, ‘
water-cooled Cu conductor |
protons, 0.546 T, heavy ions, 1.274 T, max ‘
13.75099 m
Gf: protons, 4.228 T/m o
Gd: protons —4.324 T/m )
2.4/2.34 m, excl. coils |
0.50375/0.472 m, excl. coils

36 dipoles, 48 quads ‘
protons, 2220 A J
heavy ions, 5700 A o
protons, 2220 A
heavy ions, 5500 A
70 X 152 mm, dipoles ?‘
152 mm (circular), quads |

3 ,
)
Cu I Au »
0.349 0265 0213 MHz O

- 3.804 3.522 3.061 MHz

60 ms, protons; 620 ms (max), heavy ions

200 MeV linac, protons )
15 MV Tandem Van de Graaff, heavy ions )

January 4§, 1989
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TABLE 1-1. Isotopes, Charge States, and Ionic Masses.

Q Z A Iome Ionic
Rest Mass Rest Mass
Energy
(u) (GeV /nucleon)

P +1 | 1 1 1.00728 0.93828
d +1 1 2 2.01355 0.93781
C +6 6 12 11.99671 0.93125
S +14 | 16 32 31.96439 0.93047
Cu | +21 | 29 63 62.91808 0.93029
I +29 | 53 | 127 126.88857 0.93068
Au | 433 | 79 | 197 196.94846 0.93126

Page Rev. 1 January 4, 1989
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TABLE 1-2. Injection Energies and Fields

Page 1-6

vfc / P Em, B iny

(MHz) | (GeV/e) | (MeV) | (MeV/nucleon) | (kG)
p 0.5662 | 2.5235 0.6444 200.0 200.000 1.563
d 0.1767 | 0.7878 0.3368 30.0 15.000 0.817
C 0.1262 | 0.5623 1.4211 90.0 7.500 0.575
S 0.1000 | 0.4457 2.9925 150.0 4.688 0.519
Cu | 0.0782 | 0.3485 4.5969 180.0 2.857 0.531
I 0.0595 | 0.2653 7.0489 210.0 1.654 0.590
Au | 0.0478 | 0.2131 8.7805 210.0 1.066 0.645

TABLE 1-3. Ejection Energies and Fields — B__ = 12.74 kG

v/ c S P Ee]e c B erec

(MHz) | (GeV/c) | (GeV) | (GeV/nucleon) | (kG)
p 0.9230 | 4.114 2.251 1.500 1.5000 5.459
d | 08699 | 3877 | 3.308 | 1.927 0.9635 8.024
C 0.8714 | 3.884 19.847 | 11.602 0.9668 8.024
S 0.8716 | 3.885 52.926 | 30.952 0.9672 9.170
Cu | 0.8534 | 3.804 95.932 | 53.810 0.8541 11.081
I 0.7901 | 3.522 152.345 | 74.623 0.5876 12.743
Au | 0.6868 | 3.061 173.358 | 68.950 0.3500 12.743

Page Rev. 1
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1.2. Beam and Operational Parameters
injected particles protons, pblanzed protons,
heavy ions (through gold)
injection momenta
p d C S Cu I Au
0.6444 0.3368 1.4211 2.9925 4.5969 7.0489 8.7805 GeV/c
Bp, at injection
P d C S Cu 1 Au
2.1496 1.1235 0.7901 0.7130 0.7302 0.8108 0.8875 T-m
output momenta
p d C S Cu I Au
2.251 3.308 19.847 52.926 95.932 152.345 173.358 GeV/c
Bp, at ejection
P d C S Cu I Au
7.507 11.034 11.034 12.610 15.238 17.523 17.523 T-m
- output kinetic energy
p d C S Cu I Au
1.500 1.927 11.602 30.952 53.810 74.623 68.950 GeV
1.5000 0.9635 0.9668 0.9672 0.8541 0.5876 0.3500 GeV/nucleon

radio frequency

P d C Cu I Au
1nj. 2.523 0.788 0.562 0.446 0.349 0.265 0.213 MHz
ejec. 4.114 3.877 3.884 3.885 3.804 3.522 3.061 MH:z
bunch spacing, center to center 67.26 m
revolution time
. ) d C Cu I Au
1nj. 1.1888 3.8082 5.3353 6.7307 8.6076 11.3061 14.0791 us
ejec. 0.7292 0.7737 0.7724 0.7723 0.7887 0.8519 0.9800 us

no. of particles/pulse

C S Cu I
54 ~15 ~10

bunches per pulse
acceleration time

Page Rev. 1

~6.6

protons, 1.5 X 103

polarized protons, ~ 102
Au
~3.2

3
60 ms, protons & polarized protons
620 ms (max.) heavy ions

x 10° ions

Janvary 4, 1989
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repetition rate

peak RF voltage

circumference

avg. radius

magnetic bending radius
magnetic field, dipole

p d C
inj. 0.1563 0.0817 0.0575
ejec. 0.5459 0.8024 0.8024

lattice type
superperiodicity

max B

max dispersion

horiz. tune

vert. tune

transition vy

natural chromaticity, honz.
natural chromaticity, vert.
space-charge tune shift

Page Rev. 1

0.9170 1.1081 1.2743 1.2743

Page 1-8

4 pulses/AGS pulse (7.5 Hz), protons
1 pulse/AGS pulse, polarized protons
1 pulse/AGS pulse, heavy ions

90 kV, protons & polarized protons
17 kV, heavy i1ons

201.78 m (1/4 AGS)
32.114 m
13.75099 m

S Cu I Au
0.0519 0.0531 0.0590 0.0645

-3

separated function, FODO
6

139 m

2.95 m

4.82

4.83

4.88

-5.093

—5.447

~0.35 (proton, at injection)

January 4, 1989
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1.3. Lattice Parameters

circumference

Page 1-9

201.78 m (1/4 AGS)

ring ' 6 superperiods, 4 cells/superperiod

cell lattice

B CTSFQF|B CTSDQD |LSCTSFQF |B CTSD QD
B CTSFQF|LSCTSDQD|B CTSFQF |B CTSDQD

B

CT

SF, SD
QF, QD
LS

magnetic rigidity, ejec

magnetic bending radius
lengths:

superperiod

cell

B

CT

SF, SD

QF QD

dipole bend magnets, hornz., 1.2743 T
correction and trim coil assembly
sextupoles

quads

long straight section

7.507 T-m, protons & polanized protons
17.523 T-m (max), heavy ions

13.75099 m

33.63 m

8.4075 m

240 cm (magnetic)
10 cm (magnetic)

10 cm (magnetic)
50.375 cm (magnetic)

Component sequences are listed 1n the beam direction as seen from above.

Lattice Optacs

phase shift per cell, x,y

betatron tune, Ver Vy

tunming range, Ay, Auy
transition

ﬂ max’ ﬂ min

dispersion; max, min
natural chromatieity, §,,§;

Magnet Parameters

dipole field, protons

dipole field, heavy 1ons

quadrupole fields, protons
quadrupole fields, heavy 1ons\h jB.257’
sextupole (zero chromaticity)

Page Rev. 1

72
4.82, 4.83
+ 0.5

4.8812
13.7 m, 3.6 m

27 m,0.5m
—=5.093, —5.447

0.156 T (inj), 0.546 T (ejec)
0.0519 T (in), mn), 1.2743 (ejec, max)
0.126 T/m (in)), 4.23 T/m (ejec)

Januaery 4, 1989
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1.4. Magnets and Power Supplies

Page 1-10

1.4.1. Ring Dipole Magnets and Power Supplies

Page Rev. 1

Parameter
type
number of magnets
bend angle
radius of curvature
sagitta

core length

magnetic length

gap height

pole width

useful aperture

no. pancakes per magnet

no. turns per pancake
injection feld (B)

extraction field (B)
in). transfer function (B,/I)
extr transfer function (Bf/ I f)

injection current (I)

extraction current (/. [)

rms current

conductor dimensions (H X V)
current density (max)

resistance/magnet
resistance, total
inductance/magnet
inductance, total

coil insulation, de volts
pulse repetition frequency
max. |

IR max

LI max

total voltage

peak power

dissipated power

stored energy

correction windings

2250 A

Proton Heavy Ion
curved H
36 +1
10
13.75099 m
5.23 cm

234 m
240 m
8.255 cm
25.4 em
15.2 X 7.0 ecm
4
‘ 4
1.56 kG 0.5 - 0.8 kG

546 kG 12.74 kG
2.436 kG/kA
2.320 kG/kA

640 A ~250 A

5700 A
1700 A 3500 A
24.5 X 50.8 mm
225 A/ cm?

1.5 mf}

65 mfl
3.2 mHy
120 mHy

20 kV
0.5 0.7 Hz
10 kA/s
360V
1200 V
1560 V
8.6 MW
200 kW 800 kW
300 kJ 1800 kJ
PBLW 2 T total
Other 6 T total

-

7.5 Hz
40 kA /s
150V
4800V
4950 V
11 MW
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1.4.2. Ring Quadrupole Magnets

Page Rev. 1

Parameter

type
number of magnets

(H YV, Href ’ Vre! )
core length
magnetic length
pole tip radius
pole width
useful aperture (radius)
no. pancakes per pole
no. turns per pancake
pole-tip gradient (max.)
injection field (B)

extraction field (B)
tny. transfer function (B,/I)
extr transfer function (Bj/ If)

injection current (I‘)
extraction current (I f)

rms current
conductor dimensions (H X V)
current density (max)

resistance/magnet
resistance, total
inductance/magnet
inductance, total

coil 1nsulation, de volts
pulse repetition frequency
max. [

IR max

LI max

total voltage

peak power

dissipated power

stored energy

Page 1-11

Proton Heavy Ion
iron core quads
24,24, 1,1

047 m
0.50 m
8.255 em
12.7 cm
6.6 cm
1
5
12 kG/m
1.0 kG 0.4 kG
3.5 kG 8.3 kG
1.5625 kG/kA

1.512 kG/kA

640 A ~250 A
2240 A 5500 A
1700 A 3500 A

31.7 X 31.7 mm
600 A/cm”
0.90 m{2
32.5 m{}
0.35 mHy
9.0 mHy
20 kV
7.5 Hz 0.5 0.7 Hz
40 kA /s 10 kA/s
75V 180V
360V Vv
435V 270V
0.975 MW 1.48 MW
100 kW 400 kW
23 kJ 135 kJ
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1.4.3. Ring Sextupole Magnets

number of sextupoles
number of families

B

iron length

length, coil end to coil end

aperture
coil package

1.4.4. Correction and Trim Magnets

Deuvice and Strength

48

2

+48.8 T/m? focusing
—8.8 T/m? defocusing
10.0 cm

~20 ecm

165 mm (circular)
250 Amp X 20 Turns

No. of  No. of Power

Units Supplies

1. orbit bump 36 3
2500 X 2 Amp-Turns .

2. dipole chamber eddy 36 0
current correction
10 X 6 A-turns

3. orbit correctors 48 48
20 X 50 A-turns

4. QF trim (tune) 24 1
500 X 1 A-turns

5. QD trim (tune) 24 1
500 X 1 A-turns

6. QF resonance correction 24 4—8
50 X 2 A-turns

7 QD resonance correction 24 4—8
50 X 2 A-turns

8. skew quads 24 8
20X 50 A-turns

9. SF resonance correction 24 4—8
50 X 1 A-turns

10. SD resonance correction 24 4—8

50 X 1 A-turns

Page Rev. 1
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1.4.5. Injection Magnets
H™ Injection Line

Exzternal
Injection Dipoles (Horizontal-Bend)
number

magnetic field
length, magnetic

Injection Steering Magnets
number

magnetic field
length, magnetic
length, physical

Injection Quads

number
magnetic field
length, magnetic

In ring
Injection kicker (fast-bump) magnets
number
type :
field strength
displacement required, max.
bend angle, max.
rise and fall time
pulse length
pulse shape

Injection slow orbit-bump magnets
number

type

Page Rev. 1

Page 1-13

4 main bending dipoles

0974 T
120 m

3 horiz. steering dipoles

4 conventional vert. steering dipoles

1 fast vert. steering dipole (for painting)
200 G-m

13
4 T/m, max
030 m

3; located at C3, C6, and C8
fernte
0.0170, 0.0056, and 0.0175 T-m

0.0508 m

8.153 mrad
50 us

up to 500 us
programmable

3; located at dipoles C4, C8 and D1
back-leg windings on dipoles

January 4, 1989
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Heavy Ion Injection Line (from 69 point to Booster)

Ezternal

Injection Dipoles (Horizontal-Bend)
number main bending dipoles
magnetic field
length, magnetic

Injection Pitching and Steering Magnets
number pitching dipoles
steering dipoles
magnetic field
length, magnetic

Injection Quads
number

magnetic field
length, magnetic

In ring
Injection kicker (fast-bump) magnets
number 3; located at B8, C3, and C6
type
field strength 0.009220, 0.000632, and 0.00590 T-m
rise and fall time < 100 us
pulse length : up to 500 us
pulse shape programmable

Injection slow orbit-bump magnets
number 3; at dipoles B6, C1, and C5
type , back-leg windings on dipoles

Page Rev. 1 January 4, 1989
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1.4.6. Ejection Magnets

Ezternal

Ejection Dipoles (Horizontal-Bend)
number

Ejection Trim Magnets
number
magnetic field

Ejection Quads
number
magnetic strength

length, magnetic
In ring

Ejection kicker magnets
number
type
field strength
magnet gap
eff. length of module
total length of module
bend angle
rise time
pulse length
fall time
voltage
current
flat top uniformity

Ejection septum magnet
number
type
field strength
magnet gap
eff. length of module
total length of module
bend angle, direction
rise time
pulse length
fall time

Page Rev. 1
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5 dipoles

2 vert., 2 honz.
1 kG-m

16

-9 T/m (1), -10 T/m (10),
16 T/m (1), -18 T/m (3)
0.50 m (16), 1.0 m (1)

1, located at F3

3.77 mrad, hvy i1on; 5.03 mrad, protons
110 ns +3%

1, located at F'6

142.80 mrad, honz.

January 4, 1989
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voltage
current
flat top uniformity

Ejection slow orbit-bump magnets
number
type

AGS 1njection magnets
fast kicker
injection septum
slow orbit bump 1
slow orbit bump 2

Page Rev. 1
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4; at dipoles F2, F4, F7, and Al
back-leg windings on dipoles

strength, 2.85 mrad
strength, 109.73 mrad
strength, -4.48%
strength, -5.82%

January 4, 1989
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1.4.7 Magnet Tolerances

Magnet Alignment and Uniformaty Tolerances (rms)

Dipole
Az-rms
pitch
roll
Ay-rms
Ad-rms
A(BL)/BL, rms

Quad

Az-rms

pitch

roll

Ay-rms

A¢-rms
A(B’L)/B’L, rms

Correction and Trim Assembly
Az-rms
Ay-rms
A¢-rms

Beam-position monitor relative to quad

Az-rms
Ay-rms

Page Rev. 1

0.10 mm
0.1 mrad
0.1 mrad
0.10 mm
0.1 mrad

2 X 104

0.10 mm
0.1 mrad
0.1 mrad
0.10 mm
0.2 mrad

2 X 10

0.10 mm
0.10 mm
0.1 mrad

0.1 mm
0.1 mm

Page 1-17
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1.5. Ring Vacuum System

average pressure

vacuum chamber
half-cell length
number
dipole length

number
cross section

material
quadrupole length

number

cross section

matenal

conductance
sextupole length

number

cross section
PUE length

number

cross section

maternal
bellows cross section

number
material
flange conflat type

vacuum pumps
UHV

number
roughing
number

Page Rev. 1

3 X 10! torr (N, equivalent)

42 m

48

curved, 2.4 m
total, 2.8 m

36

honz., 165 mm
vert., 70 mm
wall, 2.0 mm
Inconel 625
550 mm

48

o.d., 152 mm
wall, 1.6 mm
Inconel 625

1.5 X 10° em-I/s
150 mm

42

same as quad
240 mm

48

o.d., 200 mm
1.d., 152 mm
316L stainless steel
o.d., 178 mm
1.d., 152 mm
wall, 0.3 mm
48

Inconel 625
316 LN

|
Page 1-18 S
:
|
\

titanium pump, 1000 /s active gases

ion pump, < 20 I/s inert gases

48 titanium, 48 1on
portable turbo-pump
6
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1.8. Radio Frequency Acceleration System

harmonie
acceleration time

repetition rate

no. of stations

RF Amplitude
Injection
ejection
at max. accel.
Harmonic Number

RF Frequency
injection

ejection

Phase Space Area/A

Intensity
(per bunch)

Total Gap Impedance
(f,, = 4.1 MHz)
Acceleration Time -

Max. Beam Power
Delivered to Beam

Maximum B
B

1}

radio frequency

P d
1nj. 2.523 0.788
ejec. 4.114  3.877

Page Rev. 1

45 kV

33 kV

90 kV
3

2.5 MHz
4.11 MHz
1.5 eV-s

0.5 x 10%3

< 24k

62 ms

140 kW

9.0T/s
1.5T/s

C
0.562
3.884

3

60 ms, protons

~ 620 ms, heavy ions

Page 1-20

4 pulses/AGS pulse (7.5 Hz), protons
1 pulse/AGS pulse, polarized protons
1 pulse/AGS pulse, heavy 1ons

4 total

Band I, 0.1785-0.675 MHz
Band 1I, 0.600-2.5 MHz
Band III, 2.4-4.2 MHz (2 stations)

bT g+l
7.35 kV 0.67 kV
40 kV ? < 17 kV
40 kV <17kV
3 3
2.5 MHz 0.446 MHz
4.11 MHz 3.89 MHz
0.3 eV-s 0.071 eV-s
3 x 101 5% 10°
>665ms <07s
— < 0.5 kW
9.5 T/s < 30T/s
00 T/s 00T/s
S Cu I
0.446 0.349 0.265
3.885 3.804 3.522

Au +33

1.77 kV

< 17kV

<17kV
3

0.213 MHz
3.06 MHz
0.071 eV-s

1.1 X 10°

<0.7s
< 0.5 kW

< 30T/s
00T/s

AAu

MHz
MH:z

0.213
3.061
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valves
sector all metal, 150 mm w/ RF contact
number 6
roughing all metal, 38 mm right angle
number 12
gauges
Bayard-Alpert 1011 — 104 torr
number 48
Convectron 102 to atm |
number 6 |
RGA w/ electron multiplier
number 6
in situ bake 200 C for 40 hrs. |

Page Rev. 1 , Jenuary 4, 1989 L
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revolution time

p d c S Cu I Au
m;.  1.1888 3.8082 5.3353 6.7307 8.6076 11.3061 14.0791 us
ejec. 07292 07737 0.7724 0.7723 0.7887  0.8519  0.9800 s

synchrotron frequency

p d C S Cu I Au
nJ. 5.143 0.537 0.562 0.559 0.349 0.265 0.213 kHz
max. 7.268 1.724 1.788 1.814 1.784 1.661 1.529 kHz
ejec. 1.442 0.428 0.430 0.433 0479 0.616 0.789 kHz

bucket lengths and time between buckets (at ejection)

p d C S Cu I Au
length 126.4 83.1 82.3 82.0 87.3 110.0 147.7 s
separation 116.7 74.8 175.2 1754 175.6 1740 179.0 s

Page Rev. 1 January 4, 1989
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1.7 Booster Injection System

Transfer line from linac (from HEBT MD60 magnet 1n linac to Booster dipole magnet
Cs)

length
magnet sequence See Table 3-1 of Chapter 3.
120-cm dipole parameters

number 4

field 0974 T

bend angle 31.54

length, effective 1.20 m

magnet gap 2.5

current 1000 A
quadrupole parameters

number 13

gradients 06 —16T/m

length, effective 0.30 m

current < 430 A
stripper carbon, 100 200 ug/cm?
vacuum required 10 Torr

Transfer line from Tandem (from 69 -bend point to A3 Booster straight section )

length
magnet sequence See Table 4-5 of Chapter 4.

main bending 'dipole parameters
number

field
bend angles

length, effective
magnet gap
current
resistance

Page Rev. 1 January 4, 1989
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current regulation

%
s
]

quadrupole parameters
number
gradients See Table 4-7 of Chapter 4.
pole-tip diameter
current
resistance

vacuum required 10°° Torr

Heavy-10n mnjection electrostatic septum

number 1at C3
electric field strength 32 kV/cm, max
electrostatic gap
effective length 2.55 m
aperture (good field region) 2X2cm
radius of curvature ‘ 9.65 m
deflection angle 15.04
septum thickness < 0.25 mm — as thin as practical
. motion adjustment 2 1n. at both up and downstream ends
total physical length of module
rise time
pulse length
fall time
voltage

flat top uniformity

Page Rev. 1 January 4, 1989
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1.8. Booster Ejection System

Transfer line to AGS (from Booster F'6 straight section to AGS section L20)

length
magnet sequence See Tables 5-2 and 5-3 of Chapter 5.
dipole parameters
number 5
bend angles 0.03636, 0.2757, 0.2757 rad
0.01194, 0.12187 rad
length, effective 05,24,24 m

0.10258, 1.04740 m
quadrupole parameters

number 15
strengths See Table 5-4 of Chapter 5.
length, effective 0.50 m (16), 1.0 m (1)
pole-tip diameter 4 (6),6.5 (10)
current
resistance

stripper copper, 70 mg/cm?

vacuum required 10 Torr

Page Rev. 1 January 4, 1989
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CHAPTER 2. THE BOOSTER LATTICE AND BEAM DYNAMICS

2.1. Introduction

The booster 1s designed to have a circumference equal to one quarter of that of the
AGS with 24 quadrupole and sextupole periods. There are 24 FODO cells with separate
function magnets orgamzed into six superperiods due to two missing dipoles 1n each
superperiod 1n order to accommodate spaces needed for RF acceleration, injection, ejec-
tion, and abort systems. The overall layout of the booster ring is shown 1n Fig. 2-1,
where the superperiods are designated as A through F The angle o 1s defined to the
angle between East and the center of quadrupole F8.

There are 48 quadrupoles, 48 sextupoles, and 36 dipoles in the booster ring. Each
dipole has a magnetic length of 2.4 m and an aperture of 3.25” X 10” The mjection
field 1s about 1.6 kG for protons and 0.7 kG for gold ions. The field at ejection 1s 12.7
kG for heavy ion operation. The magnetic length of the quadrupole 1s 0.50375 m, and
the pole tip aperture 1s 6.53” X 6.5 These choices are based on the matching of beam
size for booster and AGS operation. The dipoles and quadrupoles will be separately
powered. (See Chapter 3 for details.)

The lattice design issues are discussed 1n the next section, and chromatie, closed-
orbit, and stop-band corrections 1n sections 2.3-2.5. The performance limitations, such
as the space-charge limit and the impedances are discussed 1n sections 2.6-2.9. Magnet
alignment and the magnet coordinates are covered 1n section 2.10.

2.2. The Booster Lattice

The booster lattice 1s a six superperiod machine with four FODO cells in each super-
period. Within the superperiod, there are two missing dipoles at the third and sixth
half-cell locations.

From the betatron motion point of view, the booster has 24 periods. The sys-
tematic half-integer stop band is located at a tune of 12. The chromatic correction sex
tupoles are also orgamzed 1n 24 periods. The third-order systematic resonance is at a
tune of 8. The machine therefore has a wide range of tunability Since there are no
dipoles 1n the third and sixth half-cell locations of each superperiod, the eddy current
and saturation sextupoles due to the acceleration process have a periodiaty of only six.
Systematic third-order resonances are located at tunes of 4 and 6, and a fourth-order
resonance 1s located at 4.5. The fourth-order resonance will be relatively ummportant to
the performance of the machine. Thus the operating tunes are chosen to be v, =4.82 and

uy=4.83 with a tuning range of £ 1 umt.
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Figure 2-1. The layout of the Booster
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The half-cells of the six superperiods are labelled A1-A8, B1-B8, C1-C8, D1-D8, E1-
ES8, and F1-F8. Figure 2-2 shows the schematic layout of a superperiod. There are four
FODO cells 1n each superperiod. The label however 1s associated with the dipole which
lies fully within the half-cell while the name of the quadrupole 1s derived from that of the
dipole which precedes i1t. There are 48 sextupoles in the ring, shown in Fig. 2-2, each 10
cm long. Sextupoles, the correction package, and the beam position monitors are located
in the 1 meter free space available between the dipole and the quadrupole which follows
it.

TABLE 2-1 Lattice parameters.

Lattice Parameters
circumference 201.78 m
v, 4.82
v, 4.83
Quadrupoles QF 0.281199 m! 0.50375 m
QD 0.289866 m!  0.50375 m
Dipoles 27/36 rad 24m
bending radius p 13.75099 m
transition energy Y, 4.88
tuning range +1
phase advance/cell 72
max. betatron func. B, 13.87 m
/6y 13.64 m
Xp 2.95m
natural chromatieity  § -5.093
Ey —5.447

Figure 2-3 shows the betatron amplitude and dispersion function for the booster lat-
tice. The available vacuum chamber size 1s 2.60” X 6.33” Thus the vertical admittance
1s 827 mm-mrad. The horizontal admittance 1s considerably larger '

Because the half-integer stop band 1s far away from the operational tune, the beta-
tron function varation is very small. We obtain AZ/f = 0.014 at Ap/p = 0.5%.
Because of the low energy injection of the 200 MeV proton, considerable space-charge
tune shift 1s expected. The half-integer stop band correction at v==4.5 due to the ran-
dom quadrupole error, and the random third-order correction are discussed in later sec-
tions.
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The sensitivity of the particle motion to the error of the magnetic alignment can be
expressed 1n the closed-orbit error and the half-integer stop band. The booster 1s a small
accelerator in comparison with the AGS and RHIC and 1s less sensitive to errors. The
expectation values of the closed orbit distortion can be expressed as,

'ax'y =17.5 O’Ax' Ay
o, (m) = 3.7 o,

o, (m) = 2.7 g, (rad)

where o, oy’ FaB/B’ and o,, are the quadrupole misalignment, the dipole field, and the
dipole rotation errors (rms), respectively The half-integer stop-band width 1s

v =37 UAG/G

where 0, /G 1S the quadrupole gradient rms error.

2.2.1. Natural Chromaticity

The natural chromaticities of the booster at the selected operating point of
 =4.820, uy=4.830, are §{ =-—5.093 and Ey=—-5.447 in the horizontal and vertical

_planes, respectively

2.2.2. Eddy Current and Saturation Effects

2.2.2.1. Eddy Current Multipoles

Vacuum chambers having Inconel walls will be used 1n both the dipoles and quadru-
poles; the wall thickness for the dipoles chambers 1s 2 mm, and that for the quadrupoles
15 0.065” The maximum B (8 T/s) 1s reached when B,=2.4 kG. The conductivity of
Inconel 1s 57% that of 316L stainless steel.

Studies of eddy current effects from the dipole vacuum chambers have been based on
B,=1.56 kG, B==5 T/s, and a chamber of 316L stainless steel having a wall thickness of
1.5 mm. Eddy current multipoles generated for a stainless steel chamber are listed in
Table 2-2. Eddy currents in the Inconel chamber are expected to scale linearly from the
stainless values with conductivity, wall thickness, B, and inversely with B, Hence, the
ratio of eddy current effects for the Inconel and stainless chambers 1s expected to be:

(Inconel/stainless) = 0.57 X (2.0/1.5) X (8/5) X (1.56/2.4) = 0.79.

The ratio 1s close enough to umty to justify using the results of eddy current studies
made for the stainless steel vacuum chamber Inclusion of sextupoles from eddy currents
introduces an extra chromaticity of approximately 8 units in each plane, hence the net
chromaticity 1s X = +3.162 and x = —13.164 1n the x and y planes, respectively How-
ever the eddy current effects are time dependent — they vary with B/Bp and change
throughout the acceleration period. With the exception of a short interval, early 1n the
period, when B first becomes maximum, the eddy current effect 1s not as important as
would be inferred from the multipoles of Table 2-2.
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TABLE 2-2 Eddy current multipoles in the vacuum dipole chambers at maximum B /B

Multipole | Strength (m™)
b2 0.78
b, -2.4 X 101
bg -1.6 X 10°

2.2.2.2. Multipoles from Dipole Saturation

The dipole field reaches 1.275 T during heavy 1on acceleration. At this field
strength, sextupole effects from magnet saturation are more important than the sextu-
poles due to eddy currents. The multipoles from saturation are listed 1n Table 2-3. The
values are for a two-dimensional calculation; end effects will cause these multipoles to be
larger

TABLE 2-3 Dipole saturation multipoles expressed as b_ (m™)

B, (T)
Mult
0.16 1.00 1.10 1.20 1.25 1.30

b, | 26X10° | -5.0%x10” | -8.7 X 10?% | -0.17 -0.24 -0.33

b, | 051 -9.73 -2.0x 10! | -4.1Xx10' | -5.9 X 10! | 7.9 X 10
by | 41X10° | -1.2X10° | -3.3X10® | -6.1 X10° | -74 X 10° | 7.8 X10°
by | 6.6x10° | -6.6 X10° | 0.0 0.0 0.0 0.0

b, | 00 - 0.0 0.0 0.0 0.0 0.0

2.2.3. Correction Sextupoles

Correction sextupoles consist of three types: 1) two families of sextupoles, SF and
SD to adjust the overall chromaticity of the lattice to the desired value, 2) correction
coils to compensate effects of dipole rotation and vanation of eddy current effects from
chamber to chamber, and 3) coils on the vacuum chamber to compensate for eddy
current effects. The sextupoles used to adjust the chromaticity are discussed in the next
section. These sextupoles have a nominal effective length of 10 cm and are located with
their centers 30 cm upstream of the quadrupoles.
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2.2.4. Chromaticity Correction

Several schemes for chromaticity correction have been considered; however extensive
studies show that placement of sextupoles in all half cells results 1n low sextuple
strengths and in improved performance over a large range of final chromaticities; this
scheme has been selected for use in the Booster The results presented in the following
sections have been obtained with this sextupole configuration.

The sextupole strengths needed to correct the natural chromaticity as well as the
extra chromaticity due to eddy currents are listed in Table 2-4.

TABLE 2-4 Sextupole strengths for correcting the chromaticity to zero.

Chromatxcxtz ! Integrated Strength I

Natural SF SD
(-5.093.-5.447) -0.1822 | 0.2950

Nat. + Eddy SF SD
(+3.162,-13.164) | -0.03982 0.4905

Units of SF and SD are m 2
Tracking studies for €, =€

y=5O7r mm-mrad indicate a broad valley, centered around

the natural chromaticity, in which there 1s little transfer of emittance between the hor-
1zontal and vertical motion (See Figure 2-4). There 1s a large chromaticity interval over
which motion 1n the horizontal and vertical planes 1s loosely coupled.

Saturation effects become important for heavy ion acceleration; the contributions to
chromaticity from eddy currents and saturation are shown 1n Figure 2-5.

The sextupole strengths, SF and SD, listed in Table 2-4 are related to the integrated
sextupole field by the relation:

AB,l =05 S Bp (T/m).

The maximum values of AB,! during acceleration are listed 1n Table 2-5.
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TABLE 2-5 Maximum AB,! (T/m) required for correcting the chromaticity of

the AGS-Booster to 0.0 or —5.0.

Final Chromatiaty

Protons Heavy lons!

00 | -5.0 0.0 -5.0

SF | -04 | 0.28 2.2 | -0.55
SD 1.5 | 0.48 1.9 | -0.50

tindicates the inclusion of saturation multipoles

The maximum pole tip fields corresponding to the largest values of AB,l of Table
2-5 have been determined for sextupoles with 10 cm length and bore radius of 8.26 cm.

These values are listed 1n Table 2-6.

TABLE 2-6 Maximum sextupole pole tip fields for realistic proton
and heavy ion acceleration cycles. A sextupole bore

of 16.52 em 1s assumed.

l Maximum Pole T.ig Fields SRGZ l

Protons Heavy lons
Chromaeticity Chromaticity
0.0 -5.0 0.0 -5.0
1.02 0.33 1.50 0.04

2.2.5. Dynamic Aperture

The term ‘‘dynamic aperture” i1s used to indicate the maximum 1mitial amplitude for
which betatron motion 1s stable. Tracking studies at zero chromaticaty, gx=§y=o, and
equal 1mitial emittances, =€, indicate stable motion for initial amplitudes at the QF
quadrupoles of x=85 mm and y=45 mm. The dynamic aperture over the momentum
interval, —0.5% < Ap/p < 40.5%, required for the Booster 1s much larger than the
aperture of the vacuum chamber The values of x and € /7 obtained for the dynamic

aperture are listed in Table 2-7
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TABLE 2-7 Dynamic aperture of the AGS Booster with the eddy current
multipoles of Table 2-2 included.

Initial conditions: €, = €, and ¥ =y =0.

Ap/p (%)
-0.50 | -0.25 | 0.0 | 0.25 | 0.50

X, (mm) 67 75 85 80 82
€,/m (mm-mrad) | 330 420 | 530 | 480 | 490

Complete coupling between the z and y motion would limit the total emittance,
€, =€, +€,, that could be contained in the vertical aperture to 607 mm-mrad, or to Ymax

= 29 mm. Consequently most tracking has been performed using emittances that
correspond to those required for Booster operation and not those that correspond to the
dynamic aperture. Typically, initial emittances of ex=ey=507r have been used for aper-

ture studies, even though this corresponds to a total emittance that is larger than the
vertical acceptance of the vacuum chamber Results are shown in Figure 2-4 for the
maximum emittance of a test particle in either the z or y plane during a 600-turn run
when the initial emittances are ex=ey=507r mm-mrad. There 1s a broad valley 1n which

the emittance increases little from its imitial value. The small coupling should permit
operation with beam profiles having € > €y

2.2.8. Correction Coil on Vacuum Chamber

The results of Figure 2-4 were obtained when all eddy current multipoles were
included; their effects were compensated by the lumped sextupoles, SF and SD Local
correction of the eddy current effects with a three-turn loop on the top and bottom of
each dipole vacuum chamber is being considered. This strategy would allow the SF and
SD sextupoles to be set to the ‘““natural chromaticity’ values listed 1n Table 2-4. These
loops.could be connected to a special secondary winding included 1n each dipole to assure
that the sextupole compensation tracks the B responsible for generating the eddy current
sextupoles. However, if desired, they could be powered externally and programmed to
compensate for sextupoles from eddy currents plus magnet saturation. Using the b, from

Table 2-2, a field of 8.6 gauss would compensate the sextupole field from saturation at a
distance of 10 cm from the chamber axis when the magnetic field 1s B=1.275 T
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2.3. Closed Orbit 1n the AGS Booster

To estimate the expectation value of the closed orbit distortion in the AGS Booster
we have assumed the following misalignment and field errors!

(1) Dipole field error Random vanation from magnet to magnet with gaussian distri-
bution and rms error

<~é@-)-> =3 X10™
Bp

(2) Dipole axial rotation — Random varation from magnet to magnet with gaussian
distribution and rms error for the rotation angle

<0> =3 X 107* rad

(3) Random varnation of quadrupole lateral displacement, horizontal and vertical, with
gaussian distribution and rms error for the displacement

<d>=3X10""m

Fig. 2-7 shows the expectation value of the closed orbit distortion with the errors above
and uncorrected. The contribution from the several sources of errors are summarized 1n
Fig. 2-8 for the case of the uncorrected machine.

To correct the closed orbit , the Fermilab method® has been examined. Pairs of
beam position monitors and steering elements, located next to each other, are placed next
to each quadrupole and divided into two families. Those pairs located next to QF act on
the horizontal plane, and those next to QD on the vertical plane. The method applies a
cascade of local three-bump corrections. Only linear lattice behavior 1s assumed 1n the
algorithm.

Fig. 2-9 shows realistic closed orbit deviations before and after correction. The resi-
dual errors ( < 1 mm ) are caused by the presence of the sextupoles in the lattice which
are not taken into account 1n the correction algorithm.

The required strength for the steering elements 1s
JB dl =60 Gauss—meters

adequate for a maximum ngidity of 20 T-m.

2.4. Stopband Correction

2.4.1. Half-Integer Stopband Correction

The nominal values of the betatron tunes in the Booster are VH=4.82 and 1y=4.83.

There are four half-integer stopbands in the proximity of these values corresponding to
the resonances: 2v,;=10, 21,~=10 and, a little further away, 2vp=9, 21,,=9. These

1J. Milutinovic and A.G. Ruggiero. Booster Tech. Note No. 107 BNL, January 1988.

°R. Raja, et. al., “The Tevatron Orbit Program,” Nuclear Instrum. and Methods 1n Physics Research,
A242 (1985), p. 15-22.
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resonances can be excited only by random quadrupole errors. Assuming an rms value of

10" for the relative integrated gradient error per quadrupole, the rms expectation values
of the stopband widths are

dvg =0.0035 and dvy = 0.0038

sufficiently small so that during most of the accelerating cycle in the booster they are
expected to be of no consequence. The exception i1s during injection, when the tune
spread within the beam, about 0.3 (created by space charge), i1s so large that part of the
beam might have to cross one of the neighboring stopbands during the bunching process
and the early stages of acceleration.

Half-integer stopband correctors are located in each of the 48 quadrupoles. The
corrector 1s made of a special coil winding along the length of the quadrupole. The max-
imum strength corresponds to about 1% of the full magnet excitation, which corresponds
to the case of beams of ions of gold at top energy The correctors® are arranged 1n eight
families as shown 1n Figure 2-10. All the correctors in one booster period are indepen-
dently adjusted, but they are all connected by the same power supply bus to the
corresponding one in the other periods. Thus, in principle, the width and phase of the
nearest four stopbands can be corrected, since each stopband correction requires two sets
of correctors. The linear tune-shift introduced can be compensated with the main QF
and QD quadrupole windings.

At the maximum strength of the correctors, it i1s possible to compensate for a stop-
band width as large as 0.01 at injection with any phase angle and all four near half-
integer resonances simultaneously The resulting, uncorrected, tune-shift 1s small and
does not exceed 0.02.

2.4.2. Third-Order Resonance Correction

The Booster has a large tune spread and strong eddy-current sextupoles at injection.
As a result, particles in the beam may cross four major third-order resonances during the
injection process, rf capture, and early stages of acceleration. These resonances can be
excited only by random sextupole field errors around the machine and are

3vg =14
ug + 20y =14

3vg =13
vg +2vy =13

We have examined two sources of random errors: 1) from eddy currents in the dipoles at

injection, and 2) from errors in the chromaticity sextupoles? Each of these errors intro-
duces a resonance width (and a phase) around each of the resonances listed above. These

3A. G. Ruggiero, to be published as a Booster Technical Note, December 1988.
*S. Tepikian, BSTN No. 125, August 5, 1988.
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Figure 2-10. Corrector arrangement for half-integer stopband correction.
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imperfection resonances can be cancelled by including sextupole correctors in the chroma-
ticity sextupole magnets. Each resonance requires two sets of correctors for cancellation:
amplitude and phase. Thus a total of eight independent sets of correctors are required if
the four resonances ar to be controlled simultaneously Moreover, the correction scheme
should leave unchanged the chromaticity 1n both planes to the desired values.

The sextuple correctors are made of extra coil windings available 1n each chromati-
city sextupole magnet. The excitation of the corrector is independent from the main one
and the maximum value corresponds to about 1% of the maximum excitation of the
corresponding magnet. Since there are two families each of 24 main sextupoles, there are
then 48 independent correctors. They are connected to each other as shown in Fig. 2-11
which shows also the connections among the stopband correctors. There are eight fami-
lies of correctors, all independent from each other Each period of the booster has all the
correctors in sequence. Correctors of the same family are connected to each other with a
predetermined phase relation from one period to the next. The phase value depends on
the correction requirement and will be an input to the software available during control
and operation of the machine.

The maximum pole tip field of 35 gauss 1s required to correct for all four third-order
resonances caused by random sextupole fields from 10% of the systematic eddy current
effect. The effect of 0.1% error 1n the chromaticity sextupole 1s found to be negligible.

2.4.3. Skew Quadrupole Correctors

There are two sources of skew quadrupole errors: 1) rotation of the quadrupole
magnets, and 2) vertical displacements of the sextuples. These misalignments can gen-
erate the following resonances:

v = vy, =0
Vp +vy, =9

The first resonance s the induced coupling which would contribute to the smear The
second resonance can be crossed due to the large space-charge tune shift at injection.

To correct these two resonances, we must correct both the amplitude and phase of
each resonance. This leads to four conditions that must be satisfied. Thus, a total of
four independent sets of correctors are required.

The skew quadrupole correctors will be placed 1n the trim coil assembly as shown 1n

Fig. 2-12. In each superperiod, there will be two correctors in the first cell and two

correctors 1n the third cell. This leads to a total of 24 skew quadrupole correctors 1n the

entire ring. Four families of correctors correspond to the four correctors in each super-

period. However, the strength of the skew quadrupoles from one superperiod may differ

from the next superperiod. These differences are due to phase differences between the
superperiods and the harmonic number of the resonance.

For 0.3 mm vertical displacements of the sextupoles (and dipoles which includes the
eddy current sextupoles at injection) whose center may vary by £0.3 mm from the center
of the dipoles and 0.3 mrad rotational errors 1n the quadrupoles (note, three standard
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where € 1s in 7mm-mrad. For a uniform distribution € 1s the full emittance of the beam.
For a gaussian distribution ¢ 1s the emittance of the contour at V2 times the standard
deviation o

The tune depression Avy 1s plotted in Fig. 2-14 versus the beam emittance for
different bunching factors.

2.8. Longitudinal Motion

2.8.1. RF Capture

RF capture will be different for each of the three modes of operation of the Booster
In each case the rf frequency will be three times the particle revolution frequency, hence
there will be three rf buckets. For protons and heavy ions the capture process will result
in a considerable increase 1n the longitudinal phase-space area of the injected beam. On
the other hand, for polarized protons the increase can be less than 50%, if necessary, but
for all species the final bunch area will be determined by the capture parameters, 1.e. RF
voltage, B and the frequency program at injection.

A computer simulation was run for Au*® using an wmtial voltage of 1.6 kV which
for ¢, =0 results in buckets of height (8p /p) = 5.4 X 10° 3 This 1s an order of magni-

tude greater than the £0.5 X 10 3 momentum spread (due primarily to the stripping pro-
cess) expected 1n the injected beam. When the cycle 1s continued as described in Section
9-9.6.1.2, more than 93% of the beam should be captured in an area of 0.06 eV-
s/nucleon.

Proton injection from the 200 MeV linac results in a2 momentum spread of +1.1 X

103 corresponding to a total phase-space area of 1 eV-s for three bunches. For polarzed
protons, B=0 during the multicycle filling process from the linac. Thus, adiabatic cap-
ture 1nto three buckets each of 0.4 eV-s at ¢s=0 can be used without significantly adding

to the overall cycle time for this mode of operation. This type of capture process results
in high capture efficiency (>95%) while minimizing the aperture required for synchrotron

oscillation. (The bucket height will be <2.5 X 10 1n Ap /p )

In the high-intensity proton case the requirements are mimmum acceleration time,
high capture efficiency, and large bunch area. These goals will be accomplished by using
a large voltage during capture and acceleration along with large initial and final B’s or
magnetic field rise rates. The rf voltage will be 45 kV during the injection process and
then 1t will be rapidly increased to 90 kV in order to capture additional particles. Ini-
tially B = 1.5 T/s so that the bucket area at 90 kV and 2 ¢_ = 2.6 will be 1.5 eV-s

with a height of Ap/p = 8.7 X 10 3 The bunch length will be 320 resulting 1n a
bunching factor of 1.7 for a uniform distribution in longitudinal phase space.
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2.6.1.1. RF Capture — Protons

Protons are injected 1nto the booster from the 200 MeV linac, with an energy spread
of 0.2 MeV The macropulse from the linac 1s approximately 100 us long, hence the pro-
cess of 1njection 1s multiturn. The revolution period of the booster at 200 MeV 1s 1.19
ps: the injection takes 84 turns to be completed.

The proton intensity goal 1s N = 1.5 X 10'® in three bunches, or 5 X 10'? protons
per bunch. The longitudinal capture efficiency of the protons in the rf buckets 1s affected
by several factors, among which we consider space charge and beam-to-wall longitudinal
coupling impedance. These effects have been studied by computer simulation, with a

modified version of the simulation code ESME of Fermilab.®

" Space charge and wall impedance effects can be described by means of an additional
voltage acting on the protons in the bucket, superimposed on the rf accelerating voltage,
expressed by

6V = Re

> znzn]

where I, 1s the nth harmonic component of the beam current
I, = eNuw,a, i(ni+t)

with a, and 8, the amplitude and phase of the component. Z, contains two com-
ponents: a contribution due to space charge Z;° and a contribution ZY expressing the
beam-to-wall impedance.

The longitudinal space-charge impedance 1s an imaginary quantity given by
Zy° Z,9

n 2By
where n = w/w,; 1s the beam harmonic number, Z, =377 {1, the impedance of free
space, 3 and - the usual relativistic parameters, and ¢ 1s a form factor?

g=1+2in L]
a
Here, we have assumed a cylindrical geometry of a proton beam of radius ¢ in a round

beam pipe of radius b
The longitudinal beam-to-wall coupling impedance 1s a complex quantity

an — lZuw' el X»
of amplitude |Z¥ | and phase X,

With ¢ = 2.5 cm and b = 7.5 cm, 1t is obtained Z,',SC=—J 700 {2 at injection
energy, and ZS€ = —j 100 2 at extraction (1.5 GeV proton kinetic energy). The

¢J. A. MacLachlan, Proc. of IEEE Particle Accel. Conf., 1087 (1987).
7C. E. Nielsen and A. M. Sessler, Rev. Ses. Inst. 30, 80 (1959).
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absolute value of the additional acceleration due to space charge, averaged over the pro-
ton bunch, at completion of the multiturn injection, 1s 6.5 KeV This effect, due to the
distribution of the space charge voltage inside-the proton bunch, tends to increase the
size of the phase space area occupied by the beam 1n the bucket.

To optimize the longitudinal capture efficiency, defined as the fractional number of
particles contained in the rf buckets at a given time, several rf voltage and dipole mag-
netic field vs. time curves have been investigated. For multiturn 1njection in the presence
of substantial space charge and continuous linac beam during its macropulse, 1t 1s found
that a good strategy is to maintain the rf voltage constant to 45 kV during injection and
to increase 1t to 90 kV afterwards, as shown in Fig. 2-15 The booster magnetic field will
be kept constant in this case, for injection at constant proton energy, and then 1t will be
raised to 1ts final value, corresponding to the proton kinetic energy of 1.5 GeV at 60 ms.

In these conditions, the area of the rf buckets start at a value of 1.2 eV-s, and reach
a value of 1.7 eV-s at the end of the injection process. Capture efficiency by the end of
njection 1s approximately 90% 1n this case, but 1t tends to drop steadily due to a gra-

dual spill of the protons captured at phase angles close to + 7/3.2

To counteract this effect, a possibility is to modulate or chop the linac beam 1n
order to fill the buckets more efficiently At the same time, the dipole magnetic field in
the booster ca be raised during injection, thus producing a larger bucket. It was indi-
cated by computer simulation that an efficiency of capture of 98% can be obtained by (i)
raising the field vs. time during injection according to a 3/2 power curve, (ii) at the same
time chopping the linac beam by 5 on each side of every bunch (reducing by about 8%
the total beam delivered by the source), and (iii) start injection at a slightly higher
energy than the center of mass of the bucket at time t==0. Under these conditions, the
imtial bucket area is 1.5 eV-s and the rate of increase of the magnetic field at 1 ms 1s
1.23 T/s.

Beam-to-wall coupling impedances are not yet well known for the booster Avail-
able data seem to indicate that the space-charge effect 1s dominant, and also that an
effect of wall impedance 1s to produce coherent oscillations of the beam in the bucket and

then of the capture rate around values well 1n excess of 90%.°

2.68.1.2. RF Capture — Heavy Ions
The beam of heavy i1ons comes from the Tandem Van de Graaf accelerator Due
primarily to the stripping process, the beam has a r.m.s kinetic energy spread of + 0.5 X

103 Each single pulse of the 300 ps 197Au*® ions 1s able to provide about 20 booster
revolutions of “‘ribbon” beam. The RF frequency is three times the particle revolution

frequency For the 17Au*33 jons, the goal is 2 beam intensity of 2.2 X 10° particles per
RF bucket. '

®F Z.Khian, A. U Luccio and W T. Weng, BSTN No. 118, April 25, 1988.
°F Z. Khian and A. U. Lucao, BSTN No. 128, August 22, 1988,
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In a computer simulation!© of the multi-turn injection of !97Au*® ions, a 1.6 kV RF
peak 1njection ¥oltage was chosen. The initial synchronous phase was as small as possi-
ble to optimize the capture efficiency At injection this gave a bucket area of 0.07 eV-
s/nucleon, and a bucket height of Ap/p = +5.4 X 10°% (Note that the voltage pro-
gram used 1n this simulation differs from the one proposed in Chapter 10, section 10.2,
which has not been simulated.)

The capture efficiency and the final bunch area are essentially determined by the
programming of the RF parameters. At injection, the synchrotron oscillation period 1s 2
ms. During the capture process, the peak RF voltage and the synchronous phase angle
were smoothly and adiabatically raised in about 10 ms, from 1.6 kV and O radians to 17
kV and 0.6 radians. This type of programming resulted in a high capture efficiency
During this time, the bunch area was preserved and was less than 0.07 eV-s/nucleon.

The space-charge voltage induced by the circulating beam provides a defocusing
force and thus increases the bunch area. The computer simulation results are summar-

1zed 1n Table 2-8. Ninety-four percent of the !Au+3 beam 1s finally captured. The
beam-populated longitudinal phase-space area 1s 0.06 eV-s/nucleon.

TABLE 2-8 RF capture efficiency for a multi-turn injected beam of 57Au*32 jons.

RF Space Bunch Capture -

Programming Charge Area Efficency

\% 0.05
1.6 — 17 kV wlo eV-s/nucleon 94'1%

too 9

8, w/t 2.2 X 10 0.06 03.8%
0 — 0.6 rad per bunch eV-s/nucleon

10 ms

Calculation performed using three-point formula, 200 bins, 2000 representative particles.

2.8.2. Beam Loading Compensation

Significant transient beam loading will occur 1n the Booster only during the rf cap-
ture process in the high intensity proton case. The component of circulating beam
current at the rf frequency of 2.5 MHz will go from zero to 5 amperes 1n about 0.5 ms.
In order to eliminate the effect of the voltage induced by this current in the accelerating
cavities on the capture process, a feed-forward compensation scheme will be employed.
The rf component of the bunch signal induced on a pickup electrode will be phase
shifted, amplified and added to the drive voltage applied to the power amplifier that

1°J. We1 and S. Y Lee, BSTN No. 102, December 8, 1987

Page Rev. 1 December 2, 1988




Deastgn Manual Page 2-81

excites the cavity so as to cancel the beam current signal. Once the capture process is
completed this_compensating signal can be removed since the normal phase, amplitude
and tuning loops can provide adequate control thereafter

2.6.3. Robinson Instability

In addition to the transient beam loading mentioned previously there i1s a static
beam loading condition that must be considered when accelerating the high intensity
proton beam. In the absence of control loops, phase stability of the bunches (due to that
part of the total cavity voltage arising from the power amplifier current) will be lost
when the power supplied to the beam 1s equal to the power dissipated 1n the cavities and
the internal impedance of the amplifier With control loops closed it i1s possible to
operate at or exceed this so called Robinson limit. In the Booster the maximum power
delivered to the beam will occur at the end of the proton acceleration cycle. For 7.5 X
10!2 proton/bunch 1t will be 131.7 kW so that at 70 kV total voltage one finds that the
impedance looking 1nto the power amplifier and cavity in parallel should be <4.65 kf}
per gap. The present design calls for an impedance of <2 k{l/gap so that there 1s con-
siderable margin for stable operation.

2.7 Coherent Instabilities and Damping

2.7.1. Transverse Single Bunch

In the worst case of no Landau damping, the growth rate of an instability within an
individual bunch 1n the transverse plane is given by

Lr
~1 = 0
4 ev~Z, Re {Zl)

o

This formula 1s valid in the case that the growth rate 1s larger than a synchrotron oscil-
lation period (fast head-tail instability). For a slower rate, one would recover the con-
ventional head-tail instability that can be controlled by letting the chromaticity take a
slightly negative value. (We are below the transition energy at all times!) Only the real
part of the transverse coupling impedance Z gives a contribution to the instability
growth rate. The other parameters are: I, the bunch peak current, r, = 1.535 X 1018
m, the classical proton radius, v the betatron tune, and Z, = 377 (.

We could identify only the resistivity of the wall as the major contributor to the
real part of Zy, especially 1n the low frequency range. Inserting the values, we obtain for
“~1, at 1njection,

T=<1ms

The imaginary part enters in the stability criterion that can be written as

!le < {E?.] By I(n v)n-i-El L;p

€
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where Ap /p 1s the bunch momentum spread, £ the chromaticity, 7 = '752 —42and R
the average radius. Because of the large contribution of space charge to the transverse
coupling 1mpedance, the stability criterion cannot be easily satisfied. There 1s thus the
need of a transverse active damper capable of acting on the bunches individually and

able to provide a damping rate of at least 1000 s !

2.7.2. Longitudinal Single Bunch

To estimate the longitudinal stability of individual bunches i1n the AGS Booster one
calculates the following complex quantity
2¢l,8%(Z [n) Q

I__,"g_ =
U = = T EGE /B rwmr 4

where

charge on the electron

particle charge state

particle atomic mass number

ratio of particle velocity to speed of light = v/¢
the complex beam-environment coupling impedance
the harmonic number of the instability

the total energy per nucleon of the particle

the full-width half-maximum relative bunch energy spread

I3 NDeO
(I O O O

(AE/E) pyag
Also

where
v = E[E,
E , = the particle rest energy per nucleon
and vy 1s evaluated at the Booster transition energy
Finally Ip 1s the bunch peak current

I NQeBec
p -_—
om0

N = number of particles 1n a bunch
o = rms bunch length
The bunches are assumed to have a bi-gaussian distribution.
If we define
_ NQec

I, oap 2Verage current per bunch for § — 1

Voro
27R

B =

bunching factor
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S = no,6 rms bunch area

with o, = o/fc
and § = AE /2.355, rms energy spread
and f . = c¢/27R, revolution frequency for B — 1, then we can also write

el E,BB(Z[n) @
7 Inls? A4

In our notation Z = X + 1Y with X >0 a resistance and Y 1s positive for a capaci-
tive reactance and negative for an inductive reactance.

U' -1V =—0.18¢

In the AGS Booster there are three modes of operation to consider

(1) Acceleration of protons from 200 MeV to 1.5 GeV with 3 bunches. Each bunch has
5 X 10'2 protons and an rms bunch area of 0.10 eV-s.

(2) Acceleration of heavy 1ons for RHIC 1n one single bunch. The beam parameters are
those appearing 1n Table 2-9. In practice, each heavy-ion beam will be accelerated
to a different 8. (The Booster can accelerate heavy ions up to a magnetic ngidity
of 17.52 T-m. The transfer line from the Booster to the AGS 1s designed to tran-
sport particles that have a magnetic ngidity equal to or less than 11.0336 T-m after
further stripping in the extraction line. For the heavier 1ons the first limit 1s more
restrictive, while for the fully-stripped or nearly fully-stripped ions, the second limit
sets the maximum final energy ) The individual bunch rms area 1s 0.05 eV-
s/nucleon.

(3) Acceleration of heavy 1ons for fixed target experiments following acceleration in the
AGS. In this mode there are three bunches, each with an intensity three times
smaller than n the previous mode for RHIC, and each with an rms bunch area of
0.015 eV-s/nucleon. The acceleration 1n the Booster 1s up to B = 0.872, but
depends on the species being accelerated.

For all these modes of operation, the final energy is always below the Booster transi-
tion energy (vp = 4.88).

The largest contribution to the coupling impedance for the Booster 1s the ‘“‘space
charge”

Z Z,9
—n-ztgé‘—yz- 20—377Q

where ¢ =1 + 2log (6/a) 1s 1 at injection and 4.5 at extraction for all modes of opera-
tion (for a long round beam of radius ¢ moving 1n a circular pipe of radius b). The value
of this impedance for the heavy-ion cases 1s given in Table 2-9. For the proton beam
case
Z/n =1 226 §1 at injection
= 1 136 {1 at extraction
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TABLE 2-9 Space Charge Z/n for Heavy Ion Beams.

Carbon | Sulfur | Copper | Iodine Gold

A 12 32 63 127 197

Q 6 14 21 29 33
NXx10° 22 6.7 4.7 3.2 2.2
Biasection 0.1262 | 0.1002 | 0.0782 | 0.0595 | 0.0478

 ecaction 0.8714 | 0.8716 | 0.8534 | 0.7900 | 0.6868
S (eV-s/nucleon) 0.05 0.05 0.05 0.05 0.05

Z[n (k)
from space charge
at injection 1.47 1.86 2.40 3.16 3.93
at extraction 0.23 0.23 0.27 0.40 0.65

This impedance is so large that 1t 1s hard to imagine an inductive wall impedance of
the same magnitude. -

Provisional Conclusion: If there 1s no resistance, the reactance being positive
(capacitive) and the accelerating cycle always below the Booster transition energy, the
individual bunches are always stable.

Only the presence of a resistance in the coupling impedance can cause the bunches
to be unstable. We can calculate the tolerances on X/n.

Observe that the energy dependence of U’ is given by the quantity

for the space charge impedance and since one is so well below the transition energy for
all cases. Since B decreases with increasing energy, it is seen that U’ has indeed only a
very weak dependence with energy We will take B = 0.3 at injection and B = 0.03 at
top energy for all cases. The results are given in Table 2-10. We show the values of U’
with space charge at injection and extraction for each case. Based on the stability
diagram shown in Figure 2-16 we can then infer the maximum allowed values for V?’

Since we are below the transition energy, sign(K ) > O.

The choice of V! depends critically on the shape of the energy distribution.

The range of U’ for the proton beam during the acceleration cycle 1s shown in Fig-
ure 2-16. With the exception of a truncated cosine distribution (8) and a first-order par-
abolic distribution (9), the beam bunch 1s always stable provided V' < 0.4, the limit
being set by a second-order parabolic distribution (7) at top energy This corresponds to
the resistive impedance limit X/n < 60 1
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TABLE 2-10 Bunch stability requirement in the Booster

UI
V! X
Injection | Extraction! /n

Proton 0.67 0.90 0.4 60 1
Fixed Target:

Carbon 0.11 0.066 0.5 5.3 k01

Sulfur 0.066 0.041 0.5 8.5

Copper 0.052 0.033 0.5 10.6

Iodine 0.034 0.021 0.5 16.7

Gold 0.019 0.012 0.5 29.2
RHIC:

Carbon 0.029 0.018 0.5 19 k2

Sulfur 0.018 0.011 0.5 32

Copper 0.014 0.009 0.5 39

Iodine 0.009 0.006 0.5 58

Gold 0.005 0.003 0.5 | 117

tAssuming B, ,.10n = 0-869.
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U' sign (K,)

Figure 2-16. Stability diagram. Distributions: (1) Lorentzian, (2) Gaussian, (3) Sth-order
parabolic, (4) 4th-order parabolic, (5) 3rd-order parabolic, (6) squared cosine, (7) 2nd-
order parabolic, (8) truncated cosine, (9) 1st-order parabolic.
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Heavy-ion bunches are even more stable than proton bunches. The range of U " for
all heavy-ion cases is also shown 1n Figure 2-16. At the very most U I == 0.11 for carbon
at injection in fixed-target mode. All the distributions considered 1n Figure 2-16 are
stable provided V' < 0.5. The tolerance on the resistive impedance ts very high: tens of
kilo-ohms! It 1s possible to double the number of heavy ions per bunch and reduce con-
siderably the initial bunch area.

2.7.3. Coupled Bunch Instabilities

Using codes like ZAP and with analytical calculations, we found that the beam in
the booster 1s easily stable against longitudinal bunch-to-bunch coherent motion.

This 1s true for both the smooth wall components and the parasitic resonating
modes.

The beam 1n the booster is unstable against transverse bunch-to-bunch motion. The
instability 1s induced by the wall resistivity, with n — v = 0.2 being the predominant
mode. There 1s not enough Landau damping to make the beam stable, especially at low
energy, because of the very large space-charge forces. The estimated growth time 1s 3
ms. There 1s a need of a transverse damper acting on any bunch-to-bunch mode provid-

ing a damping rate of at least 300 s !

Higher order parasitic modes do not seem again to cause any harm to the beam
transverse stability

2.7.4. Damping

As pointed out above for high-intensity proton operation, the three booster bunches
will be unstable against coherent, transverse-coupled bunch, dipolar motion. In order to
suppress these instabilities, wideband feedback damping will be employed in both the
vertical and horizontal planes. A system similar to that used in the CERN Booster will
be used. Existing pickup electrodes (at C7 and C8) will provide the necessary signals.
The sum and difference signals from a pair will produce an analog output that i1s propor-
tional to any coherent displacement of a bunch about the closed orbit. This output will
be delayed, amplified, and applied to traveling-wave deflectors (50 {2 strip lines) after
approximately one turn and an odd number of quarter betatron wavelengths later

In addition to the pickup electrodes and deflectors, the system will include a closed-
orbit suppressor (since only that part of the difference signal due to coherent motion
needs to be amplified); switched cable delays to maintain the one-turn delay as the rota-
tion frequency increases; a band-limiting filter to nsure loop stability; and four wideband
power amplifiers (100 Watt, 100 kHz — 100 MHz).
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2.8. Impedance of Beamm Components

The particles circulating 1n the booster induce currents and fields in the vacuum
chamber, bellows, pick-up electrodes, rf cavities, and other beam components such as
kickers, dampers, and septum magnets. These induced currents and fields react back on
the beam and can give rise to unstable beam motion. To calculate these effects, a cou-
pling impedance Z 1s defined. For the longitudinal case, Z 1s the longitudinal voltage
produced per unit of current.

The impedances of the beam components were estimated using the program
ZOVERN developed by A. Ruggiero. The dominating impedance is that of the vacuum
chamber Since -y never exceeds 2.6 and because of the low cut-off frequency, the beam 1s
well-shielded from free space by the vacuum chamber The total contribution 1s
displayed 1n Fig. 2-17 where both real and imaginary parts of Z/n are given versus n.

2.8.1. Space Charge
The space charge contribution to the longitudinal coupling impedance 1s:

Z Z, 9

— g
no 2B9?
with Z = 377 ohm and ¢ =1 +2log(b/a), n = f/f, where f 1s the revolution fre-
quency
At injection g = 1.
At extraction g == 4.5.

proton carbon  sulfur copper 1odine gold

Binjection 0.5662 0.1262 0.1002 0.0782 0.0595 0.0478

 traction 0.923 0.8714 0.8716 0.8534 0.7900 0.6868
|Z/n|inject.  0.226 kK  1.47 1.86 2.40 3.16 3.93
extract. 0.136 0.23 0.23 0.27 0.40 0.65

The space-charge impedance has a cut-off in the proximity of:
~ 1R
b

For b=>5 cm, the cut-off harmonics range between 640 and 865 for the heavy-ion beam
case and between 780 and 1670 for protons.

n,

2.8.2. Vacuum Chamber Resistivity

Model:
Smooth vacuum chamber of cylindrical geometry Vacuum chamber radius b==6
cm. Wall material; stainless steel, room temperature. Wall thickness 1.9 mm.

Skin Depth of the wall material
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6= 0.36 mm
Vn
Contribution of the resistive vacuum chamber to the longitudinal coupling impedance
Z _ 13(1—)ohm
n Vn

All the quantities above are independent of the beam energy and of the i1on species
being accelerated.

There 1s a cut-off harmonic number n, for this contribution which 1s 1400.

2.8.3. Pick-Up Electrodes

There are 48 beam monitors, each made of two plates capacitively coupled to each
other The size and shape of these two plates are equivalent to what would be obtained
by diagonally splitting a cylinder that 1s about 15.3 cm 1n diameter and 20 cm long. (At
one end the angular aperture of a plate 1s 360 and at the otherit1s0 )

The program ZOVERN was specifically written for the case where the pick-up elec-
trodes are strip lines. In this case, each half of the momtor has a capacitance of about
40 pF (plate capacitance plus stray capacitance). There 1s a single connection to each
plate through the beam pipe wall, first to a matching network, then to about ten feet_of
RG114A/U coaxial cable (characteristic impedance 185 {1), and then to a terminating
network. The electrode matching network consists of a five-turn transformer winding in
series with a2 300 {} resistor The secondary of the 5:1 transformer i1s connected to a 3.6
{1 resistor as shown in Figure 2-18.

For protons, where 8 > 0.56, Z/n for 48 units is calculated to be
Z < =-1221

n

2.8.4. Bellows

There are 48 bellows. Each one has 15 ribs or convolutions. The convolutions are
12 mm high and the distance from the peak of one convolution to the next i1s 20 mm.
Each convolution acts as a small resonating cavity with several dominant modes. The
capacitance, inductance, and charactenistic impedance of each convolution are calculated
to be 4.564 pF, 0.244 nH, and 7:308 {1 respectively The resonant frequencies are

[, =6.246 (2k — 1) GHz,
the Q 1s
Q =3477V2% —1,

and the shunt impedance 1s
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3.1.2.1. Quadrupole Magnet Construction

The quadrupole magnet, Fig. 3-3, consists of four identical quadrants, Fig. 3-4,
fastened to and supported by two precision end plates. Each quadrant contains: a main
coil, a trim coil, coil clamps, two extension plates, four tie-rods, insulating bushings, and
a nominal 710 laminations.

The laminations, Fig. 3-5, will be made from one heat of 0.025 -thick M36 silicon
steel. They will be stamped so that the steel rolling direction 1s radial at the pole. Both
faces of the lamination will have an AISI Type C-5 coating for electrical surface insula-
tion.

Each core quadrant will be made of a stack of laminations pre-weighed to within
+0.03 Ibs of the design value prior to loading 1nto the stacking fixture. Shouldered tie-
rods, inserted into the four holes through the laminations, load and compress the stack
to 17.750°° The two tie-rods nearest to the quadrant parting surfaces will fit within
0.002 of the lamination holes to act as pilots and prevent any shifting of the lamina-
tions. These two, and the pole-tip tie-rod, will be made of aluminum alloy with a hard
anodized fimsh to electrically insulate them from the laminations. Bushings made of
hard anodized aluminum will insulate the tie-rod ends from the extension plates. The
large-diameter center tie-rod, made of 304 stainless steel, will provide most of the clamp-
ing to maintain the integrity of the bolted core. The stainless extension plates at each
end of the core will serve to distribute the tie-rod clamping loads uniformly over the lam-
ination stack and will also provide a2 mounting surface for the main coil clamps. Kapton
spacers 0.005 thick will provide a controlled, insulated gap at the horizontal and vert:-
cal mid-planes between quadrants. The two tie-rods adjacent to the insulated gaps of
each quadrant will pass through the precision holes of the magnet end plates, and insu-
lated, close-fitting bushings will maintain the alignment of the quadrants to the end
plates.

3.1.3. Correction Package

A correction package will be installed in the one meter drift space following the
main dipole magnets. However, because of space limitations, six locations of the possible
48 will not have packages. Each of the 42 correction packages will contain the following
magnets: a vertical orbit correction dipole, a horizontal orbit correction dipole, a corree-
tion quadrupole, and a correction sextupole. Each magnet winding of each correction
package requires its own regulated power supply The six locations where correction
packages will not be installed are: A5, C5, C8, F3, F6, and F8.

3.1.3.1. Correction Dipoles

The correction dipoles are needed to correct 50 harmonics at the injection energy,
and to correct 39 harmonic polarization resonances at Bp = 4.2. The major sources of
error which will require vertical dipole correction are quadrupole survey error of 0.1 mm
rms and dipole roll of 0.2 mrad rms. These give field errors of 119 G-cm and 147 G-cm
for the quadrupole and dipole sources, respectively The probable in-phase component is
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32.35
L=Vt

where k == 1 or 2, since £ = 2 roughly corresponds to the convolution cavity high fre-
quency cut-off.

If all the convolutions were 1dentical in shape, their total contribution to the long:-
tudinal coupling impedance would be, at resonance,

Z 5.115

n (2 -1

However, the convolutions will not be identical (and if they would naturally be too much
alike they can be intentionally altered so as to be dissimilar). Since they are not all the
same, there will not be single sharp resonance lines for each mode but instead a distribu-
tion of resonanting frequencies. If it 1s assumed that the resonanting frequencies are ran-
domly distributed over a range equal to 10% of the central frequency, then, for k = 1, at
resonance, '

Z 11540
n

Below the first resonanting frequency, the coupling impedance i1s inductive and small,

Z_ -1 2.0 .
n

2.8.5. Vacuum Chamber Steps

There are 72 locations where the vacuum chamber changes shape. ZOVERN treats
steps as going from one circular geometry to another In the Booster, the portion of the
beam tube in the dipoles 1s somewhat elliptical in cross section with truncated ends along
the semi-major axis. But if the chamber 1s treated as a circular pipe of 3.5 ecm radius
going to one with a 7.6 em radius, for the total coupling impedance contribution,

-f-=(1-m)o.osn

with a cutoff at n ~ 4 X 10°®

2.8.8. RF Cavities

The beam sees four rf cavities, each with two gaps. For the protons, two of these
cavities will be active simultaneously, but for the heavy i1ons only one cavity i1s active at
any one time. For all the cavities, A = 3. In order to determine Z/n, it i1s necessary to
know the shunt impedance of each gap and the @ of each cavity for the beam loading of
interest. This information 1s not yet available.

Page Rev. 1 December 2, 1988




Y ™

e U e

iy

)
RO

- oy,

Design Manual Page 2-48

2.8.7 Other Beam Components

In order to calculate the longitudinal coupling impedance of the other beam com-
ponents — kicker magnets, magnets for the damping system, septum magnets, electros-
tatic septum, etc. — 1t 1s necessary to know the length of each component, the resistivity
of the ferrite, the relative permeability of the ferrite, and the mean distance of the fernte
from the beam. For the transverse coupling it 1s necessary to know the distance from
one side of coil to the other for each coil. This information 1s not yet all available.

2.8.8. Transverse Coupling Impedance

There are four major contributions to the transverse coupling impedance in the AGS
Booster

. The space charge. The expression for the contribution 1s
P iRZ, 1 1
1™ 32 ~2 PrY

where as usual Z, = 377(), a 1s the average beam radius and b 1s the vacuum
chamber radius. There i1s a vanation of the value of Z i1 during the acceleration
cycle. For protons ’

Z)=1 53 M{}/m at injection

=1 14 M{}/m at extraction

° The resistivity of the vacuum chamber

(1"1)3 [ 2}i',Zop
b3 B(n —v)

where R is the average radius of the closed orbit, p the wall resistivity, and v the
betatron tune number The contribution i1s small compared to the space-charge
effect. For protons again, for (n — v) = (5 — 4.8),

1/2

Zl=

Z;=(1—1)0.058 M}/m at njection

0.045 M{l/m at extraction

° In the circular approximation, by virtue of the deflection theorem, the longitudinal
coupling impedance estimate can be translated into an equivalent transverse cou-
pling impedance ‘

°R Zj
2= TEET,

If we take |Z)/n | = 10 § as previously estimated, then
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le = 0.2 M{l/m

e  Finally there are transverse modes proper due to several resonanting structures, like
rf -cavities, but they are difficult to estimate and can usually be observed with the
beam 1tself.

2.9. Magnet Alignment
2.9.1. Main Ring Magnet Coordinates

2.9.1.1. Introduction

In this section a Booster-centered reference frame 1s defined, the orentation of the
Booster frame 1s specified, and the coordinates of the Booster magnets are discussed.

2.9.1.2. Booster-Centered Coordinate System

A reference frame has been defined with origin at the center of the Booster and with
z and y axes coinciding with East and North, respectively The symmetry of the Booster
in this frame and the use of the meter as the umt of length are convement for design
work. The Booster 1s ornented to optimize transfer of its beam to the AGS. This orien-
tation 1s specified by an angle a between East and a line from the Booster center to the
center of quadrupole MQF8; a = 0.1725872 radians and is measured in a clockwise
direction from the z (East) direction.

2.9.1.3. Transfer of Coordinates to the AGS and BNL Gnrids

For survey and installation purposes, it i1s necessary to relate the Booster centered
reference frame to the other reference frames (BNL grnid and AGS grid) used at BNL.
For the convenience of surveyors, the coordinates of magnetic elements are tabulated 1n
the BNL grid; however, transformations from the Booster frame to both the AGS and
BNL grids are listed below

The AGS and BNL gnds have z and y axes oriented 1n the East and North direc-
tions, respectively The ongins do not coincide; the umt of length in the AGS grid 1s the
inch, and the unit of length 1n the BNL grid 1s the foot. Standard conversions are used:

1 inch = 0.0254 m, and
1 foot = 0.3048 m.

1. AGSGnd
N (inch) = N_ g (inch) + y,, (inch)

E (inch) = E_ , 5 (inch) + 5, (inch)
N, ags = 15,459.36 inches.

0,
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E.o AGS = 1,148.88 inches

2. BNL Gnd

N (feet) = N, gy (feet) + g, (feet)
E (feet) = E_ py (feet) + 5, (feet)
N, gy, = 102,438.28 feet,

o)

E,png = 98,517.19 feet.

2.9.2. Coordinates of Beamm Components

The coordinates reported in this section correspond to the physical lengths of the-
magnets (previous tabulations used magnetic length). Reference markers to be used for
survey and alignment purposes will be located on the dipoles and quadrupoles and prob-
ably on the sextupoles. These markers will consist of precision bushings 1n a groove 1n
the magnet laminations above the centerline of the magnets. There 1s considerable free-
dom 1n choosing the position of the bushings along the length of the magnets, however
at present they are centered over the junction of the magnet laminations and the magnet
end plates. This location i1s convenient 1n that the fixtures holding the bushings can be
pinned to the end plates of the magnets. If this location interferes with electrical or
water connections, the bushing locations can be moved with little or no impact to the
survey system. As the yoke of sextupoles 1s only three inches long, placing more than
one survey bushing on a sextupole serves little purpose. Hence one bushing placed at the
center of the laminations 1s suggested. The magnetic and physical lengths of the various
elements are listed in Table 2-11.
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TABLE 2-11 Effective and actual lengths of magnetic elements for

the Booster
Magnetic Length (m) | Lamination Length (m)
arc chord arc chord
Dipole 2.40 2.39696 2.31744 2.31470
Quad 0.50375 0.45085'
Sextupole 0.10 0.075

tLamination length 1s 17 3/4"

Coordinates of the survey bushings have been generated with the standard geometry
program modified to use the lamination length rather than the magnetic length of the
elements. The coordinates of the survey bushings in the BNL grid are listed in Table 2-
12.
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TABLE 2-12 Coordinates of magnet survey points in the BNL grid.

Survey Pt #1 Survey Pt #2
Index | Name
N (ft) E (ft) N (ft) E (ft)
1 | MDAl 102418.1377 | 98621.4064 | 102410.7775 | 98619.5347
2 | MSFA1 | 102408.4819 | 98618.7319
3 | MQA1 102407.4709 | 98618.3785 | 102406.0746 | 98617.8904
4 | MDA2 102404.9357 | 98617 4925 | 102398.0124 | 98614.3711
5 | MSDA2 | 102395.8911 | 98613.1819
6 | MQA2 102394.9568 | 98612.6583 | 102393.6664 | 98611.9351
7 | MSFA3 | 102383.8599 | 98606.4391
8 | MQA3 102382.9256 | 98605.9154 | 102381.6353 | 98605.1923
9 | MDA4 102380.5828 | 98604.6027 | 102374.3067 | 98600.3265
10 | MSDA4 | 102372.4241 | 98598.7870
11 | MQA4 102371.5949 | 98598.1001 | 102370.4497 | 98597.1729
12 | MDAS 102369.5157 | 98596.4095 | 102364.0774 | 98591.1084
13 | MSFAS | 102362.4908 | 98589.2654
14 | MQAS 102361.7919 | 98588.4538 | 102360.8267 | 98587.3329
15 | MSDAS | 102353.4914 | 98578.8143
16 | MQAS 102352.7925 | 98578.0027 | 102351.8273 | 98576.8818
17 | MDA7 102351.0400 | 98575.9678 | 102346.6049 | 98569.8029
18 | MSFAT7 | 102345.3624 | 98567.7124
19 | MQA7 102344.8150 | 98566.7918 | 102344.0592 | 98565.5203
20 | MDAS 102343.4425 | 98564.4835 | 102340.1453 | 98557.6421
21 | MSDAS | 102339.2847 | 98555.3676
22 | MQAS 102338.9055 | 98554.3659 | 102338.3819 | 98552.9825
23 | MDB1 102337.9547 | 98551.8544 | 102335.8956 | 98544.5444
24 | MSFBI1 102335.4430 | 98542.1550
25 | MQB1 102335.2435 | 98541.1027 | 102334.9681 | 98539.6494
26 | MDB2 102334.7432 | 98538.4642 | 102333.9848 | 98530.9077
27 | MSDB2 | 102333.9540 | 98528.4760
28 | MQB2 102333.9403 | 98527 4050 | 102333.9214 | 98525.9260
29 | MSFB3 | 102333.7779 | 98514.6853
30 | MQB3 102333.7642 | 98513.6143 | 102333.7453 | 98512.1353
.31 | MDB4 102333.7297 | 98510.9291 | 102334.2949 | 98503.3556
32 | MSDB4 | 102334.6869 | 98500.9555
33 | MQB4 102334.8594 | 98499.8985 | 102335.0976 | 98498.4386
34 | MDB5 102335.2917 | 98497.2480 | 102337.1634 | 98489.8878
35 | MSFB5 | 102337.9662 | 98487.5822
36 | MQB5 102338.3196 | 98486.5812 | 102338.8077 | 98485.1849
37 | MSDB6 | 1023425174 | 98474.5730
38 | MQBS 102342.8708 | 98473.5619 | 102343.3589 | 98472.1656
39 | MDB? 102343.7568 | 98471.0268 | 102346.8782 | 98464.1034
40 | MSFB7 | 102348.0674 | 98461.9821
- 41 | MQB7 1023485910 | 98461.0478 | 102349.3142 | 98459.7575
42 | MDBS8 102349.9038 | 98458.7050 | 102354.1800 | 98452.4289
43 | MSDBS | 102355.7195 | 98450.5463
44 | MQBS8 102356.3974 | 98449.7171 | 102357.3336 | 98448.5719
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TABLE 2-12 Coordinates of magnet survey points in the BNL grid. (cont.)
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Survey Pt #1 Survey Pt #2
Index Name
N (ft) E (ft) N {ft) E (ft)
45 | MDC1 102358.0970 | 98447.6379 | 102363.3981 | 98442.1996
46 | MSFC1 | 102365.2411 | 98440.6129
47 | MQC1 102366.0527 | 98439.9141 | 102367.1736 | 98438.9489
48 | MDC2 102368.0875 | 98438.1616 | 102374.2524 | 98433.7265
49 | MSDC2 | 102376.3429 | 98432.4839
50 | MQC2 102377.2636 | 98431.9366 | 102378.5350 | 98431.1807
51 | MSFC3 | 102388.1980 | 98425.4361
52 | MQC3 102389.1186 | 98424.8888 | 102390.3901 | 98424.1329
53 | MDC4 102391.4269 | 98423.5162 | 102398.2683 | 98420.2190
54 | MSDC4 | 102400.5428 | 98419.3584
55 | MQC4 102401.5445 | 98418.9793 | 102402.9279 | 98418.4557
56 | MDCS 102404.0560 | 98418.0284 | 102411.3660 | 98415.9693
57 | MSFC5 | 102413.7554 | 98415.5167
58 | MQCs 102414.8077 | 98415.3173 | 102416.2610 | 98415.0418
59 | MSDC6 | 102427.3060 | 98412.9485
60 | MQCs 102428.3583 | 98412.7491 | 102429.8116 | 98412.4737
61 | MDC7? 102430.9968 | 98412.2488 | 102438.5534 | 98411.4904
62 | MSFC7 | 102440.9851 | 98411.4596
63 | MQC7 102442.0560 | 98411.4459 | 102443.5350 | 98411.4270
64 | MDC8 102444.7413 | 98411.4114 | 102452.3147 | 98411.9766
65 | MSDC8 | 102454.7148 | 98412.3685
66 | MQCs 102455.7718 | 98412.5410 | 102457.2317 | 98412.7793
67 | MDD1 102458.4223 | 98412.9733 | 102465.7825 | 98414.8451
68 | MSFD1 | 102468.0781 | 98415.6478 ‘
69 | MQD1 102469.0892 | 98416.0013 | 102470.4855 | 98416.4894
70 | MDD2 102471.6243 | 98416.8872 | 102478.5477 | 98420.0087
71 | MSDD2 | 102480.6680 | 98421.1978
72 | MQD2 102481.6033 | 98421.7215 | 102482.8936 | 98422.4446
73 | MSFD3 | 102492.7001 | 98427.9407
74 | MQD3 102493.6344 | 98428.4643 | 102494.9248 | 98429.1875
75 | MDD4 102495.9772 | 98429.7771 | 102502.2534 | 98434.0533
76 | MSDD4 | 102504.1360 | 98435.5927 |
77 | MQD4 102504.9651 | 98436.2707 | 102506.1103 | 98437.2069
78 | MDD5s 102507.0444 | 98437.9703 | 102512.4826 | 98443.2714
79 | MSFD5 | 102514.0693 | 98445.1144
80 | MQD5 102514.7682 | 98445.9260 | 102515.7333 | 98447.0468
81 | MSDD6 | 102523.0687 | 98455.5655
82 | MQDs 102523.7675 | 98456.3771 | 102524.7327 | 98457 4980
83 | MDD7 102525.5201 | 98458.4119 | 102529.9551 | 98464.5768
84 | MSFD7 102531.1977 | 98466.6673
85 | MQD?7 102531.7450 | 98467.5880 | 102532.5009 | 98468.8594
86 | MDDs8 102533.1175 | 98469.8962 | 102536.4147 | 98476.7376
87 | MSDD8 | 102537.2754 | 98479.0121
88 | MQDsg 102537.6545 | 98480.0138 | 102538.1781 | 98481.3972
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TABLE 2-12 Coordinates of magnet survey points in the BNL grid. (cont.)
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Survey Pt #1 Survey Pt #2
Index | Name
N (ft) E (ft) N (ft) E (ft)
89 | MDE1 102538.6054 | 98482.5254 | 102540.6645 | 98489.8354
90 | MSFE1 | 102541.1171 | 98492.2248
g1 | MQE1 102541.3165 | 98493.2771 | 102541.5919 | 98494.7304
92 | MDE?2 102541.8168 | 98495.9156 | 102542.5752 | 98503.4721
93 | MSDE?2 | 102542.6061 | 98505.9038
94 | MQE2 102542.6197 | 98506.9747 | 102542.6386 | 98508.4538
95 | MSFE3 | 102542.7821 | 98519.6945 ’
96 | MQE3 102542.7958 | 98520.7654 | 102542.8147 | 98522.2445
97 | MDE4 102542.8303 | 98523.4507 | 102542.2651 | 98531.0241
98 | MSDE4 | 102541.8732 | 98533.4242
99 | MQE4 102541.7007 | 98534.4813 | 102541.4624 | 98535.9411
100 | MDES 102541.2684 | 98537.1318 | 102539.3966 | 98544.4920
101 | MSFES | 102538.5939 | 98546.7876
102 | MQEs 102538.2404 | 98547.7986 | 102537.7523 | 98549.1949
103 | MSDE6 | 102534.0426 | 98559.8068
104 | MQES6 102533.6892 | 98560.8178 | 102533.2011 | 98562.2142
105 | MDE? 102532.8032 | 98563.3530 | 102529.6818 | 98570.2764
106 | MSFE7 | 102528.4926 | 98572.3977
107 | MQE? 102527.9690 | 98573.3320 | 102527.2459 | 98574.6223
108 | MDES 102526.6563 | 98575.6748 | 102522.3800 | 98581.9509
109 | MSDES | 102520.8406 | 98583.8335
110 | MQES 102520.1627 | 98584.6627 | 102519.2264 | 98585.8078
111 | MDF1 102518.4631 | 98586.7419 | 102513.1619 | 98592.1802
112 | MSFF1 | 102511.3190 | 98593.7668
113 | MQF1 102510.5074 | 98594.4657 | 102509.3865 | 98595.4309
114 | MDF2 102508.4725 | 98596.2182 | 102502.3076 | 98600.6533
115 | MSDF2 | 102500.2171 | 98601.8958
116 | MQF2 102499.2965 | 98602.4431 | 102498.0250 | 98603.1990
117 | MSFF3 | 102488.3620 | 98608.9437 ,
118 | MQF3 102487.4414 | 98609.4910 | 102486.1700 | 98610.2469
119 | MDF4 102485.1331 | 98610.8635 | 102478.2917 | 98614.1607
120 | MSDF4 | 102476.0172 | 98615.0214
121 | MQF4 102475.0156 | 98615.4005 | 102473.6322 | 98615.9241
122 | MDF5 102472.5040 | 98616.3514 | 102465.1940 | 98618.4105
123 | MSFF5 | 102462.8046 | 98618.8631
124 | MQF5 102461.7523 | 98619.0625 | 102460.2990 | 98619.3379
125 | MSDF6 | 102449.2540 | 98621.4312
126 | MQF6 102448.2017 | 98621.6307 | 102446.7484 | 98621.9061
127 | MDF7 102445.5632 | 98622.1309 | 102438.0067 | 98622.8894
- 128 | MSFF7 | 102435.5750 | 98622.9202
129 | MQF7 102434.5040 | 98622.9339 | 102433.0250 | 98622.9528
130 | MDF8 102431.8188 | 98622.9684 | 102424.2453 | 98622.4031
131 | MSDF8 | 102421.8452 | 98622.0112
132 | MQFS8 102420.7882 | 98621.8387 | 102419.3283 | 98621.6005
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2.9.2.1. Survey Monuments

Survey monuments have been arbitrarily placed a distance of 1.1 m radially out-
wards from the upstream survey marker of each horizontally focusing quadrupole; there
are 24 monuments. These monuments consist of bushings located in the tunnel floor at
positions where they will not interfere with the magnet installation. The use of 24 regu-
larly spaced monuments gives uniformity in location and also provides more than the
minimum required number so that redundant measurements needed to sort out errors
and inconsistencies are possible. The choice of monument location 1s arbitrary and can
be changed if there are disadvantages to this location or if there are extra advantages to
other locations. There 1s some indication that placement near defocusing quadrupoles
could reduce interference from beam lines for injection and extraction. In some areas,
such as those with penetrations to the linac and AGS, more monuments and/or irregu-
larly spaced monuments may be required. The coordinates of the survey monuments
located 1n the tunnel floor are listed 1n Table 2-12.
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TABLE 2-13 Survey monuments 1.1 m outward from upstream end of the QF’s.

Booster Frame BNL Gnd
No. | Quad
X (m) Y (m) N (ft) E (ft)
1 | MQAl 31.31983 | -10.38154 | 102404.220 | 98619.945
2 | MQA3 27.34176 | -17.93082 | 102379.452 | 98606.894
3 | MQAS 21.63933 | -24.41053 | 102358.193 | 98588.185
4 | MQA7 14.84751 | -29.55419 | 102341.317 | 98565.902
5 | MQB1 6.66921 | -32.31456 | 102332.261 | 98539.071
6 | MQB3 -1.85769 | -32.64410 | 102331.180 | 98511.095
7 | MQB5 | -10.32049 | -30.94550 | 102336.753 | 98483.330
8 | MQB7 -18.17094 | -27.63545 | 102347.613 | 98457.574
9 | MQC1 | -24.65065 | -21.93302 | 102366.321 | 98436.315
10 | MQC3 | -29.19948 | -14.71327 | 102390.008 | 98421.391
11 | MQC5 | -31.95986 -6.53497 | 102416.840 | 98412.335
12 | MQC7 | -33.01849 1.91875 | 102444.575 | 98408.862
13 | MQD1 | -31.31990 10.38155 | 102472.340 | 98414.434
14 | MQD3 | -27.34183 17.93083 | 102497.108 | 98427 486
15 | MQD5 | -21.63940 24.41054 | 102518.367 | 98446.195
16 | MQD7 | -14.84759 29.55420 | 102535.243 | 98468.477
17 | MQE1 -6.66928 32.31458 | 102544.299 | 98495.309
18 | MQE3 1.85761 32.64411 102545.380 | 98523.285
19 | MQES 10.32042 30.94551 102539.807 | 98551.050
20 | MQE7 18.17087 27.63546 | 102528.948 | 98576.806
21 | MQF1 24.65058 21.93303 | 102510.239 | 98598.065
22 | MQF3 29.19941 14.71329 102486.552 | 98612.989
23 | MQF5 31.95979 6.53498 | 102459.720 | 98622.045
24 | MQF7 33.01842 -1.91873 | 102431.985 | 98625.518

2.9.2.2. Monuments for Vertical Surveys

The availability of monuments near the level of the survey plane would ease vertical
surveys. Such secondary monuments will be affixed to the outer wall of the Booster tun-
nel. The locations will be chosen to avoid interference with conduits and with water
mains for the sprinkler system. Their mounting will require ease of use without interfer-
ence with other operations such as magnet transport. These monuments can be installed
after most installation work i1s complete when their optimum location will become more

evident.

Page Rev. 1

December 2, 1988



Design Manual

2.9.3. Alignment Algorithm

The alignment algorithm used to smooth the location of the magnets will be selected
on the basis of simulation results. “Realistic” survey files can be generated from the sug-
gested magnet survey points and tunnel survey monuments. Errors, both systematic and
random, will be assigned to computer generated measurements of position plus magnet
offsets, and the data with and without errors will be analyzed to smooth the magnet
positions and establish how well the smoothing algonthms work. From this simulation,

an acceptable smoothing algorithm will be selected.

2.9.4. Alignment Tolerances

(1)

(2)

(3)

Page Rev. 1

Listed below 1s a table of tolerances for dipoles and quadrupoles.

TABLE 2-14 Princpal alignment tolerances.

Quantity Note
Dipoles
Integrated field A(Bl)/Bl =~ 10 (1)
Roll o = 0.2 mrad 2)
Quadrupoles
Position 0=0.1 mm (3)
Roll As much as 0.1 mrad | (4)

Notes.

Variations of packing factor of the laminations, length of the dipole, and of

field differences produce an estimated Al/l =~ 10* that requires horizontal
orbit correction. For a sector magnet Al/l = Ap/p. Hence, placement errors

of Ap = 10* p, = 1.375 mm result in A(B))/Bl = 10* Placement of

dipoles to %1/16"" produces a A(Bl)/Bl = +1.15 X 10* This uncertanty
requires further horizontal orbit correction; however, the dipoles can also be
purposely displaced to help provide horizontal closed orbit correction.

Dipole roll with 0 = 0.2 mrad. This rotation produces a horizontal com-
ponent of the bending field. Vertical correctors are provided to to compensate
a 20 effect at injection energy

Quad position with ¢ = 0.1 mm 1n the horizontal and vertical planes; correc-
tors for 20 at injection are provided. There i1s an amplification of the closed
orbit displacement resulting from an rms quadrupole displacement of é.
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CHAPTER 3. MAGNETS AND MAGNET POWER SUPPLIES

3.1. Mamn Ring Magnets

A flexible, multipurpose lattice design has been adopted. This permits space for
fully distributed magnet correction elements, tune control, free space for other necessary
components, and unused space for future developments.

Either independent or series excitation of the dipoles and the quadrupoles 1s possi-
ble. Equal currents give the nominal design tunes v, = 4.83. The dipole and quadru-

pole I = 5700 amperes.
The rapid cycling capability (7.5 pulses/s) required for high intensity proton injec-

tion nto the AGS requires B = 9.5 T/s in the dipoles. For the nominal tune, this
requires 6.3 T/s in the quadrupoles at the pole tips.

The lattice consists of 24 cells with 48 quadrupoles and 36 dipoles. The 12 “‘miss-
ing”’ dipoles i1n the lattice provide free space and produce a six-fold periodicity

The principal choice affecting magnet and power supply costs 1s the magnet gap.
This was chosen to be 3.25” (8.255 cm), which 1s consistent with the aperture require-
ment.

Table 3-1 lists the magnet parameters.

TABLE 3-1 Dipole, Quadrupole, and Sextupole Magnet Parameters.

Dipole Quadrupole Sextupole
Number 36 48 48
Gap/Bore 3.25 6.5 6.5
Useful Aperture 2.75 X6 5.8 5.8
B/I(hgh B) 2.320 kG/kA | 1.547 kG/kA —
B,,,. (heavy 1ons) 12.74 kG 84 kG 3 kG
Length (magnetic), L 2.40 m 0.504 m 0.12m

The 2.4 m long dipole magnets are curved (10 ) with a total sagitta of 2.060 (5.23
cm). For the same useful aperture, straight magnets would have considerably greater
cost and stored energy.. For 7.5 Hz operation this would require 2 much more expensive

power supply

3.1.1. Dipole Design — H Magnet with One Piece Lamination

The ring dipole H magnet design provides the smallest cross section and therefore
the least expensive design for the beam pipe size required. The one piece lamination,
shufled and rotated as stacked, insures the complete averaging of most errors including
those from material inhomogeneities and punch and die errors. Figures 3-1 and 3-2 show

Page Rev. 1 December 5, 1988
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the dipole magnet.

Excellent stacking control i1s maintained during the core block conmstruction. The
four-fold rotation during stacking results in very accurate magnets with minimal hor-
1zontal field errors. The magnet poles are 10 wide, ~ 3 gap widths, and they have edge
ridges to provide the required large good field region and dynamic range with mimmum
stored energy

The magnet coils, eight turns per pole. are low inductance and thus low voltage at
the 7.5 Hz rep rate. Two pancakes of four turns each are used around each pole. The
conductor, 1 X 2 (nominal), was selected based on bend radius and power considera-
tions.

A small “pancake” coil 1s located at the base of each pole. This ‘‘pancake” coil
package contains a main ring bump coil for orbit deformation, a series of four turns to
power the beam tube correction windings, and an instrumentation or diagnostic winding.

The coil forces are very low, because the dipole coils are located in the low field
region. Computer calculations show for each of the eight-turn coils:

(i) For 12 kG, (1 Hz), F,,;, = 18 lbs/linear inch.
Fverticcl
(ii) For 4 kG (10 Hz) total F, ., = 2 Ibs/inch

total F . ., = 5 Ibs/inch

= 46 lbs/linear inch sway from the horizontal mid-plane.

(Note, 1 Ib/inch = 17.9 kg/m)

The very small value computed for the forces at 4 kG and 10 Hz implies that 1t will not
be difficult to control vibrations at the operating field of 5.46 kG at 7.5 Haz.

The simple racetrack coils require only intermittent support with their low forces.
The open horizontal mid-plane provides optical freedom 1n the lattice to use the “‘space”
beyond the normal horizontal aperture for special purposes, such as injection and ejec-
tion. It 1s noted that the field is relatively uniform to about four inches (10 e¢m) 1n
radius. .

Radial or geometrical wedge focusing was chosen, rather then vertical focusing as
would be produced by parallel ends of the 10 curved magnet. The coil conductors on
the entrance and exit faces of the magnet are perpendicular to the central closed orbit
trajectory, minimizing integrated orbital field errors caused by conductor placement
errors, considering the necessary transposition of turns in the ends.

3.1.1.1. Dipole Magnet Construction

The Booster 1s a small machine with less than 100 m of total dipole length. It 1s
practical to have complete shufling of laminations. The iron 1s stamped with a fiducial
notch and assembled into pallets with a known sequence so that heat numbers are
identified. Four-fold rotational stacking with complete shuffling averages heats, rolling
direction, die geometry and die wear (if significant).

Page Rev. 1 December 5, 1988
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The laminations 1n each block are weighed and compressed to a predetermined
length on the stacking fixture. The overall magnet iron packing factor is controlled to
~1 X 10 The effect of this packing factor tolerance on field quality will be discussed 1n
the following section.

The stacking fixture contacts each side of the precision pole-face surface of each lam-
nation to establish the alignment. To the extent that this 1s accomplished with very
small errors, the four-fold symmetric stacking permits no significant odd multipole field
in the blocks: 1.e., no normal or skew quadrupoles or octupoles.

After the lamination stack i1s compressed to size, steel straps are welded along each
outer surface of the block. Sections of end laminations are then removed producing the
desired taper on the blocks.

Completed blocks are positioned and lightly clamped on the magnet base. The
blocks are then pulled together, bringing the overall core to size. Stainless steel end
plates are inserted, and the core 1s locked in place on 1ts base. Coil pancakes are then
nserted 1nto the core, shimmed, positioned, and clamped in place using ‘“‘midplane’”
jacks between the upper and lower coil package. The magnet assembly and its base are
then ready for magnetic measurements.

3.1.2. Quadrupole Magnet Design

The parameters are given 1n Table 3-1.

The quadrupole field 1s iron-dominated, and therefore very insensitive to coil loca-
tion.

The ratio of quadrupole length to bore is small ~3:1), as can be seen 1n Figure 3-3.
To control end-effect error aberrations due to the coil, 1t 1s important to have the con-
ductors at considerably larger radius than the pole tip. This resulting free space between
coil ends and the beam vacuum chamber can be put to use for other purposes; e.g.,
PUE’s and correction magnets. Simple racetrack coils with large area conductors can be
used, with small coil forces, even at 7.5 Hz.

The aperture field 1s insensitive to eddy currents 1n the coils at 7.5 Hz.

The wide open horizontal mid-plane between the coils gives open ‘‘space” for lattice
design purposes such as injection and extraction. ‘

The disadvantage of the iron-dominated design is that 1t 1s hard to reach high pole-
tip fields with straight poles. However the maximum Btm =~ 8 kG for heavy ions was

achieved without difficulty by shaping the pole. The computed pole shape evolved from
a NSLS design. A high current, compact quadrupole design with a small coil cross-
section of only five turns per pole was chosen. This gives low inductance and voltage in

7.5 Hz operation.
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Figure 3 3 Quadrupole magnet
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then

(1192 X 48 + 1472 X 36]* = 1210 G-cm

Thus the required strength of the 42 vertical-orbit correction dipoles, half of which would
be in-phase, 1s about 60 G-cm.

The main dipole random error that will require horizontal-orbit correction 1s
expected to be about 4 X 10 rms. The total horizontal correction requirement is then
about 1000 G-cm. Thus each horizontal-orbit correction dipole requires a strength of
approximately 50 G-cm.

3.1.3.2. Correction Quadrupoles

Corrections’ are needed for the minth and possibly 10th harmonic random quadru-
pole error. The total in-phase error i1s estimated to be 30 G at injection and 41 G at 1
GeV  Trim windings on the main ring quadrupole magnets will provide these correc-
tions.

Skew quadrupole correction magnets are needed to correct the O ¢ coupling reso-
nance. The field roll of the quadrupoles may be as big as 0.5 mrad, which gives an
effective in-phase component of about 21 G. The required strength of the skew quadru-
pole correction magnets 1s then about one half that for the random quadrupole correction
magnets.

3.1.3.3. Correction Sextupoles

The fourteenth and possibly the thirteenth and fifteenth harmonic produced by ran-
dom sextupoles should be corrected. The major random sextupole errors are from the
eddy current (10°2) and the chromaticity sextupole error (10°%), which amounts to a total
in-phase component of 190 G/m2m. The correction fields will be provided by trim
windings on the main sextupole magnets. '

The major source of skew sextupole errors are from the roll of the dipoles and its
vacuum chambers, and from the roll of the chromaticity sextupoles. Both errors can be

as large as 5 X 10 and the total 1n-phase error 1s about 85 G/m?m — about half the
random sextupole correction requirement.

Page Rev. 1 December 5, 1988
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3.2. Booster Power Supplies
3.2.1. Main Ring Power Supplies

3.2.1.1. Introduction

The requirements for the AGS Booster main ring power supplies (BMRPS) are quite
varied. They must act as accurate, low-voltage supplies for beam injection; they must
ramp rapidly up and down, n two (2) distinctly different modes, for beam acceleration
and cycle recovery; and also be capable of flattop operation for a period greater than two
(2) seconds for accumulation of polarized proton beams. The difference in the accelera-
tion part of the cycles referred to above, arise due to the fact that protons are to be
accelerated to an energy of 1.5 GeV (Bp =7.5 T-m) 1n a machine cycle requiring a pulse
repetition frequency of 7.5 Hertz (133.3 millisecond period), while heavy 1ons will be
accelerated to an energy corresponding to a Bp = 17.6 T-m, requiring a pulse repetition
frequency of between 0.5 and 0.7 Hertz (1.4 to 2.0 second period). The cycles are
described 1n section 3.2.1.2.1.

Not only must the BMRPS accommodate the cycles described above, but they must
also perform to several other exacting performance specifications. These are reproducibil-
ity of cycles, and high accuracy at certain parts of the cycles such as injection and
extraction. By accuracy we refer to deviations in the main guiding and focusing fields
from 1deal. This s usually caused by ripple in the dc power supply output or by regula-
tion problems both within a given pulse or from one pulse to another The term
reserved for these variations by industry i1s PARD (periodic and random deviations).
The design details and parameters are described in section 3.2.1.2.2.

In sections 3.2.1.2.3 and 3.2.1.2.4, the actual design details are described. Sections
3.2.1.2.5 and 3.2.1.2.6 cover the installation, hook-up, monitoring and protection
schemes. Section 3.2.1.3 describes the main ring quadrupole systems, and 3.2.1.4
describes the main ring corrector power supplies (including sextupoles). Table 3-7 lists
the total number and types of power supplies required for the Booster

3.2.1.2. Dipole Power Supply

3.2.1.2.1. General Requirements

Since the Booster’s primary function i1s to be an injector for the AGS, its accelera-
tion cycles are very closely tied to those of the AGS. For the proton case, the AGS
accelerates 1n two (2) distinctly different modes, the Fast Extracted Beam (FEB) mode
and the Slow Extracted Beam (SEB) mode. For each of these, the primary objective of
the Booster 1s to deliver a series of four (4) high intensity pulses to the AGS which 1s sit-
ting at an injection flattop energy of 1.5 GeV This will result in an increase in the AGS
intensity by a factor of four The AGS then accelerates the entire beam to an energy
approaching 30 GeV and spills the beam 1n one revolution (~ 2.4 us) for FEB or over a
time of 1.5 seconds for SEB. These operations are shown 1n Figures 3-6(a) and 3-6(b).
In these figures the waveforms are shown 1n an idealized form. As can be seen, the major
requirement for the Booster 1s rapid cycling (period of 133.3 milliseconds, puise repetition

Page Rev. 1 December 5, 1988
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frequency 7.5 Hertz) from an injection energy of 200 MeV to a final energy of 1.5 GeV

For polarized proton operation, the Booster is basically an accumulator ring where

200 MeV H polarized pulses from the Linac are stacked for a period greater than 2.0
seconds. Approximately once every 2.4 seconds, the stacked beam 1s accelerated rapidly
to 1.5 GeV and transferred to the AGS where 1t 1s used in the SEB mode, at the present
time. The waveforms for this scheme are shown 1n Figure 3-7(a). The Booster accelera-
tion cycle requirements are the same as described above except a single pulse 1s delivered
rather than four

In Figure 3-7(b) 1s shown a very different cycle requirement for the Booster This
shows the heavy ion or slow acceleration cycle. The Booster i1s required to pulse to
higher fields and to extract heavy 1on beams up to a ngidity of 17.6 Tesla-meters. Since
only one beam transfer i1s required per AGS cycle, the Booster cycle has only to match
that of the AGS. Thus, 1ts maximum pulse repetition frequency is approximately 0.7
Hertz.

Cycle flexibility for the Booster is also maintained as a requirement. This would
enable a2 form of pulse-to-pulse modulation to occur The major reason for this 1s to
enhance the switch-over of the AGS complex between various experimental physics runs
as well as to enable the use of the Booster as a machine physics accelerator This type of
flexibility 1s already built into the Booster ring magnets in that they are laminated,
excellent high field quality components. For example, cycle flexibility i1n the BMRPS will
enable a mix of cycles, i1n a supercycle mode, which could intersperse a heavy-ion com-
missioning pulse while the Booster/AGS are operating 1n a proton mode. Also, machine
physics study cycles can be placed in the unused spaces of the Booster cycle. This will
facilitate machine understanding i1n a shorter time, as well as enable the complex to
switch over between the various beam modes or 1on species 1n as rapid a time as possible.
Also, dedicated mode or scheduled running can be minimized.

The Booster main ring power supplies described 1n this design report will support
the cycle requirements described above and will enable switch-over to other modes on a
pulse-by-pulse basis.

3.2.1.2.2. Options

In assessing the type of powering system to use for the Booster main ring magnets,
several types were considered, with each having certain advantages and disadvantages.
The following describes some of the different choices and the rationale behind our final
decision. For the proton rapid-cycling mode (i.e. 7.5 Hertz), a resonant supply system
would have served the application well. For the accumulation or storing of polarzed
proton beams, a well-regulated dc supply would be requred. For the higher energy
equivalent heavy ion acceleration, a lower voltage but higher current i1s required. Using
two (2) systems or some combination of units would have been prohibitively expensive
and overly complicated to operate. Therefore, we chose a programmable, multiphase, de
power supply, using silicon controlled rectifiers (SCR'S) as the controlling elements. If
the system is broken up into a series of modules, 1t enables some optimization at the
various points in the cycle, namely, injection and flattops, extraction, and switching

Page Rev. 1 December 5, 1988




Page 3-13

o r =1

ads (9) ‘add (e) ‘seppho uojorg (q) % (v)9 ¢ aanBiy

\J [Vi3g 33 . _ >33 €68 0

)

A3ZJDOAV NG

MJU>U /
NOLOZd AB.LS0o0d |

Qvl3a dAl —

>

(AD20oW aA3%)

L aAaLasS sl oA Sy

d401vd 1_ ,

\ Y]
it

NIOP 82

D3S €S'0

B —m—— - e e o

"DIS €S O M_v

I1DOAD w \
NOoloxd ¥ALsoo@ /

Design Manual

T

({ 3dow a3=)
BTADAD SOV

>3 Q| S —

October 4, 1988

Page Rev. 1




Page 3-14

Destgn Manual

83942 uoy £aeay (q) pue uojoud pezuejoq (8) 2 goam3iy

—“IIIIUMﬂON Ll i
) ‘._ N

i et | S N i
SMNOI ANAVY3IH —
BADOAD ABAS 009
U

4N\

. (SMNOot AAVYIW)

HTIDAD SOV
L 1 L, dAL TS S| -
[ |_ N

3as g
—t-
[~ ‘D3SO < —

{
As0e

(ZH S L) SaNd Mol >arn DvNim
o3ag
et Ox'~ - JAas el O.IJ _.0 >33 el 004 L
¢ i— — -
| , N

AR NN IR EER N

AJ
3
\

) ,

,—~
T

AIWO002
SNOLAOAd QAZVAY™IOL ~

INDAD FTLS004g

i

oas s

[ —

4

1t

-—23SQ 2

N\
N\

AL — /

(SNOLOAL A3ZIAVIO4T)

[y

INDAD 3OV
dAL s S|

5

doivig

-

4
{—

-—— AL ——

ATO G2

1(1

October 4, 1988

Page Rev. 1




s

I

Design Manual Page 8-15

between 7.5 and 0.5 Hertz operation. The latter requirements represent electrically oppo-
site extremes in that protons require a high voltage, low current power supply, and
heavy 1ons require a lower voltage but much higher current unit. (See Table 3-2). These
requirements can be met by constructing the p.s. 1n many identical modules, thus per-
mitting switching of some form between series/parallel arrangements, switching at the
load, or by-pass operation of units.

TABLE 3-2 Main dipole and quad power supply system requirements.

Voltage Current Power
Cycle (Amperes) (MW)
(Volts) | peak | rms | peak | rms
Dipoles:
Protons 4950 2400 | 1700 11.9 8.4
Heavy Ions 1550 5600 | 3400 87 | 53
Quadrupoles:
" Protons 435 2400 | 1700 10 | 0.74
Heavy lons 270 5600 | 3400 1.5 | 0.92

Therefore, our final choice of adjustable SCR multiphase supplies presents the
Booster with a scheme that meets the requirements of the machine as specified and also
offers a large amount of design and operational flexibility Modularization of the system
also results 1n further enhancement of the operation as well as optimization of cost.

3.2.1.2.3. Design Considerations

The previous sections described the macroscopic requirements of the Booster Main
Ring Power Supply (BMRPS). This section will give more specific requirements as well
as describe the overall design of the dipole PS. Table 3-3 lists the major parameters of
the Booster dipole magnet and PS. As can be seen from the table, the Booster magnet
requires different injection and extraction fields for the proton and heavy-ion modes.
The other major parameters affecting the power supply design are the p.r.f. and the
accuracy and reproducibility of the cycles. The power supply load time constant 1s 2.0
seconds.
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TABLE 3-3 List of parameters for the Booster dipole system.

Parameter Unit Proton | Heavy lon
Type Curved H
Number of Magnets each 36 +1
Bend Angle degrees 10
Core Length m 2.34
Magnetic Length m 2.40
Gap Height cm 8.255
Pole Width cm 25.4
Useful Aperture cm 15.2 X 7.0
No. Pancakes per Magnet 4
No. Turns per Pancake 4
Injection Field (B) kG 1.56 0.5- 0.8
Extraction Field (B) kG 5.46 12.74
Inj. Transfer Function (B,/I) G/A 2.436
Extr Transfer Function (Bf/I)) G/A 2.320
Injection Current (I) A 640 ~300
Extraction Current (If) A 2250 5700
rms Current A 1700 3500
Conductor Dimensions (H X V) mm 24.5 X 50.8
Current Density (max) A/ cm? 525
Resistance/Magnet m{2 1.5
Resistance, total mf} 65
Inductance/Magnet mHy 3.2
Inductance, total mHy 120
Coil Insulation, de volts V- : 20
Pulse Repetition Frequency Hz 7.5 0.5-0.7
Max. I kA/s 40 10
IR max A\ 150 360
LI max v 4800 1200
Total Voltage \"% 4950 1560
Peak Power MW 11 8.6
Dissipated Power kW 200 800
Stored Energy kJ 300 1800

Correction Windings

PBLW 2 T total
Other 6 T total
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The actual shape of the Booster cycle 1s determined by the low B injection period,
the constant rf bucket (1.5 eV-s) area acceleration,!? and the invert or recovery part of

the cycle.® Calculated waveshapes of voltage and current resulting from the above con-
siderations are shown in Figure 3-8(a) for protons. The maximum current (I) for opera-
tion at 1.5 GeV 1s 2254 amperes. The maximum I 1s 40 kA/s. For heavy ions, a calcu-
lated cycle (voltage, current) of approximately 1.4 seconds i1s shown in Figure 3-8(b).
The maximum dipole field (current) depends on the heavy ion species, with a value of
12.74 kG. (5700 amps) for gold. The maximum I 1s 10 kA/s. Table 3-2 summarizes the
final dipole BMRPS requirements.

Several other criteria were considered 1n determining the power supply configuration.
These primarily concern reliability issues, economics issues, and the ultimate perfor-
mance. Keeping the voltage stress on semiconductor devices and on the magnets at a
low value increases both the lifetime and the reliability of the system. Feeding the mag-
net string at two (2) locations reduces the magnet voltage to ground to a more reliable
level and results 1n fewer magnet coil failures. This would reduce the number of bleed-
ups and bakeouts of the vacuum system. For performance improvements in the ripple
and response time, a larger number of SCR phases would be preferable. A larger number
of phases also gives a smoother control and output function. Provided the phases can be
kept balanced, the improvements 1n performance as well as the reduction 1n size of the
ripple filter would be appreciable. Also, if we standardize on more readily available com-
mercial power supply units, a cost savings should result upon the procurement of these
units.

Based on the above, and together with the fact that a larger number of modules
would accommodate a more exact match to the cycle variations and requirements,
(without exceeding the accuracy specifications), we decided to construct a dipole power
supply system that consists of two (2) stations composed of three (3) groups each. One
group (consisting of two modules) will be on continuously and be capable of handling
proton and heavy ion injection, and polarized proton accumulation. All other modules-
will have bypass switches and would normally be 1n bypass mode. As more voltage 1s
required for any acceleration mode, additional groups would be turned on (unbypassed).
A block diagram of this system is shown in Figure 3-9. Groups I and II (total of four
modules) are rated 867 volts, 3500 amperes (rms) each. All the other groups, IIl through
VI (eight modules) have ratings of 867 volts, 1750 amperes (rms) each. A detailed
schematic of a group (two modules) is given in Figure 3-10. Table 3-4 summarizes the
voltages, currents, and power values that can be obtained from the combinations of
modules for the various anticipated modes of operation. The additional 30% rating
available from groups I and II, result in complete cycle flexibility for the Booster without
having to shut down or reduce the power to zero to mechanically switch cycles. It also
eliminates the need for very complex, unreliable dynamic-mode changing switches (i.e.

1J. G. Cotungham, “Proton Cycle for the Booster” BSTN No. 49, September 1986.

2M. Meth, “Calculation of Booster Power Requirements Based on Constant RF Bucket Area” BSTN
No. 45, June 1986.

*J. G. Cotuingham, “Considerations Affecting the Booster Magnet Cycle” April 1986.
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solid-state umts). This will cut down specifically scheduled single-mode operation and
results in faster change-over between modes. It will also enhance machine understanding.

TABLE 3-4 Design values for the modules of the magnet power supplies.

a) Dipole System Modules:

Voltage/Mod. Current/Mod. Power/Mod
Modules Use v, !
(Voits) | peak | rms | peak | rmms = -
1—H1L 1733V | 6000 A
v —v, 333V | 60004 | 35004 | 26Mw | 1smw || JEL | 178V "
V.-V 4333V | 3000A | 1750A | 13MW | 076 Mw || 1 —H L | by-passed | by-p

s 12 2 — Proton 3466 V 3000 A

b) Quadrupole System Modules:

Voltage/Mod. Current/Mod. Power/Mod
Modules Use v, !
(Volts) | peak | mms | peak | rms i -
1—HI1L 4333V 6000 A
Vo Vo, | 983V | 6000A | 35004 | 26MW | LsMW ||, 0L | RS0 S04

To reduce the amplitude of the power supply output fundamental ripple component,
damped passive low-pass filters will be used. These filters will have optimized transient

response so they do not cause any large unnecessary loop delays.4

3.2.1.2.4. Control

The control of the various cycles required by the Booster will be by computer-
controlled function generators. Dedicated cycle modes or supercycle modes will be set up
and stored in the local device control computer The host computers can download
different functions as desired. The local station computer, acting through the local dev-
1ce controller, will convert the host commands to local parameters (14-16 bit) stored in
tables and they will in turn generate the output vectors that comprise the detailed cycle.

The timing will be derived from the Booster master timing generator, which 1s ulti-
mately driven by the AGS complex supercycle generator (SCG). This device 1s line syn-
chronized. (See Chapter 9.)

The power supply will have real-time feedback loops to assure cycle reproducibility
and to assure that the outputs have followed the desired commands. The performance
will be verified via computer monitoring of the output voltages and current, the loop
error signal, and the output ripple. Appropriate A to D converters (12-16 bit) will be

4ibad.
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Figure 3-10. Typical dipole group schematic diagram.
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used for the analog signal monitoring. A Fast Fourier Transform will be used to analyze
and present the various ripple components on the output voltage waveforms. The com-
puter will also have the capability (since 1t has prior knowledge of the cycle) to give
feed-forward information to assist in setting up the proper cycle and its control. Items
such as which groups of modules to energize and which by-pass switches should be
activated will be available. Cycle information will also be acquired from previous pulses
and this will subsequently be used to alter the present or future cycles.

3.2.1.2.5. Magnet Bus, Monitoring, Protection

The dipole magnet load parameters are 120 mHy and 65 m{) for the 37 magnets
connected 1n series. The magnet upper and lower coils will be hooked up in a folded or
doubled-back series configuration which has a loop break 180 opposite to the first feed
point. Power will be fed to the magnets at two (2) points to decrease the voltage stress
to ground. A simplified schematic 1s shown 1n Figure 3-11.

A ground momtoring system will be used to check the integrity of the system and to
alarm and interlock the power supply if ground faults have developed. The magnets and
power supply will also have over-voltage limiting devices and detection systems. Ther-
mal protection in the form of water-flow switches and over-temperature devices on all
parallel water cooling paths will be provided.

Extra dipole windings will be incorporated 1n each dipole magnet and used for van-
ous purposes. The low power, single-turn windings will be wired to a monitoring point
and used as a diagnostic for any abnormal magnetic field behavior in individual magnets.
Other windings will be used for beam orbit deformations and as possible trim or correc-
tion windings.

The magnet current will be measured by a very accurate (<0.001%) direct current
transformer or DCCT The magnet voltages will be measured via isolated voltage sens-
ing devices or compensated dividers that have good frequency response and good tem-
perature and voltage stability

An additional ‘dipole ‘magnet (No. 37) will be placed in series with the rest of the
ring dipole magnets and used as a reference or measuring magnet. This unit will have
the field measuring devices both for absolute and relative measurements. A fast, bipolar
gauss clock will generate the pulsed field signals for the timing of other accelerator func-
tions, rf, extraction, etc. Magnet No. 37 will also contain Hall probe(s) as well as a
nuclear magnetic resonance (NMR) probe. These will be used for remnant field correc-
tions and for absolute calibration and checking of the running gauss clock.

3.2.1.2.6. AC Line Effects

Powering a synchrotron or any cyclical, high peak power device directly off the com-
mercial power line has several potentially harmful drawbacks. The pulsed real and reac-
tive power variations cause phase and voltage flicker This problem has been studied for

Page Rev. 1 December 5, 1988
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previous large accelerator installations®®7® and for arc furnace nstallations. In our case

for the Booster, the short-circuit capacity of our feeders and the use of an alternate 69
KV line results 1n acceptable values of <0.5% voltage variation and <0.5 phase vana-

tion. Complete details and studies of this problem are given in the references.% 1011

From the above studies, the scheme chosen i1s depicted in Figure 3-12. The figure
shows a dedicated 20/27 MVA transformer which steps down the incoming 69 kV to 13.8
kV Ths voltage 1s then fed via selectable switchgear to a local switchgear cubicle. This
is then transformed via a series of phase-shifting transformers and a series of rectifier
transformers to the low voltages requred by the Booster SCR modules (see section
3.2.1.2.3).

Future enhancements for the dedicated Booster main powering system, would be to
include dynamic reactive power compensation and harmonic filtering techniques.

3.2.1.3. Quadrupole Power Supplies

3.2.1.3.1. Requirements

The AGS Booster 1s a separated-function machine, and the lattice incorporates 24
horizontal and 24 vertical focusing quadrupoles. In order to accurately hold the tunes of
the machine during acceleration, the quadrupoles must track the dipoles to within
40.1%. This will assure tune accuracies of  0.01 » In addition, 1t 1s required to have
a range 1n tunes of 0.5 so that the optimum range of values 1n tune space can be
exploited.

The parameters for the ring quadrupoles and power supplies are given 1n Table 3-5.
As can be seen from the table, similar cycle varnations in parameters exist for the qua-
drupoles as for the dipoles. Many of the dipole comments apply equally well to the qua-
drupoles.

5J. A. Fox, “Static Power Supplies for Pulsed Loads,” JEEE Transactions on Nuclear Science, NS-18,
June 1969.

®R. Cassel, J. E. Van Ness, “Direct Powering of the 200 GeV Synchrotron Magnets from the Utility
System” op. cit., NS-16, June 1968. :

’R. Cassel, “Power Supply for NAL Mamn Ring,” op. est., NS-20, 1973.

8A. Rohrmayer, “Operation of Accelerators Directly Off the Utility System,” op. cit., NS-14, June
1967

M. Meth, “Preliminary Study of AC Power Feeders for the AGS Booster,” AD Tech. Note #220, Oc-
tober 1985.

10M. Meth, “Line Flicker for 1.5 GeV Proton Operation,” BSTN No. 54, July 1986.

M. Meth, A. Ratti, “Frequency Spectrum Generated by AGS Booster Power Swings, Heavy Ion Cy-
cle,” BSTN No. 106, January 1988.

Page Rev. 1 December 5, 1988



Page $-26

Design Manual

‘uonnqusip Jamod Hy urew Ja9s00gg ‘ZI-g aindi g

SNaAIWOD
AIMOd . :
andovay [2dd] [ A9] [He] [21r 1A -—-|v'er] [zun
| J IR ]
% dqow avn® . SEWNAOW TOdia )
aYon VN1 O (7 ( (
g ? 7
A Sel
Advo MALCoO0g oL
D 2 # LiNN

N\ m _/

FBYIDOHDAIMS

AN

I R RTT)

P

( (

I =g AHIHI.

('S 'ON) SADWHOASYHL

\\>yo.n_\@J2&Mm1.roa.02 %?(
(858 - 69) [

*O O

IANM AL\ AAED

- NOLLVLSaNS 1D

(199 - D)
4334 IOV - A &9

/7

p AN

RAYVIAD HOALIMS

ZIRWRAOSSNVYALL
«OMNISNd,, QRALVYDIA3J
VAW LZ/02

A B €16

October 4, 1988

Page Rev. 1




Design Manual Page 8-27

TABLE 3-5 List of parameters for the Booster quadrupole system.
Parameter Unit Proton | Heavy Ion
Type Iron Core Quads
Number of Magnets each 24, 24,1, 1
(H V, Hre ’ Vref)
Core Length m 0.47
Magnetic Length m 0.50
Pole Tip Radius cm 8.255
Pole Width cm 12.7
Useful Aperture (radius) cm 6.6
No. Pancakes per Pole 1
No. Turns per Pancake 5
Poletip Gradient (max.) kG/m 12
Injection Field (B'.) kG 1.0 0.4
Extraction Field (B) kG 3.5 8.3
Inj. Transfer Function (B,/I) G/A 1.5625
Extr Transfer Function (Bf/If) G/A 1.512
Injection Current (Il) A 640 250
Extraction Current (I/) A 2240 5700
rms Current A 1700 3500
Conductor Dimensions (H X V) mm 31.7 X 31.7
Current Density (max) A/em? 600
Resistance/Magnet m{} 0.90
Resistance, total mfl 32.5
Inductance/Magnet mHy 0.35
Inductance, total mHy 9.0
Coil Insulation, de volts kv 20
Pulse Repetition Frequency Hz 7.5 0.5-0.7
Max. I kA/s 40 10
IR max v 75 180
LI max \'% 360 90
Total Voltage Vv 435 270
Peak Power MW 0.975 1.48
Dissipated Power kW 100 400
Stored Energy kJ 23 135

The time constant (L/R) for the quadrupoles i1s much shorter than that of the
dipoles. If one takes into account vacuum chamber and magnet eddy current effects, this

Page Rev. 1 December 5, 1988
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makes tracking adjustments in the quadrupole currents much more critical. Therefore, 1t
was decided to power the horizontal and vertical quadrupole strings separately with their
own 1ndividual power supply The major requirements for these units are that they be
accurate, low ripple, fast response, full power units.

3.2.1.3.2. Design

Since the quadrupole power supplies have to be very accurate power function gen-
erators, we have decided to design the units as modified series regulators with slaved sili-
con controlled rectifier (SCR) feedback loops. The scheme will consist of multiphase
transformers, SCR'S, passive low pass (RLC) filters and series regulators. The scheme 1s
shown 1n Figure 3-13, 1n block diagram form.

An alternative approach to the above scheme 1s to power separate, 1solated, high-
power windings which are included in the quadrupole magnet design. These windings
will be connected 1n series in all 25 quadrupole magnets and would be used to superim-
pose a trmming current (+£10%) on the quadrupoles in addition to the main current
which 1s obtained from the large SCR power supplies. A limitation of this scheme 1s the
net amount of I that can be coupled through the trim windings.

The 25 (24 ring quads + 1 reference quad) horizontal and 25 vertical quadrupoles
will be connected in series as two completely independent strings. The time constant
(L/R) of each string 1s approximately 0.25 seconds. The power feeds are folded back at
the loop continuity break point which 1s at the same place as the dipole break. For
details, see Figure 3-14.

The quadrupole currents will be measured by a very accurate DCCT Isolated,
stable, compensated voltage dividers will be used for voltage monitoring and for feed-
back.

Reference magnets hooked up 1n series with the ring quadrupole strings will be used
to monitor the pole tip fields and to check the match or tracking to the dipoles. The
measuring probes will be coils inside vacuum chambers, whose outputs are integrated to
obtain the field at any point in the cycle. Hall effect plates that are temperature com-
pensated will be used to calibrate the field coil gauss clocks. The schemes will be similar
to those used for the dipole. '

The quadrupole power supplies will be interfaced to the Booster computer control
system. The control system will supply the analog function (D/A) generators for voltage
or current references. This will be as described 1n the section on dipole control.
(3.2.1.2.4) The D/A hardware will be located 1n the power supply umt where 1solated,
digital information will be transmitted to it. In addition, the computer will monitor the
following power supply analog signals: the output currents, the output voltages, the
regulator error signals, and the reference magnet quantities.

Page Rev. 1 December 5, 1988
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3.2.1.4. Corrector Power Supplies

3 3.2.1.4.1. Sextupole

The parameters for the main chromaticity sextupoles are shown 1n Table 3-6. Since
) the power requirements are quite low, two (2) regulated, pulsed supplies will be con-
structed, one for the honzontal sextupoles and one for the vertical. The units will con-
sist of commercially available de supplies, and either commercial or BNL constructed

transistor banks. They will be controlled by function generators available from the
Booster Control System. Readbacks of magnet current, magnet voltage, DAC output
and regulator error voltage will be provided to check the operation of the supplies.

Page Rev. 1 December 5, 1988
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TABLE 3-8 List of parameters for the Booster sextupole system.

Parameter Unit Proton | Heavy Ion

Type Iron Core Sextupoles
Number of Magnets each 24, 24

(H, V)
Core Length cm 10
Magnetic Length m 0.1
Pole Tip Radius cm 7.62
Pole Width cm —
Useful Aperture (radius) cm —
No. Pancakes per Pole 1
No. Turns per Pancake 20
Poletip Strength (max.) kG/ m? 500
Injection Field (B) kG 0
Extraction Field (B) kG 3.0
Inj. Transfer Function (B./T) kG/A 0
Extr. Transfer Function (Bf/I,) kG/A 0.01
Injection Current (I) A 0
Extraction Current (If) A 250
rms Current A 150
Conductor Dimensions (H X V) mm 13 X 13
Current Density (max) A/em? 150
Resistance/Magnet m{ 3.6
Resistance, total m{ 86.4
Inductance/Magnet mHy 0.06
Inductance, total mHy 1.5
Coil Insulation, dc volts kV 5
Pulse Repetition Frequency Hz 7.5 0.5 - 0.7
Max. I kA/s 5
IR max v 26.5
LI max A\ 7.2
Total Voltage \'% 40
Peak Power kw 10
Dissipated Power kw 7
Stored Energy J 2

December 5, 1988
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3.2.1.4.2. Dipole and Quadrupole

The other correction power supplies required for proper Booster operation will be
constructed as bipolar units of various ratings. Several schemes will be investigated that
provide full four-quadrant operation. Two simplified versions are shown in Figure 3-
15(a) & (b). The main control elements as shown are transistors. For higher power
correctors, SCR’s (dual or back-to-back) may be substituted. The transistors may be
either bipolar units or V-MOSFETS 1n module or block form. Some low current, bipolar
units are also available commercially The applicability of these umits will be investi-
gated. The power supplies will provide versatile correction controls for the various beam
correction schemes required for Booster operation. The programs will be stored locally in
device controllers and be called up by control programs required to run 1n supercycle
mode. It will then be possible to run different corrections for each cycle. Standardiza-
tion of the various corrector umts 1s most important from the controls, operations, and
economics points of view A preliminary list of correction magnets and Power Supplies
are shown 1n Table 3-7

Page Rer. 1 December 5, 1988
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TABLE 3-7 Number and types of AGS Booster power supplies.

a) Transport Lines

DCP S.
D | Q| ST

I. bvy ion 1n;. 6 | 16 6
II. proton 1nj. 1113 6
3

M. extraction 5116
Total 12 {45 ] 15
Sum Total 62

b) Main Ring

Pulsed DC P S. Special, Pulsed fi
Main Multipole Correctors Orbit Bumps Fast :
s D Q s Eddy Slow Sept. -
D BLW L
Q H{VIH{VIH{VIS|HIVI|S I Krs Kr. ;

1. hvy i10n 1n} . 3 1 1
. p 3 1 *
HI. inj (both) 2 |
IV extraction 4 1 1 ‘
VManRing |1 | 2]1]1 }
VI. M.R. corr. 96 1 1
VIL AGS m) 2 1 1
Total 1] 2 2 96 12 4 3 3 -
Sum Total 101 22 i

Grand Total: 195
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CHAPTER 4. BOOSTER INJECTION LINES

4.1. Proton Injection Line

The AGS Booster will use H™ injection, as i1s presently done on most of the world’s
accelerators, for both polarized and unpolarized proton operation. H~ charge exchange
injection has the well known advantage of permitting brighter beams because 1t allows
injection to continue into already occupied phase space in apparent violation of

Liouville’s Theorem. The use of a charge stripping foil converts H™ into protons, thus
changing the direction of curvature in a magnetic field. This i1s an irreversible process
and thus Liouville's Theorem 1s not applicable.

For H™ charge exchange injection, the closed orbit of the synchrotron is moved to
the 1njection orbit where a stripping foil 1s located. For 200 MeV H-, the foil 1s made of
100 - 200 pg/cm?® of carbon or aluminum oxide. The foil should be located downstream

of the dipole field which separates the circulating proton orbit from the injected H™ from
the linac. Because of the difference in sign of the charges, the circulating beam and the
injected beam merge tangentially at the foil location. The injected beam should be on an
orbit which merges with the circulating beam at the edge of the dipole field. (Figure 4-1)

There are several factors that dictate the particular injection geometry used on the
booster The chief of these 1s that it i1s very desirable to be able to inject polarized pro-
tons where 8, 1s a mmmum and §, 1s 2 maximum. Since the booster’s function in the

polarized proton mode is that of an accumulator one wants to accumulate the maximum
possible intensity, maximize the ratio of the admittance and foil area (ﬂh = max.), while

at the same time minimizing vertical emittance growth due to multiple scattering
because depolarization 1s proportional to the vertical amplitude (8, = min.). This leads

to positioning a foil near a magnet end and injecting through the magnet.

4.1.1. Proton Injection Line Components

After the kicker in the HEBT line, the H™ proton injection line has five quadrupoles
and four bending dipoles. Each dipole bends the beam 31.54 and has a field of 9.1 kG.
The magnetic length of each of the dipoles 1s 1.3 m. There are 13 quadrupoles 1n the
line. These have field gradients in the range of 0.6 to 1.6 T/m and their magnetic length
is 0.3 m. In addition, there are three horizontal steering magnets, four conventional vert-
ical steering magnets, and a fast vertical steering magnet (for painting). The line has
been designed to be operated with two different sets of quadrupole field gradients in
order to allow injection of both polarized and unpolarized H™ beams into the Booster A
kicker 1n the linac line (MD60)imparts an 1nitial deflection of 7.5° to the beam of pro-
tons. The protons enter the main Booster ring through one corner of dipole magnet C5.
The path followed by the protons in going from the linac to the Booster 1s shown in Fig-
ure 4-3. Details of the entry of the beam through the Booster ring magnet are displayed
in Figure 4-4. The magnets and their locations 1n the polarized proton injection line are

Page Rev.. 1 December 5, 1988
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given 1n Table 4-1 below The field gradients for the quadrupoles are shown in Table 4-

2.

TABLE 4-1 Location of the proton injection line elements.

Page -8

Location of Proton Injection Line Elements
e e
Booster Coord. AGS Coord. BNL Coord.
No. | Name "1 — , . » - ——
. z (m) y (m) E (in.) N (in.) E (ft.) N (ft.)

1 PIK1 -46.0014 23.8598 | -662.200 | 14520.000 | 98366.267 | 102360.000
2 PIQF1 | -41.9376 26.4383 | -502.207 | 14418.480 | 98379.602 | 102351.539
3 PIQD1 | -40.8400 27.1349 | -458.994 | 14391.056 | 98383.203 | 102349.258
4 PIQF2 | -39.7424 27.8315 | -415.781 | 14363.63 98386.805 | 102346.969
3 PIQD2 | -38.6448 28.5281 | -372.568 | 14336.205 | 98390.406 | 102344.688
6 PIQF3 | -37.5472 29.2247 | -329.355 | 14308.780 | 98394.008 | 102342.398
7 PID1 -35.8441 | -30.3055 262.307 | 14266.230 | 98399.591 | 102338.853
8 PID2 -34.2106 | -30.3300 197.994 | 14265.265 | 98404.951 | 102338.772
g PIQF4 | -33.2500 29.7601 160.174 | 14287.702 | 98408.702 | 102340.641
10 PID3 -32.2894 29.1902 122.358 | 14310.139 | 98411.254 | 102342.512
11 PIQF5 | -31.7689 282020 | -101.863 | 14349.047 | 98412.961 | 102345.758
12 PID4 29.6531 24.1853 18.566 | 14507.183 | 98419.903 | 102358.932
13 PIQF6 29.8577 21.0750 26.619 | 14629.636 | 98419.234 | 102369.133
14 PIQD3 29.9430 19.7778 20.979 | 14680.707 | 98418.953 | 102373.391
15 PIQF7 | -30.0940 17 4828 -35.923 | 14770.063 | 98418.461 | 102380.922
16 PIQD4 | -30.1793 16.1856 -39.283 | 14822.134 | 98418.180 | 102385.180
17 PIQF8 | -30.3303 13.8905 -45.227 | 14912.489 | 98417.688 | 102392.711
18 PIQDS5 | -30.4682 11.7951 -50.654 | 14994.988 | 98417.234 | 102399.586

The coordinates given in the table are the coordinates at the aper of each magnet
(not the center).

In order to inject the transported beam into the Booster ring, it must pass through
a hole 1n the yoke of the C5 dipole magnet (Fig. 4-4). It 1s then deflected by the field of
this magnet to a position that is tangent to the inwardly displaced circulating beam
orbit at the location of the stripping foil.

The horizontal aperture of the Booster is six inches. In order to utilize the max-
imum aperture effectively, the stripping foil is located at 2” from the center line of the
closed orbit. The optimum location of the foil will be determined experimentally A
fixed DC orbit bump 1s used to move the closed orbit outward, and a fast-rising fernte
kicker deflects the closed orbit to the inside where the stripping foil is located. Three
injection kickers are used, they are located at C3, C6 and C8. The slow orbit deforma-
tion 1s accomplished by additional deflection at the dipoles C4, C8 and D1 from fields
produced by extra or trim windings. The properties of these elements are given in Table
4-3.
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Figure 4-4. Injection trajectory in dipole magnet MDCS5.
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TABLE 4-2 Field gradients for the proton 1njection line quadrupoles.
Field Gradients for
Proton Injection Line Quads
Non-Polarized | Polarized
No Name
(T/m) (T/m)
1 PIQF1 1.4288 1.2455
2 PIQD1 1.6000 1.5000
3 PIQF2 0.6000 0.6000.
4 PIQD2 1.1630 1.0938
5 PIQF3 1.6000 1.5000
6 PIQF4 1.3245 1.2221
7 PIQF5 1.0132 1.5000
8 PIQFG6 1.0450 1.0019
9 PIQD3 1.2039 1.0938
10 PIQF7 0.9462 1.0407
11 PIQD4 -0.6651 1.0029
12 PIQFS8 1.4120 1.0022
13 PIOD5 1.6000 1.0009
TABLE 4-3 Proton injection elements located in the Booster ring.
Name Device Location Strength
rad Amp-Turns
PIB1C4 | Slow Orbit Bump 1 C4 0.00136 80.0
PIB2C8 | Slow Orbit Bump 2 C8 0.00039 23.0
PIB3D1 | Slow Orbit Bump 3 D1 0.00094 55.4
PIFC5 Injection Foil Cs5 - T-m
PIK1C3 | Injection Kicker 1 C3 (upstream end) 0.007889 0.0170
PIK2C6 | Injection Kicker 2 C6 (downstream end) | 0.002609  0.0056
PIK3C8 | Injection Kicker 3 C8  (center) 0.008153 0.0175

The carbon stripping foil has a mass of 100 to 200 ug per square centimeter and a
stripping efficiency of close to 100 percent. Alternatively, the aluminum oxide stripping
foil recently developed at Rutherford Laboratory mav be used. With ~25 mA of H™
current available from the linac, one can inject up to the space-charge limit of the

Booster

Page Rev.. 1
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4.1.2. High-Intensity Unpolarized Proton Beam Injection

As 1n the case of the AGS, the stripping foil position must be experimentally deter-
mined to utilize the maximum available aperture and to achieve the maximum possible
intensity The closed orbit bump is to be minimized and yet the available aperture 1s to
be maximized. The good field region of the main dipole magnet 1s 3 inches and the foil
will be located somewhere between 1” and 3" from the central orbit as determined by
maximzing the accelerator intensity This is shown schematically in Figure 4-4.

The final foil position determines the useful aperture, and when this is set, a d.c.
orbit bump, produced by using extra windings at three lattice dipole locations, will move
the closed orbit to the center of this aperture. If the optional foil position 1s 2, then
this d.c. bump 1s 0.5” As the magnet field ramps, the effect of this d.c. bump becomes
smaller and smaller and 1s essentially zero at full energy

Next a fast orbit bump is used to move the circulating orbit onto the foil. The foil
1s located downstream of the C5 dipole and upstream of the C5 quadrupole. The trajec-

tories of the H™ beam injected through the displaced yoke of the C5 dipole are shown 1n
Figure 4-4 for the 1™, 2” and 3" foil positions.

With the dc and fast bumps on, injection starts at the center of the booster accep-
tance and moves toward the outside of the phase space as the size of the fast bump 1s
decreased. The bump amplitude should decrease parabolically with a slope that matches
the phase-space area located at the orbit bump position. This will uniformly populate
the available phase space. The fast bump is turned off ‘at the end of injection and the
size of the orbit bump at this time 1s the size of the injected beam plus the momentum
space required after capture. Figure 4-5 shows the time sequence of this process.

Figure 4-6 shows the bump location in the ring lattice.

The bump magnet has a rise time of 50 us and the length of injection 1s 300-400 us.
One can also introduce a vertical fast dipole to spread the beam uniformly 1n the vertical
phase space if this proves advantageous.

4.1.3. Polarized Proton Injection

The Booster 1s acting as an accumulator 1n this mode, and therefore 1njection must
occur over some 20 - 30 linac pulses (2 to 3 seconds). One cannot keep the beam on the
foil for this long without losing 1t due to multiple coulomb scattering. The solution for
this 1s to bump the injected beam onto the foil during the 300 - 400 us injection pulses.
Since pulses occur only every 133 ms, this leads to a good beam survival efficiency
Because of this bump, the available aperture must be equally divided between the
injected and circulating beams. This dictates that the foil position be at —1” and the
d.c. bump at +1” This allows 4~ of aperture for both the injected and circulating
beam. See Figure 4-7

Every time the linac 1s ready to inject into the Booster, the circulating beam 1s
bumped over to the stripping foil position. To minimize the multiple scattering losses,
the bump rise time should be made as fast as possible, say 50 us.

Page Rev.. 1 December 5, 1988




Design Manual Page 4-7

INJ ON |
CIRCULATING BEAM LINAC BHAM
ST TU
Ll
= \
= SR
ORBIT
‘QUMP
LAST TURN t
STRIPPING
FOIL

Figure 4-5. Populating the phase space with the injected beam.

Page Rev.. 0 October 8, 1988



Jo
£

Page 4-8

Design Manual

oV

221198] 3ul oYy uy duing oy Jo UolBI0T 9 aingy

(S¥3L3W) 3ONVLSI]
9¢ 2¢ 8z 2 02 9l Al )

802L0D £4D T SOD SAIPBI_pAIEDD

-

A

SdNNE NOILO3ArNI NOL10OYd

dAN8 mO1S

dNN8 MOTS + ISVYd

October 8, 1988

Page Rev.. 0




SR

Design Manual

CIRCULATING
ORBIT

Page 4-9

INJECTION
ORBIT

NN

LINAC
BEAM

STRIPPING FOIL

OINN N

Figure 4-7 Injected and arculating polarized proton beams.

Another difference in this mode from the high intensity mode is the geometry of the
stripper foil. As shown in AGS Tech. Note 186, it 1s important to focus the linac beam
at the foil and to make the foil as small as the horizontal dimension of the linac beam.

This 15 necessary to make the maximum

number of circulating particles miss the foil.

Also the foil 1s at a horizontal /3max which also helps the accumulation efficiency

Page Rev.. 1
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4.1.4. Booster Aperture
Table 4-4 compares the Booster acceptance with the AGS acceptance.

Page 4-10

In addition to the elements listed in Table 4-1, proton injection requires certain
hardware that 1s located 1n the ring itself. These items are listed in Table 4-2.

The injection kicker requirements for polarized proton injection are:

Page Rev.. 1

Maximum displacement required

Aperture

Rise and fall time
Pulse length
Pulse shape

0.0762 m

2.65 X 6 1n.
50 us
up to 500 us

Programmable

TABLE 4-4 Comparison of Booster and AGS Acceptances

Acceptance Comparison
AGS BOOSTER

Horizontal
Physical size 127 mm 127 mm’
Momentum space (0.5%) 11 mm 147 mm
Betatron space available 116 mm 112.3
Maximum beta function 2275 m 138 m
Betatron admittance 12797 x10° | 22857 x 10
Vertical
Physical size 75 mm 66 mm
Closed orbit error 5 5
Betatron space available 70 61
Maximum beta function 22.75 138 m
Admittance 547 x10% | 6747 x10°

*Nominal position of injection stripping foil at 2 inches from center

December 5, 1988
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4.1.5. Injection Power Supplies

4.1.5.1. Introduction

Since the AGS Booster has to accelerate protons, polarized protons and heavy ions,
it must accommodate various different injection schemes. The proposed schemes fall into
two (2) major categories, namely H stripping injection (protons) and multiturn injection
(heavy 1ons). The required devices for injection into the Booster are dc beam transport
elements, orbit deformation bumps, slow programmable injection beam kickers, and an
electrostatic septum. The number and types of devices are listed in Table 4-7

The power supplies for these various systems are described i1n the following sections.

4.1.5.2. DC Beam Transport

The beam transport power supplies used 1n the proton 200 MeV 1njection line will
be medium curent dc types. The four dipole magnets will be connected in series and
driven by one 1000 ampere supply All the quadrupoles will use the same type of power
supply (13 each) that will be rated 350 amperes. (The gradients are given in Table 4-2.).

Regulation will be 1 part in 10% or better This is readily available 1n commercial units.

The regular horizontal and vertical steering magnets will have bipolar series-
regulator type power supplies. These will be constructed identically to the corrector
power supplies used 1n the main booster ring (see 3.2.1.4.2).

4.1.5.3. Pulsed Injection Power Supplies

4.1.5.3.1. Orbit Bumps

The orbit bumps are created by ‘‘backleg” windings (BLW’s) on the main ring
dipole magnets. These are flat pancake coils sandwiched beteen the main coils and the
core on the top and bottom magnet coil surfaces. The power supplies will be either dc or
pulsed type. The dc units create a permanent orbit shift which decreases as the energy
of the Booster increases. The pulsed units will be capacitor-discarge types that use a
solid state thyistor switch. The pulse times, currents, and hence the voltages are quite
low, thus enabling an SCR or GTO switch. A simplified schematic 1s shown in Figure
4-8. These umts will be the same for proton and heavy ion injection. BLW’s on three
booster dipole magnets will be required to create the orbit deformation n each injection
scheme.

4.1.5.3.2. Injection Kickers

Each 1njection scheme (H charge exchange or HI multiturn) requires three injection

kicker magnets and power supplies. For protons (H beam) the magnets are located at
C3, C6, and C8. For heavy ion injection they are located at B8, C3, and C6. (See
Tables 4-2 and 4-6.) Since magnets are required at C3 and C6 1n both schemes, only one
magnet will be installed at each of these locations, and each will serve a double function,

Page Rev.. 1 . December 5, 1988



N
~
4
~
hod
o
o
a,

avon

Design Manual

A1ddns 1amod ad £y aS1eyosip 1030eded 10§ onpewaYdS poyldutilg g p aindiyg

SLINDAID DNIWLL

w.n—.r.— * Uﬂu—lﬁ

s gl

LOD31D

by
<

]

D
i}

¢
&
©
Y/

=]

(A0S A0 NOAANVJAHL)
HOLIMS 29AVHIOSIa NiwvW

"

AY3IA0DAA NE

—— e —

s\

1L

o=

L
|

K—w—] +

nc.m.L * <5.r

Sd

ONIFAYHD

December 5, 1988

Page Rev.. 1




I A

Design Manual Page 4-18

operating during both proton and heavy ion injection.

The beam kickers are fast-pulsed (50 us risetime), programmable power supplies
that are used to deflect the circulating beam so that it merges at the foil with the
injected beam (flattop times of 300 us). Units of this type are presently in operation 1n
the AGS and units of similar design will be constructed for the Booster The program-
mability 1s required to accommodate the different injection schemes. The basic scheme
uses energy stored in a large capacitor bank and controls its flow to the magnet via a
transistor reulator

4.1.5.3.3. HI Injection Septum

The 1njection septum 1s used for heavy ion injection and 1s an electrostatic type
operating 1n the vieimity of 50=60 kilovolts. The septum will be a thin foil of titamum.
A similar septum and dc power source are 1n use in the AGS for the directly injected
Tandem Van de Graaf beam, and will be duplicated for Booster operation. At present,
the electrostatic septum unit 1s not pulsed, although capability for pulsing can be imple-
mented.

Page Rev.. 1 December 5, 1988
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4.2. Heavy Ion Transfer and Injection Line

For the Booster the heavy ion transfer and injection line 1s assumed to start at

what 1s now called the 69° point. This 1s the point near the Southwest Experimental
Area where the Tandem Van de Graff heavy 10on beam now make a sharp bend for direct
transfer and injection into the AGS.

The optical matching of the beam starts from the quadrupole doublet upstream of
the 69° bend (AGS coordinates N6025.28, E4543.8).

DESCRIPTION OF NEW HEAVY ION LINE GOES HERE.

The elements of the heavy i1on injection line are given 1n Table 4-5. There are xx
dipoles and yy quadrupoles. The dipoles are of three types: xx mamn bending dipoles, xx
pitching dipoles, and xx steering dipoles. The pitching dipoles and steering dipoles have
not been included in the table because their positions have not yet been specified. Figure
4-8 shows the path of the heavy ion transfer and injection line from the 69° bend point
to the Booster ring.

TABLE 4-5 Location of the heavy ion injection line elements.

Heavy Ion Injection Line Elements

Booster Coord. AGS Coord.
z(m) | y(m) E (in.) N (in.)

1 HID1 | 00.000 | 00.000 | 0000.0000 | 0000.0000

No. | Name

In addition to the elements listed, the elements given in Table 4-6 are required 1n
the main Booster ring itself for heavy 1on 1njection:

Page Rev.. 1 December 5, 1988
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Figure 4-8. Heavy ion transfer and injection line to the Booster
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TABLE 4-68 Heavy 1on injection elements located in the Booster ring.

Strength

Name Function Location Sulfor Gold
HIB1B8 | Slow Orbit Bump 1 B8 49.1 A-t 59.2 A-t
HIB2C1 | Slow Orbit Bump 2 Cl 13.8 16.7
HIB3C3 | Slow Orbit Bump 3 Cs5 63.7 76.7
HISC3 Electro-static Septum c3 223 kV,em 12.4 kV/em
HIK1B8 | Injection Kicker 1 B8 (center) 0.007650 T-m | 0.009220 T-m
HIK2C3 | Injection Kicker 2 C3° (upstream end) | 0.000524 0.000632
HIK3C6 | Injection Kicker 3 C6' (downstream) | 0.004890 0.00590

*Note: C3 and CB6 injection kickers are the same 1dentical
units as the ones 1n the same locations 1n Table 4-2.

A thin electrostatic septum, HISC3, will be used to deflect the beam about 15° for
injection into the horizontal phase space of the Booster

The electrostatic septum must meet the following specifications:

Deflection angle 15.04°

Length 2.55m

Aperture (good field region) 2 X 2cm

Radius of curvature 9.65 m
Electro-static field Carbon 31.1 kV/em

Sulfur 22.3 kV/cm
Gold 124 kV/em
Septum thickness < 0.25 mm - as thin as practical

In the table, the location given for a injection kicker magnet refers to the straight
section 1mmediately following the indicated main dipole magnet. The 1njection kickers
located at the center of the B8 straight section, the upstream end of the C3 straight sec-
tion, and at the downstream end of C6 are used to deform the closed orbits just inside
the septum, further displacing successive turns. Since the beam of heavy ions from the
Tandem Van de Graaf accelerator has a small emittance (~ 1 mm-mrad), 1t 1s expected
that more than 20 turns can be efficiently 1njected 1nto the Booster betatron phase space
of 507 mm-mrad.

Page Rev.. 1 January 4, 1989
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The injection kicker requirements for heavy ion injection are:

Maximum displacement 0.0762 m (for p, , = 8.78 GeV/c)
Maximum displacement 0.0762 m

Aperture 2.65 X 6 1n.
Rise and fall time < 100 us
Pulse duration up to 500 us
Pulse shape Programmable

The strength of the quadrupoles has been determined, and the bending to be pro-
duced by each dipole magnet 1n the injection line has been calculated. These results are
shown 1n Table 4-7

TABLE 4-7 Lengths and strengths of the heavy 1on injection line elements.

Size of Heavy Ion Injection Line Elements

No. | Name Length Strength
: (m) | K1 (T/m) [ Angle (deg)
1 HID1 0.0000 - 00.000

The strength of the xx pitching dipoles, HIDnn, nn, nn, and nn, 1s 0.15 T-m, and
the strength of the steering dipoles, HIDnn and HIDnn, 1s 0.05 T-m.

4.2.1. Heavy Ion Intensity 1n the Booster

As shown 1 Figure 4-9 and also 1in the overview of Figure 4-8, a Tandem Van de
Graaf accelerator 1s used for injecting heavy i1ons into the Booster. Recent work has
demonstrated, that 1n a pulsed mode of operation, the source can be made to yield over
500 particle-uA of beam for light 10ns such as carbon. As the nuclear mass increases, the
available source current decreases. For the heaviest nucleus, !9’Au, approximately 240
particle-uA 1s currently available.

Page Rev.. 1 December 5, 1988
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Assuming particle loss in the beam transfer line can be neglected, the number of
heavy 1ons aveilable for injection 1nto the Booster 1s given by

Npooster = (N5;T1) X Sp
TANDEM

where N 1s the number of particles at the source
S, stripping foil efficiency (internal foil) for the most probable charge state
T, transmission probability through the Tandem
Sp stripping foil efficiency for foil following the Tandem

Both Ty and §; have been determined. Ty = 0.75 and S, 1s heavy ion species dependent.
In Table 4-8, the valves of S, are shown for various species together with the most prob-

able charge state after traversing the two foils 1n Figure 4-8. The velocity for each
species, on leaving the Tandem, 1s also shown.

Although N_ . represents the number of heavy ions available for storage n the

Booster, the actual number per bunch depends on the multi-turn stacking efficiency (sec-
tion 4.2). This efficiency 1s a function of the pulse length from the Tandem. In Table
4-9, the number of particles at the source, Ny, 1s shown as a function of the pulse length,

PL, and source current, IS

TABLE 4-8 Stripping Foil Eﬁcﬁencxs and Tandem Veloaty of Heavy lons

Species 12c 32g 6Cu 1271 19740
Atomic Number 6 16 29 53 79
Q; 5 9 11 13 13
Qs 6 14 21 29 33

ST 0.39 0.36 0.27 0.20 0.19

SF 0.9 0.40 0.27 0.20 0.17

~ 1.0075 | 1.0047 | 1.0029 | 1.0017 | 1.0011

B 0.1219 | 0.0966 | 0.0756 | 0.0575 | 0.0462

Page Rev.. 1 December 5, 1988
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TABLE 4-9 Number of Particles Emitted by Tandem.

Label I3 pPL NT

1. 80uA | 80us | 4.0x 10
2. 80 uA | 110 us | 5.5 x10'°
3. 80 uA | 200 us | 10.0 x 10%°
4. 80 uA | 500 us | 25.0 x 1010

5. | 110puA | 80us | 5.5x%10%

6. | 110pA | 110us | 7.55 x 100
7 110 A | 200 ps | 13.73 x 1010
8 110 pA | 500 us | 34.32 x 101°

9. | 200uA | 80us | 10.0x 10
10. | 200 uA | 110 us | 13.73 x 10%°
11. | 200 uA | 200 us | 25.0x 10%°
12. | 200 A | 500 us | 62.4 x 1010

13. 300 #A | 110 us | 20.59 x 10%°

In order to calculate the number of heavy ions per bunch for the h==3 mode i1n the
Booster, we need the number of possible revolutions Ny for a given pulse length PL from

the Tandem. Ny 1s given by ﬂcPL/ C where C 1s the circumference of the Booster

In Tables 4-10 - 4-14 the expected particle numbers/bunch are shown'! for both an
eight-turn injection with 100% stacking efficiency and a 32-turn injection with 50%
stacking efficiency At present, eight turns can be accommodated easily in betatron
phase space. To go beyond this will require experimental work with the on-line machine.
We note that a 32-turn injection with 50% efficiency is consistent with the more theoreti-

cal work of Wer and Lee®

The label (1-13) 1n Tables 4-10 - 4-14 corresponds to the Tandem currents and pulse
lengths 1n Table 4-9.

M. J. Rhoades-Brown and A. G. Ruggiero, ‘““Source Current into the AGS, An Analysis of the RHIC
Front-End Injection System.” RHIC Technical Note No. 32.

3J. Wer and S. Y Lee, “Simulation of the Multi-Turn Heavy-lon Injection mto the Booster.”
Booster Technical Note No. 102.
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TABLE 4-10 Number of Ions/Bunch Injected into Booster 12C
No. of No. Injected 1n | No. Injected 1n
TeT TeToF
NTTTS NTTIS™S Revolutions 8 Turns 32 Turns?
1. | 1.17 x 101 1.058 x 10%° 15 0.187 x 10%° —_
2. | 1.606x10° | 1.446 x 10%° 21 0.183 x 10%° —_
3. | 2.92 x10%° 2.63 x 10%° 37 0.189 x 10'° 0.379 x 10%°
4. | 7.301x10"° | 6.572x 10" 93 0.188 x 10%° 0.378 x 10'°
5. | 1.606x 10" | 1.446 x 10 15 0.257 x 10%° —
6. | 2.209x 10" | 1.989x 10%° 21 0.252 x 10%° —
7 4.02 x 10" 3.618 x 10%° 37 0.260 x 10%° 0.52n8x 10'°
8. | 10.00 x 10'° 8.99 x 10'° 93 0.257 x 10'° 0.515 x 10%°
9. | 2.92 x10'° 2.63 x 10%° 15 0.467 x 10'° _—
10. | 4.02 x 10*° 3.618 x 10% 21 0.459 x 10'° —
11. | 7.30 x 10" 6.57 x 1010 37 0.473 x 10%° 0.946 x 101
12. | 18.26 x 10°° | 16.43 x 10'° 93 0.471 x 10'° 0.942 x 10'°
13. | 6.02 x 10 5.42 x 101° 21 0.688 x 10'° —_—
t50% Stacking Efficiency
TABLE 4-11 Number of Ions/Bunch Injected into Booster 328,
: No. of No. Injected 1n | No. Injected 1n
T ToT ToToF
N'T®S NTTTS™S Revolutions 8 Turns 32 ’I‘nms‘r
1. | 1.08x 10 | 0.432 x 10%° 11 0.104 x 10 —_
2. | 1.49x 10" | 0.596 x 10 15 0.106 x 10'° —_
3. | 270x10" | 1.08 x10° 28 0.103 x 10" —
4. | 6.75x10° | 2.70 x 10" 71 - 0.102 x 10'° 0.203 x 10*°
5. | 1.49x 10" | 0.596 x 10% 11 0.144 x 101° —
6. | 2.04x10% | 0.816 x 10'° 15 0.145 x 10%° —
7 3.71x 10'° | 1.48 x 10'° 28 0.141 x 10%° —
8. | 9.27x10" | 3.70 x 10'° 71 0.139 x 10'° 0.278 x 10'°
9. | 270x10" | 1.08 x 10'° 11 0.262 x 1010 —
10. | 3.71x 10" | 1.48 x 10'° 15 0.263 x 10'° —_
11. | 6.75x 10 | 2.70 x 10%° 28 0.257 x 10 —_
12. | 16.84 x 10" | 6.73 x 10 71 0.253 x 10'° 0.506 x 10%°
13. | 5.56x 10 | 2.22 x 10%° 15 0.395 x 10%° —_

Page Rev.. 1
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TABLE 4-12 Number of Ions/Bunch Injected into Booster 83Cu
No. of No. Injected 1n No. Injected 1n
TeT ToToF
NTT'S NTTTSTS Revolutions 8 Turns 32 Turns?
1. | 0.810x 10" | 0.219 x 10'° 9 0.064 x 10° _
2. | 111 x10" | 0.3 x10%° 12 0.066 x 10'° —
3. | 202 x10" | 0.545 x 10" 22 0.066 x 10'° —
4. | 506 x 10 | 1.366 x 10'° 56 0.065 x 10'° 0.129 x 10'°
5.1 1.1 x10 | 0.3x 10%° 9 0.088 x 10'° —
6. | 153 x 10 | 0.413 x 10%° 12 0.091 x 10%° —
7 2.78 x 10" | 0.750 x 10'° 22 0.090 x 10'° —
8. | 695 x10° | 1.876 x 10* 56 0.089 x 10'° 0.178 x 10'°
9. | 203 x10" | 0.548 x 10'° 9 0.162 x 10%° -
10. | 2.78 x 10* | 0.751 x 10%° 12 0.166 x 10" —_
11. | 506 x10° | 1.37 x 10' 22 0.166 x 10% —_
12. | 12.64 x10'° | 3.41 x 10'° 56 0.162 x 10'° 0.324 x 10%°
13. | 417 x10" | 1.126 x 10"° 12 0.250 x 10%° —_
t50% Stacking Efficiency
TABLE 4-13 Number of Ions/Bunch Injected into Booster 1%
No. of No. Injected 1n | No. Injected 1n
’ TaT 'ToF
) NTTTS NTTTSTS Revolutions 8 Turns 32 TurnsT
- 1. | 6x10° | 0120 x 10 6 0.040 X 1016 —
2. 825 % 10 | 0.165 X 10 9 0.049 x 10° —_
3. | 15x10° | 03x 10" 17 0.047 x 10 —
4. | 3.75 x 10" | 0.750 x 10%° 42 0.047 X 10'° 0.0952 x 10%°
5. | .825% 10" | 0.165 x 10° 6 0.055 X 10'° —_
6. | 1.13 x 10'° | 0.226 x 10'° 9 0.067 x 101° —_
7 | 2.06 x 101 | 0.412 x 10'° 17 0.065 x 10'° —
8. | 5.15x 10" | 1.03 x 10%° 42 0.065 X 101° 0.131 X 10'°
9. | 1.5x10° | 03x10° 6 0.1 X 10%° —
10. | 2.06 x 10!° | 0.412 x 10" 9 0.122 x 10" —
11. | 3.75 x 10'° | 0.750 x 10'° 17 0.117 % 10° —_
) 12. | 9.36 X 10" | 1.87 x 10"° 42 0.118 X 10°° | 0.237 x 10
13. | 3.09 x 10'° | 0.618 x 10!° 9 0.183 x 10'° —
t50% Stacking Efficiency
Page Rev.. 1 December 5, 1988
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TABLE 4-14 Number of Ions/Bunch Injected into Booster 97Au

Page 4-22

Page Rev.. 1

No. of No. Injected 1n | No. Injected 1n
TQT TGTQF -
NTT™S NTTISTS Revolutions 8 Turns 32 'I‘xu'ns;r
1. | 0.569 % 10'° | 0.096 x 10'° 5 0.032 x 10'° —_
2. | 0.780 x 10 | 0.132 X 10'° 7 0.044 x 10%° —_
3. | 1.423 x 10" | 0.243 x 10'° 14 0.048 x 10%° —
4. | 3.56 x 10" | 0.605 x 10%° 35 0.046 X 10% 0.092 x 10'°
5. | 0.780 x 10*° | 0.132 x 10'° 5 0.044 X 10% —_
6. | 1.074 X 10* | 0.182 x 10 7 0.0607 x 10 —
7 | 1.96 x 10" | 0.333 x 10'° 14 0.0633 X 10% —
8. | 4.893 x 10 | 0.830 x 10'° 35 0.0633 x 10!° 0.126 x 10%°
9. | 1.423 x 10'° | 0.243 x 10%° 5 0.0810 x 10 —_
10. | 1.960 x 10 | 0.333 x 10'° 7 0.111 x 10% —
11. | 3.558 % 10%° | 0.586 x 10%° 14 0.111 X 10%° —
12. | 8.89 x 10 | 1.51 Xx 10% 35 0.112 x 10% 0.23 x 101°
13. | 2.933 x 10%° | 0.499 x 10'° 7 0.166 x 10%° —_—
t50% Stacking Efficiency
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CHAPTER 5. EJECTION LINE AND TRANSFER LINE TO AGS

5.1. Beam Transfer to AGS

To minimize the beam dilution, bunch to bunch transfer from the Booster to the
AGS has been considered. This scheme 1s straight-forward and highly efficent. Its
operation would be as follows: After the acceleration period, a slow orbit deformation of
the beam 1s executed which brings the beam close to the septum of the ejector magnet
located at straight section F6. Then, the fast kicker located at straight section F3 1s
energized and deflects the particles past the septum of the ejector magnet which ulti-
mately kicks the beam out to the extraction channel (located 75 mm away from the
booster central orbit) for transport to the AGS. Stripping of the heavier heavy ions will
be accomplished outside of the Booster, before the first bending magnet of the extraction
channel. After the 32 bend section, a set of matching quadrupoles are used to tran-
sport the beam onto a septum located at the L20 straight section of AGS. A kicker at
A5 1s used to kick the beam onto the bumped AGS orbit. The transported beam 1s
matched onto the betatron phase space of the AGS. Figure 5-1 shows the geometric con-
straints of the transfer line.

5.2. Beam Bumps

The beam size at the extraction energy 1s shown 1n Table 5-1, where the 1nitial beam
size 1s assumed to fill up the horizontal aperture of 50 mm, which corresponds to an
emittance of 2287 mm-mrad. If the beam size at the injection 1s smaller, the correspond-
ing beam size at the extraction energy will be smaller

TABLE 5-1 Beam size at extraction energy

Expected maximum | Effective
Species | 2 | 2 (Bp)inJ (Bp) 1 ax beam size (Bp) after
‘ : / at extraction stripping
(T-m) | (T-m) (mm) (T-m)
p 1 1] 2150 7.507 27 7.507
C 6 6 | 0.790 11.034 13 11.034
S 14 | 16 | 0.713 12.61 12 11.034
Cu 21 | 29 | 0.730 15.24 11 11.034
I 29 | 53 | 0.811 17.52 11 9.63
Au 33 | 79 | 0.8875 17.52 11 7.35

A set of slow beam bumps 1s used to excite the closed orbit locally so as to produce
a maximum distortion at the septum location. Because of the smaller beam size at the
extraction energy, the maximum closed orbit distortion required 1s x | = 25 mm for pro-

tons and x = 37.5 mm for heavy i1ons. The septum 1s located at 50.8 mm from the
central orbit. The kicker located at F3 1s exaited with a rise time of <140 ns and
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Figure 5-1. The Booster ejection and transfer line to the AGS. -
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deflects the beam 50 mm for protons and 37.5 mm for heavy 1ons. The total kick angles
are about 5.0 and 3.8 mrad for the protons and heavy 10mns, respectively

The septum, located at F'6, with a width smaller than or equal to 10 mm (including
the vacuum chamber), kicks the beam 142.8 mrad away from the booster central orbit to
reach 35 mm outside the main quadrupole MQF6. These elements, which are located 1n
the main booster ring, are listed in Table 5-2.

TABLE 5-2 Ejection elements located in the Booster ring.

| Strength’ |
Name Device Location Heavy Ion Proton
Operation Operation
EB1F2 | Slow Orbit Bump 1 F2 - 1.53% -1.02%
EB2F4 | Slow Orbit Bump 2 F4 - 0.92% -0.61%
EB3F7 | Slow Orbit Bump 3 F7 - 1.84% -1.23%
EB4A1 | Slow Orbit Bump 4 Al - 0.74% - 0.49%
EK1F3 | Fast Kicker 1 F3 3.77 mrad 5.03 mrad
Bl (kG-m) 0.66 0.38
ES1F6 | Ejection Septum F6 - 142.80 mrad | 142.80 mrad
Bl (kG-m) 25.02 10.72

TThe strength given corresponds to heavy ion operation
with Bp as given 1n Table 5-1.

Note that the heavy ion and proton beams have different magnetic rnigidities at extrac-
tion. The kicker 1s more constrained by the heavy 1on operation than by proton opera-
tion (assuming that the proton extraction energy 1s 1.5 GeV). However, the kicker rise-
time requirement for heavy ions 1s 200 ns instead of the 140 ns needed for the proton
beam. The ejection septum requirement is also more stringent for heavy 1on operation.

The major problem in the design of the ejection septum 1s to find a compromise
between the choice of pulse width, iron lamination thickness, energy storage capacitor
size, and the pulse voltage. The capacitor size considerations favor short pulses, but
short pulses lead to thin iron laminations. A three section design for this septum 1s
given 1n “Ejection Septum Concept Design,” BST/TN 14, by J. G. Cottingham. At
present the septum with appropriate vacuum plating 1s designed for a width of 10 mm.
A smaller septum width would help to give better performance. A two section septum
with a thickness of 8.6 mm has been designed by Erwin Rodger which meets the transfer
line specifications.

Page Rev. 1 December 6, 1988
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5.3. Focusing at the Stripper ;
The extracted beam of heavy ions will then be transported to a copper stripper of

sufficient thickness to give 70 mg/cm? Three quadrupoles are used to tune the betatron
amplitudes. A dipole (ED1) of 0.5 m 1s used to pitch the beam line to a location where
the radiation shielding can be easily accommodated. After the stripper, the emittance of
the beam 1s expected to increase by 1 #mm-mrad. In summary,

stripper foil 70  mg/cm?®

B at foil 3 m(xandy)
z, 0

E loss 5 MeV/nucleon
og 0.5 MeV/nucleon

On the other hand, the proton beam does not pass through the stripper, so the 95%
emittance 1s expected to be about 15 mum with Ap/p = 0.3% for a phase space area of
1.3 eV-s.

. Beam Transport

Based on the above estimation of the extracted beam property, the followmg beam
transport line will be designed to meet two requirements:

(1) It will mateh the lattice functions at the AGS injection point.

(2) The total beam size in the transfer line will be less than the good field aperture (50
mm) of the regular main quadrupoles, 1.e. Bpay < 50 m.

The momentum width (Ap/p) of the beam would increase 0.3% for the Au 1ons due
to the stripper Depending on the r.f. scenarios for the beam extraction from the
booster, we expect to have a total beam momentum window of about =+ 0.5%. The
betatron beam size increment 1s about 20% for heavy 1on beams. We expect therefore a
95% emittance of about 5 wum after the stripper This estimation depends on the
actual emittance injected mto the booster (the nominal number 1s 50 7 um with betatron
admittance of 175 mum). The aperture requirement 1n the transfer line for the following
transport system will be based on the assumption of Bp = 11 T-m for the fully charged
1ons with emittance of 5 7 um and Ap/p = 0.5%.

The beam 1s transported with five dipoles (ED1—5) onto the AGS L20 straight sec-
tion. The location and parameters of the dipoles are given 1n Table 5-3.
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TABLE 5-3 Location and size of the ejection line dipoles.

Loecation and Size of the Ejection Line Dipoles
e ]
Name North East (m!) quad
{inch) (inch) (m) (rad) dipole (h X v)
Bp = 17.6 T-m
ED1 2448.5336 | 15483.1451 | 0.5000 0.0364 2°° 4 sagtta X 2°°
Bp = 11 T-m
ED2 2523.0049 | 15225.8703 | 2.4000 0.2757 main dipole
ED3 2524.0535 | 15052.9457 | 2.4000 0.2757 main dipole
ED4 2376.0916 | 14517.5578 | 0.1562 0.0182 25 + sagaitta X 25°°
ED5 2093.1100 | 13561.6156 | 1.2345 0.1436 25 4+ sagitta X 257

The dipoles ED2 and ED3 will each bend the beam 0.27570 rad. Thus the bending
radius 1s 8.7052 m. The regular dipole has a radius of curvature of 13.7510 m. The sag-
itta resulting from the use of the regular main ring dipole will be 64 mm. The maximum
half beam size at this section 1s about 25 mm. Thus the good field aperture requirement
would be 80 mm at 1.29 T for Bp = 11 T-m.

The magnet alignment for the matching section 1s designed with the consideration
of the radiation shielding required for separate operation of the Booster and the AGS
rings. Table 5-4 lists the strengths and coordinates of the major components of the
transfer line. Beam position monitors located in four of the quadrupoles will provide
diagnositic information. The information obtained can then be used to realign the beam
line.

The last dipole, EDS5, 1s needed to horizontally deflect the beam into the AGS sep-
tum located at the L20 straight section of the AGS. The betatron functions are then
matched at the entrance of the AGS Al magnet.

Page Rev. 1 December 6, 1988
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TABLE 65-4 Strengths of the ejection line magnets.

Page 5.6

Strengths of Ejection Line Magnets :
M
AGS Coord. Length Strength Aperture
No. Name North East (m™) quad
Ginch) | (inch) | ™ | (rad) dipole (b xv)
Bp = 17.6 T-m
Septum 2379.9487 | 15711.5102 | 1.0 0.07386 2°° 4 sagitta X 1.0°°
Septum 2404.7712 | 15616.0374 | 1.4 0.06894 27 + sagitta X 1.5°°
1 EQ‘l 1 2436.2189 | 15520.5407 | 0.5000 0.4916 4" quad
2 | ED1 2448.5336 | 15483.1451 | 0.5000 | 0.0364 2°° 4 sagitta X 2°
3 EQr2a 2458.3860 | 15449.1082 | 0.5000 0.4972 4" quad
EQ2b 2466.0487 | 15422.6358 | 0.5000 | 0.4972 4" quad
4 | EQ,3 2480.7655 | 15371.7940 | 0.5000 | 0.4972 4°" quad
5 | stripper | 2487.8809 | 15347.2126
Bp = 11 T-m
] EQ,‘! 2501.5644 | 15299.9406 | 0.5000 0.7198 4°° quad
7 | ED2 2523.0049 | 15225.8703 | 2.4000 0.2757 main dipole
8 | EQ 40 2523.4486 | 15152.6977 | 0.5000 0.4934 6.5°" quad
9 | ED3 2524.0535 | 15052.9457 | 2.4000 0.2757 main dipole
10 EQ,S 2503.5128 | 14978.6209 | 0.5000 0.4242 6.5°" quad
11 EQ d7 2483.5868 | 14906.5205 | 0.5000 0.4490 6.5°" quad
12 EQfS 2389.2008 | 14564.9922 | 0.5000 0.1617 6.5°" quad
13 | ED4 2376.0816 | 14517.5578 | 0.1562 0.0182 2.5 4 sagitta X 2.5°°
i4 _EQdQ 2348.3331 | 14423.7866 | 0.5000 0.2268 6.5°" quad
15 | EQ10 2319.8443 | 14327.5482 | 0.5000 | 0.2352 6.5"" quad
16 EQ 411 2250.7088 | 14094.0012 | 0.5000 0.0949 6.5°° quad
17 | EQ12 2201.4317 | 13927.5379 | 0.5000 | 0.2337 6.5 quad
18 EQ 413 2142.8553 | 13729.6605 | 0.5000 0.3699 6.5°" quad
18 EQ,M 2108.4010 | 13613.2705 | 0.5000 0.3395 6.5"" quad
EDs 2093.1100 | 13561.6156 | 1.2345 0.1436 2.5 4 sagitta X 2.5°°
21 EQ 4 15 2078.2117 | 13458.9906 | 0.5000 0.3854 4"" quad
SeptAGSB1 2063.4153 | 13357.0668 | 4 0.06107 2.5 4 sagitta X 1.8
SeptAGSE1 2055.1242 | 13310.0027
SeptAGSB1 2054.9638 | 13309.2305 | 4 0.06107 257"+ sagitta X 1.8°°
SeptAGSE1 2043.8984 | 13262.9069

5.5. AGS Injection Components

The septum, located at two inches away from the AGS central orbit, 1s placed one
foot from the Al magnet. The total kick angle 1s 109.73 mrad. The injected beam will
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be at least 11.7 inches away from the AGS central orbit at the end of the L20 magnet.
This 1s necessary to eliminate the fringe field effect of the AGS magnets. The half beam
size to be injected into the AGS i1s less than one inch. A set of orbit bumps located near
L13 and A7 will locally distort the closed orbit a maximum of one inch at the septum
location. The fast kicker at A5 i1s then excited to kick the beam onto the closed orbit.
After the injection process i1s completed, the orbit bump 1s reduced adiabatically, and the
acceleration cycle of the AGS begins.

5.8. Booster Extraction Power Supplies

The following sections describe the details of the power supplies required to extract
the beams from the booster, transport it to the vicimity of the AGS and finally to deflect
1t 1nto 1ts proper AGS orbit. The power supplies have to operate at rates up to 7.5 Hz
for proton operation and at approzimately 0.7 Hz for heavy ion operation.

5.6.1. Extraction

Extraction from the Booster to the AGS 1s accomplished by the same scheme for
both protons and heavy i1oms. The extraction 1s a fast extracted beam process using a
fast ferrite kicker and thick septum in the two-step process. The harmonic number 1n
the Booster being three (h==3) and the maximum rf frequency being 4.114 MHz, presents
the major requirement for the fast kicker Its rise time shall be 140 nanoseconds. Its
flattop time shall be ~ 800 nanoseconds. The parameters for the extraction kicker sys-
tem are given in Table 5-5. In order to keep the voltages low (~40 kilovolt range) the
kicker magnet will be broken up into three (3) sections. This will keep the inductance
around 2.2 uHy per section. The pulsed power will be supplied by a matched pulse-
forming network (pfn) that is switched by hydrogen thyratrons. At present the design
calls for placing the pfn and switch tube modules 1n the ring close to the kicker magnet.
The charging and trigger electronics will be outside the ring.

Page Rev. 1 December 6, 1988 -
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TABLE 5-5 List of parameters for the Booster extraction kicker.

Proton Heavy Ion
Parameter Umt | (g, — 7.51 T-m) | (Bp = 17.6 T-m)
Type Full Aperture Fernite
Number of Magnets/Sections each 1/3
Bend Angle mrad 5.0 3.8
Core Length m 2.25
Core Material Ferrite
Aperture (H X V) cm 17.8 X 7.6
Conductor (Septum) Thickness | cm <1
No. of Turns 1
Peak Field kG - 0311
Current — peak amps 2000
— rms amps
Pulse Repetition Rate Hz 7.5 0.5-0.75
Current Waveform Sq. Wave
Base Width : us ~1000
Rise/Fall/Flattop Time us 0.14/—/0.8
Stability /Reproducibility 102
Resistance — dc/ac ohm
Inductance uHy 2.21 /section
Stored Energy J 4.5
Voltage (max) Volts 30,000
Power — peak w
— dissipated W
No. of Power Supplies 3
Type PFN
Cable :

The next step in the extraction process is the creation of a closed-orbit deformation
in the vicimity of the ejector septum magnet (F6). The orbit bump will be created by
pulsing the ‘‘backleg” windings (BLW’s) via capacitor discharge power supplies. The
basic scheme 1s shown 1n Figure 4-8. The switches 1n this case will be solid state thyrs-
tors (SCR’s). Four units will be requrred at F2, F4, F7 and Al. The BLW pulse will be
a half sine wave, with approximately 5 ms at its base. The umits will be similar n
design to those described in section 4.1.5.2.1 for mnjection, except that they will be higher
current.

The final step in extraction from the booster 1s accomplished by the thick-septum
ejector magnet. Ths umt occupies the F6, 2.4-meter straight section. Its main parame-
ters are shown 1n Table 5-6. The power supply will be a large capacitor discharge type
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capable of producing a 1 - 2 ms, ~20 kA pulse. A umt of this type 1s now used to
extract the FEB beam from the AGS, and a unit similar to this will be constructed for

the Booster

TABLE 5-8 List of parameters for the Booster extraction septum.

Proton Heavy Ion
Parameter Untt | (g, — 751 T-m) | (Bo = 17.6 T-m)
Type Copper Septum
Number of Magnets/Sections each 1/2
Bend Angle mrad 142.8
Core Length m #1. 1.0, #2: 1.69
Core Material Iron
Aperture (H X V) cm #1 (7.6 X 2.54), #2 (7.6 X 3.81)
Conductor (Septum) Thlcknm cm 1. < 1.0, #2: 2.54
No. of Turns #1. 1, #2: 2
Peak Field kG #1. 8.0, #2: 10.67
Current — peak amps 16,200
— rms amps
Pulse Repetition Rate Hz 7.5 0.5 - 0.75
Current Waveform Half Sine
Base Width us 1000
Rise/Fall/Flattop Time us
Stability/Reproducibility 10°
Resistance — de/ac ohm ,
Inductance uHy #1. 3.8, #2: 17.0
Stored Energy J
Voltage volts #1. 200
#2: 860

Power — peak W

— dissipated W
No. of Power Supplies 1
Type Cap. Disch.
Cable Multiple 4/0 Quadruplexed

5.6.2. Beam Transport

The beam transport elements are shown in Table 5-4. Two criteria will be used in
the design of the power supplies for the beam transport elements. In order to accommo-
date pulse-to-pulse modulation capability, the power supplies must be pulsed to different
levels for protons, up to 1.5 GeV, or for various heavy ion species. Also, power should be
conserved whenever possible. For example, the dipoles are high power devices,. thus

Page Rev. 1
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pulsing will reduce the dipole power consumption and hence lower the operational costs.

Therefore, the power supplies that will be used will be of the pulsed dec vamety The
pulsing has to be accomplished 1n 50 ms or less to permit settling of the fields 1n the
gaps. These units are available commercially and will be purchased to our specifications.
For maximum cost effectiveness, standardization of types and sizes will be necessary
The large dipole units will have a regulation of +0.01% while the quadrupoles will be
+0.1%. These requirements can be met by standard three-phase or single-phase SCR
controllable umits. All umts will include dec filtering, regulation circuitry and computer
interface modules.

The horizontal and vertical steerer power supplies will be bipolar, programmable de
types as 1n section 4.1.5.1.

5.6.3. AGS Injection

In order to deflect the beams from the booster into the AGS, three pulsed systems
are required 1n the AGS. These are, a local orbit deformation or orbit bump, an njec-
tion septum, and a kicker (See Table 5-7 )

TABLE 5-7 Injection elements in the AGS nng.

Name Device Location Strength
IL13 slow orbit bump 1 | AGS L13 - 4.48%
1A7 slow orbit bump 2 | AGS A7 - 5.82%
IKAS | fast kicker AGS A5 2.85 mrad
ISL20 | injection septum AGS L20 | 109.73 mrad

The orbit bump will be created by pulsing backleg windings in two AGS main ring
magnets (L13 and A7). The power supplies will be capacitor discharge type units as n
the booster extraction bumps (section 5.6.1).

The other two systems, namely the injection septum and the fast kicker are the
complementary systems to the booster ejection septum and extraction fast-kicker respec-
tively These two systems are electrically very similar to those described 1n section 5.6.1.
The parameters are given 1n Tables 5-8 and 5-9. One additional problem arises 1n the
AGS 1njection fast kicker which 1s not present in the Booster umt. Durnng the final (or
fourth) transfer from the booster to the AGS, the fall time of the AGS kicker has to be
very fast (<140 ns), so that 1t does not appreciably deflect the first injected pulse. This
means that the AGS kicker modules must incorporate some form of tail-biting cireuit to
reduce the kicker-current fall time to an acceptable value.
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TABLE 5-8 List of parameters for the AGS 1njection septum. (L20)
Proton Heavy Ion
3 Parameter Ut (Bp = 7.51 T-m) | (Bp = 11 T-m).
Type Copper Septum
Number of Magnets/Sections each 1/1
) Bend Angle mrad 109
Core Length m 2.3
| Core Matenal Iron
Aperture (H X V) cm 7.6 X 5.1
} Conductor (Septum) Thickness | cm <10
) No. of Turns : 1
Peak Field kG 5.2
Current — peak amps 21,300
— rms amps
Pulse Repetition Rate Hz 75 0.5-0.75
Current Waveform Half Sine
Base Width us 1000
Rise/Fall /Flattop Time us
Stability /Reproducibility 10°®
Resistance — dc/ac ohm
Inductance uHy 4.3
Stored Energy J
Voltage volts 290
Power — peak W
‘v — dissipated w
No. of Power Supplies 1
Type Cap. Disch.
Cable Multiple 4/0 Quadruplexed
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TABLE 5-9 List of parameters for the AGS 1njection kicker (A5)
Proton Heavy Ion
Parameter Ynit | By = 7.51 T-m) | (Bp = 11 T-m)
| Type Full Aperture Ferrite
Number of Magnets/Sections each 1/2
Bend Angle mrad ~3.0
Core Length m 1.0 (0.5 + 0.5)
Core Matenal Ferrite
Aperture (H X V) cm 17.8 X 7.6
Conductor (Septum) Thickness | cm 0.5
No. of Turns 1
Peak Field kG 0.330
Current — peak amps 2000
— rms amps
Pulse Repetition Rate Hz 7.5 0.5-0.75
Current Waveform Sq. Wave
Base Width us ~1000
Rise/Fall /Flattop Time s 0.14/0.14/0.700
Stability /Reproducibility 102
Resistance — dc/ac ohm
Inductance uHy 1.5/section
Stored Energy J
Voltage ’ Volts 21,000/section
Power — peak w
— dissipated w

No. of Power Supplies 2
Type PFN -
Cable
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CHAPTER 6. VACUUM SYSTEM

6.1. Introduction
The Booster vacuum system can be conveniently divided into four interconnecting
areas:
The Booster ring: with a circumference of 200 m
and 2 designed vacuum of 3 X 10! Torr (N, equivalent).
The proton injection line: with a length of ~35 m

and 2 vacuum of 10'1° to 10°® Torr
The heavy 10n 1njection line: with a length of ~ 280 m

and a vacuum of 1010 to 10" Torr; this 1s the extension
of the existing HITL.
The booster extraction line: with a length of ~ 62 m

and a vacuum of 1010 to 108 Torr

The design parameters of the ring vacuum system are given in detail in Sections 6.2
to 6.4; and those of the three beam transport lines 1n Section 6.5. Instrumentation and
control 1s covered 1 Section 6.6 for both ring and transfer lines.

6.2. Vacuum Requirement

Pressure 1n the low 108 Torr range 1s sufficient to avoid beam blowup or beam loss
caused by nuclear scattering and Coulomb scattering for both protons and heavy ions.
However, the highly stripped, yet still electron rich, heavy ions will also exchange elec-
trons with the residual gas molecules with much higher cross-sections, which causes
immediate beam loss.

~ The charge-exchange cross-sections (both capture o, and loss o) are functions of
velocity B=v/c, the charge states ¢, and the atomic number Z, of the residual gas

molecules. At known ¢ and Z,, the o, decreases rapidly with increasing energy (o BE).
The o, falls off more slowly with increasing energy (oc B¥2) and becomes the predom-
inant factor of the total cross-section at higher energy

For the least favorable species injected from the Tandem, such as Aut® at 1
MeV /nucleon, the capture cross-sections™? are ~5 X 10°'® em? (in N,) and drop below 1

X 1017 em? at 10 MeV/nucleon. The loss cross-sections®* decrease slowly from ~10'"
cm? at 1 MeV/nucleon to high 10°'® cm? at 10 MeV/nucleon. Using the RF capture and

1A.S. Schlachter, et. al. Phys. Rev A27 3372(1983).
2W B. Graham, et. al. Phys. Rev. A30, 722(1984).
3B. Franzke, JEEE Trans. on Nucl Ser. NS-28, 2116(1981).
‘1. S. Dmitniev et. al. Nucl. Instr. Methods, 184, 329(1979).
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ramping scheme in the design manual, the beam loss due to charge exchange can be
estimated by integrating o(f) over t

~[ o) P B(t)e at
I(t)y=1I(0)e °

here P 1s the residual gas pressure (density).

A residual gas pressure of low 101! Torr is necessary if the beam losses due to
charge exchange are to be limited to a few percent.

6.3. Vacuum Specification

6.3.1. Vacuum Chamber and Half-Cell

The ring will be divided by all metal valves 1nto six vacuum sectors; and each
vacuum sector into 8 half-cells of 4.2 m each in length. One UHV pump station will be
provided for each half-cell. The standard half-cell chamber 1s shown in Fig. 6-1. Each
standard half-cell vacuum chamber consists of a curved dipole chamber (Fig. 6-2), con-
necting to a straight, circular chamber for the quadrupole and sextupole sections. The
vacuum chamber will be fabricated out of Inconel 625. One set of pickup electrodes will
be located between the quadrupole and the sextupole chambers (see Fig. 6-3). An Inconel
formed bellows will be mounted at the end of sextupole chamber to take up motion due
to thermal expansion. The last component 1s a transition piece with a pump-out connec-
tion (see Fig. 6-4 for detail), which reduces the circular chamber to the cross-section of
the dipole chamber

The 1nsulation and bakeout of the tightly-enclosed dipole chamber will be accom-
plished by the use of a custom-made 1nsulating blanket having integral resistive-heating
elements. For the remainder of the half-cell where access 1s easier, industrial-type heat-
ing tape with conventional glass or ceramic wool 1nsulation 1s planned.

To reduce the eddy current effect during 7.5 Hz operation, correction windings will
be mounted on the face of the dipole chamber For faster pulsed magnets, such as kick-
ers, metallized ceramic chambers are also envisioned.

6.3.2. Pressure Distribution

The achievable vacuum 1inside the Booster ring can be expressed by the following
formula:
L L?
Pug =P, +ug(Z + 355)
Here P_ blankoff pressure of pump, <1 X 10°!! Torr

v perimeter of the vacuum chamber

~ 47 cm for quad, ~ 42 cm for dipole
¢ unit outgassing rate
L distance between pumps, 420 cm

Page Rev. 1 Jaenuary 4, 1989




Page 6-3

Design Manual

uotjes dwnd Apn) pue laquieyd wnnoea 1192 Jjey pyepuvig [ 9 dun3yy]

X VLS 19S5

(14 #3320 OF 96)
me— or

>

September 28, 1988

Page Rev. 1




Page 6-4

Design Manual

NOIL DTS
NOILDTS
.M.\N S/vels HLId/IYDLlS
T

A0
S22 \mw\\\.‘\\\ﬂl‘\\ —

=

crmemm—

September 28, 1988

Page Rev. 1




Page 6-5

Design Manual

suBisap Buisnoy wnnoea/10929%0p G4 3d£10101d g Josu ¢ g andyy

v-v NOULJ3S

.

B T R Sl e e b S

September 28, 1983

Page Rev. 1




<
@
hod
o
]
Q,

Design Manual

3.5

o=
]

|

— — — —
— — — —

&.0

s

7

l
N

o
4
A
174
.

Figure 6-4. The transition piece with pump out connection to UHV station.

September 28, 1988

Page Rev. 1




E
VA
s Ty
.

Design Manual Page 6-7

S pumping speed at the neck of the pump, ~ 1000 1/s
C linear conductance of the chamber 1n cm-1/s

1.5 X 10° for quad, 5 X 10* for dipole

Assuming 2 uniform outgassing rate of < 5 X 10'!3 Torr-1/s-cm? (except the PUE ele-
ments), the average vacuum will be less than 3 X 107! Torr

6.3.3. Vacuum Parameters

To achieve outgassing of less than 5 X 10713 Torr-1/s-em?, the selection of matenal,
fabrication, and vacuum processing for every component has to be done with state of the
art UHV technology In the absence of fully formulated standards for the construction
of any booster component, the procedures developed at NSLS, Isabelle, SLAC and CERN
will be adopted, whenever possible. The following serve as guidelines for all components
to be installed in the ring vacuum system.

— All the Inconel and stainless steel components after fabrication are to be vacuum
fired for at least one hour at 950 C and < 10°° Torr Other material will be
vacuum degassed at an appropriate temperature.

— The whole vacuum system 1s to be baked 1n situ at 200 C. (All equipment should
nevertheless have a ‘“‘design’ temperature of 250 C.)

— Only UHV compatible metal and inorganic material will be allowed inside the
vacuum chamber

— Inside welds should be used whenever possible. Outside welds have to be EB welds
or full-penetration TIG welds.

— Thorough cleaning shall be performed before and after machining and before weld-
ing and assembly

— Every component or setup (including the associated vacuum box) has to meet the
following specific outgassing rates:

25 C . operating temperature
5 X 10 Torr-1/s-cm® 5 X 1012 Torr-1/s-cm?
each setup 1 X 10 Torr:l/s 5 X 10°® Torr-1/s

— Leak tightness down to <1 X 10719 std cc/s.

8.4. UHV Pump Body and Vacuum Pumps

The UHV pumping system consists of the titamum sublimation pumps and the
small 1on pumps. They are installed in the UHV pump bodies located at the down
stream end of each half-cell (between the dipole magnet and the correction coil). For
ease of cleaning, vacuum firing and installation, they will be flanged to the half-cell
vacuum chambers. The schematic of the UHV pump station 1s shown 1n Fig. 6-5.

Page Rev. 1 December 1, 1988
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Each pump body has about 3000 cm?® 1nner area which serves as the pumping sur-
face for sublimed titamium. The available speeds at the neck of the pump body are
about 1000 1/s for both hydrogen and carbon monoxide. The 20 1/s diode 1on pump will
pump inert gases such as methane and argon.

To accommodate roughing, two 1.5-inch right-angle valves will be installed at the
pump bodies for each vacuum sector. Portable turbopump stations will be used to rough
down the vacuum sectors from atmosphere and during 1n situ bakeout. These stations
will be interlocked to protect the vacuum sector and the turbo-pump itself from various
failure modes.

To reduce the impact of the high outgassing of special beam components such as
bump coils, kickers and septums, additional pumping 1n the form of NEG cartridges or
large 10n pumps will be installed at these locations.

6.5. Injection and Extraction Lines

To differentiate the 10°!! Torr ring vacuum from the 107 Torr Linac and AGS vacu-
ums, vacuums of 10 and 1010 Torr are required for both injection lines and for the
extraction line.

The heavy ion 1njection line 1s similar to the existing HITL vacuum system. It will
be baked to > 100 C and pumped with NEG strips and small 1on pumps. Due to the
radiation level 1n the AGS and HEBT tunnels, vacuum monitoring (i.e. GP303 chassis)
and control will be located remotely

For the proton injection line, differential pumping with NEG strips or large 1on
pumps will be necessary to isolate the ring vacuum from the 10°%, 107 Torr Linac. The
vacuum system will also be baked to > 100 C. To prevent catastrophic vacuum
failure from HEBT, BLIP, and REF areas, a fast valve of less than 20 ms closing time
will be 1nstalled at Linac end of this line.

The vacuum system for the extraction to the AGS ring will be similar to that of the
injection lines. Special pumping is also required under the stnpper foil.

6.6. Vacuum Instrumentation and Control

All the nng vacuum equipment with the exception of titamum sublimation pumps
will be monitored and controlled at the chassis and through computers. Due to the pres-
ence of the radiation 1n the tunnel, all the chassis will be located at the Linac House or
Building 914. Four device controllers and two stations will communicate with the
vacuum equpment and the main frame computers. The general layout of the vacuum
equpment and control 1s shown 1n Fig. 6-6. Specifications for this equupment are given
below-

A. Ion pump power supply: 200 mA short arcuit current, 5 kV, local and remote con-
trol; Process control relay contacts for interlock; computer control and read back for
pump on-off, current (down to 100 nA), voltage and status/interface.

Page Rev. 1 December 1, 1988
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— the new AGS power supply 1s suitable :
— two to three ring 1on pumps may be controlled through one
power supply

B. Titanium sublimation pump (TSP): 50 A motor driven autotransformer into 1ndivi-
dual 10 A transformers, switchable by sector to buck boost transformers located o
the tunnel at the TSP; current 1s read through current sensor in the primary leg of
the transformer; the TSP will be operated manually whenever the need anses, 1.e. 10
minutes every two weeks.

C. Vacuum gauge controller: commeraally available gauge controllers will power, moni-

tor and control the gauge tubes from atmosphere to 1 X 10! Torr In each sector,
one Convectron gauge will interlock all the 1on gauges. -

D  Sector valve control: interlocked by 1on gauges and/or 1on pumps; open-close manu-
ally and due to interlock; computer monitoring only

E. Roughing and Bakeout: momtored and interlocked via portable vacuum gauges and
bakeout controllers with optional computer monitoring or control.

Page Rev. 1 December 1, 1988
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6.7 Summary of Vacuum Equipment
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Ring | LTB! | TTB' | BTA!
Ion Pump 20 1/s 40 4 10 4
200 1/s 8 7 4
Power Supply 30 11 10 8
Titamium Pump 50
NEG Strip 20m | 250m | 30m
Cartnidge (500 1/s) 2
Turbopump Portable 4 1 2 1
Fixed 1 1
Ion Gauge 104 — 10711 45 4 10 4
Convectron Gauge > 1078 7 3 10 2
RGA Head 7
Sector Valve 7 4 10 3
Fast Valve 1
Isolation Valve 14 2 10 4

tThe equipment on the three transfer lines will vary with the
layout of the magnets and the beam diagnostic instruments.
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CHAPTER 7 RF SYSTEM

7.1. Introduction

The requirement of the AGS Booster to accelerate heavy ions injected from the Tan-
dem Van de Graaff, as well as protons from the AGS Linac, establishes the basic Booster
RF parameters.

The AGS Booster will utilize synchronous bunch-to-bunch transfer to the AGS. It
will cycle four times for each AGS acceleration cycle and the RF will operate at the third
harmonic of the revolution frequency, filling each of the twelve AGS buckets during pro-
ton operation. The Booster will cycle once for each AGS cycle during heavy 1on opera-
tion. The RF frequency has been chosen to be three times the revolution frequency and
three of the twelve AGS buckets will be filled during each AGS heavy 10n acceleration
cycle.

For gold the injection revolution frequency 1s 71 kHz, but the design allows for even
heavier ions with revolution frequencies as low as 59.5 kHz or, for the third harmonic, an
accelerating frequency of 178.5 kHz. The highest frequency in the Booster will occur at
1.5 GeV proton ejection: 4.114 MHaz.

The RF system performance requirements are summarized in Table 7-1.

The RF system will be designed to accelerate 0.75 X 10 protons per bunch to

insure an adequate safety factor. The expected operating intensity i1s 0.5 X 10'2 protons
per bunch as shown 1n the table.

7.2. RF System Design

7.2.1. System Configuration

To cover the frequency vanation from 178.5 kHz to 4.114 MHz, with different vol-
tage ranges, different beam loading criteria, and different output 1mpedance
specifications, more than one type of accelerating system 1s needed. For protons, the
AGS Linac output energy, nominally 200 MeV, sets an injection frequency into the
Booster of 2.523 MHz. The proton system, designated Band III must, therefore, operate
over the range of 2.523 MHz to 4.114 MHz. (For design purposes, Band III will operate
from 2.4 MHz to 4.2 MHz.) The lower frequency range, 178.5 kHz to 2.5 MHz, will be
used only for heavy ions. Any heavy ion requirement over 2.5 MHz will be provided by
the proton system.

The accelerating cavities are ferrite loaded and the resonant frequency is changed by
a dc bias vanation of the permeability of the ferrite. In the proton system the variation
1n frequency 1s 1.75:1 representing a permeability charge of a factor of 3.06:1. This van-
ation 1s relatively small. In the heavy i10n range, however, the total frequency varmation
1s nearly 14:1, a permeability varnation of 196:1. The dc bias to accomplish this change
10 a single system 1s too great. The heavy 1on system is, therefore comprnised of two sys-
tems. Band I covers the range from 178 kHz to 675 kHz. Band II covers the range from

Page Rev. 1 November 29, 19588
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TABLE 7-1 RF System requirements.

Page 7-2

p PT S+14 Au+33
RF Amplitude
injection 45 kV 7.35kV 0.67 kV 1.77 kV
ejection 53 kV 40kV? < 17kV < 17kV
at max. accel. 90 kV 40 kV <17kV <17kV
Harmonic Number 3 3 3 3
RF Frequency
mjection 2.5 MHz 25MHz | 0.446 MHz | 0.213 MH:z
ejection 411 MHz | 411 MHz | 389 MHz | 3.06 MHz
Phase Space Area/A 1.5 eV-s 0.3eVes | 0.071 eV-s | 0.071 eV-s
Intensity 0.5 x 102 | 3x 10 5 x 10° 1.1 X 10°
(per bunch)
Total Gap Impedance | < 24 kQ —_ — —
(f,, = 4.1 MHz)
Acceleration Time 62 ms > 66.5 ms <07s <07s
Max. Beam Power 140 kW — < 0.5 kW < 0.5 kW
Delivered to Beam
Maximum B 95 T/s 9.5T/s <35T/s | <35T/s
B, 1.5T/s 00T/s 0.0 T/s 00T/s
600 kHz to 2.5 MHz.

In addition to the frequency range, the next important criterion for the RF design 1s
the voltage requirement for beam acceleration. For the heavy ions this has been esta-
blished as 17 kV peak RF voltage. With protons the requirement 1s 90 kV peak RF vol-
tage.

7.2.2. Cavity Design

The design of the acceleration cavities 1s determined by the ferrite matenals avail-
able. The primary problem 1s the maximum heat loss in the ferrite which can be accom-
modated. For a conservative design the heat loss (which 1s acceptable with water cool-
ing), averaged over a machme cycle, 1s about 250 mW/cc 1n the ferrite. With a duty
cycle of 50% a heat loss of 500 mW/cc may be used but the RF amplifier must, of
course, be capable of supplying the highest power load not the average.

Page Rev. 1 November 29, 1988
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The greater the amount of ferrite which can be installed 1n a cavity, the lower the
RF flux density and, therefore, the lower the power loss. Since, in ferrites, the loss
increases as the square (or higher power) of the flux density 1t 1s important to utilize the
available cavity straight section length to hold as many ferrite rings as possible. The
constramnts are: the inner radius of the ferrite rings, determined by the vacuum chamber
size and necessary clearance to the chamber, and the outer diameter determined by the
capability of the ferrite manufacture to make large rings. The outer diameter has a
practical maximum of about 50 cm. The number of ferrite rings which can be used 1s
limited by the axial length requirement for cooling plates, cavity end plates, bellows,
flanges, accelerating gaps, voltage clearances, and lead clearances. All of these reduce the
available ferrite space.

The basic relationship between the voltage on the cavity and the RF flux density
(which determines the losses) 1s V = n¢ where ¢ 1s the time derivative of the flux den-
sity and n 1s the number of RF turns in the winding. Since the cavities have a single
turn, ¢ =BA (B = flux density, = area), and, for sinusoidal excitation,
¢ = wé (w=27f) and thus V = wVA The relationship between B and losses depends
upon the availability of ferrites, each of which must be measured individually

Ferrites are nonmetallic oxides which exhibit ferromagnetism. Their resistivity at
radio frequencies 1s many orders of magnitude higher than that of magnetic metals. Ths
allows them to be used at frequencies well above those for metals. The methods of
manufacturing ferrites, however, are much more crntical than for metals and requires
exact mixtures of oxides, long sintering cycles with very accurate control of time and
temperature, and finally, grinding the ceramic-like material to its proper dimensions.

The only way to determine the characteristics of the fimshed material are measure-
ments under the same operating conditions of frequency, flux density and dc bias. After
surveying the fabricators who have the capability of making large ferrite pieces (there are
no more than five available), and measuring both small and large sample rings, we have
established the maximum flux densities commensurate with the losses within our cooling
design.

With the design criterion of 17 kV peak RF voltage 1n the heavy 1on cavities we can
satisfy the parameter with a single RF cavity for Band I and a single cavity for Band II.
The 90 kV peak RF voltage cavity for protons would require too high a flux density 1n a
single cavity and Band I, for protons, will utilize two cavities with a peak voltage of 45
kV per cavity A further reason for using two cavities for the proton system 1s the prob-
lem of voltage breakdown at a total voltage of 90 kV

Except for the gap tuning capacitors 1t 1s planned that the heavy ion cawvities for
Bands I and II will be 1dentical in terms of construction, type of ferrite and number and
size of ferrite rings.

As the cavities are tuned by dc biasing of the ferrite each cavity will be a “cavity
station” consisting of two separate cavities connected with the bias arrangement such
that the RF and dc fluxes are parallel in one cavity and anti-parallel in the other (see
Figures 7-1 and 7-2). This automatically provides a cancellation of the coupling of the
RF energy into the de circuits. Bypass capacitors and a decoupling inductor are used to
take care of 1mbalances 1n the characteristics between the two cavities 1n a cavity station.

Page Rev. 1 November 29, 1988
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With two cavities 1n each station, the two accelerating gaps are 1n parallel 1n each
station with a peak voltage of half the the required station voltage on each gap. Thus,
8.5 kV/gap 1n the heavy 10n cavities and 22.5 kV/gap in each proton cavity 1s needed.
For the balanced cavities a push-pull drive arrangement 1s used, and each gap swings one
half of the voltage with respect to ground, 4.25 kV to ground for the heavy ion cavities
and 11.25 kV to ground for the proton cavities.

7.2.3. Beam Loading

The beam intensities with heavy i1ons are low enough that beam loading 1s not
significant with respect to the ferrite losses. With the proton system, however, the beam
intensity 1s high enough to have a significant effect on the RF system. This presents
itself 1n several ways. The beam power which the RF system must supply 1s quite large
and the amplifier must be capable of providing this power as well as the ferrite losses.
The beam 1s bunched and 1t extracts emergy from the gap capacitance mn a transient
fashion. The system must be able to supply the in-phase and quadrature components of
beam current and the loaded shunt impedance must be sufficiently small for stable opera-
tion.

As an added complication the gap capacitance 1s determined by the ferrite induc-
tance. By adding more ferrite to reduce losses the inductance 1s raised which lowers the
required tuming capacitance. We cannot, however, go below the capacitance required for
stable operation. With the ferrite which i1s intended for the proton cavities it may be
necessary to reduce 1ts imtial inductance with a dc pre-bias to lower the permeability and
allow the gap tuning capacitance to be increased.

7.2.4. RF Amplifiers

The RF amplifiers will have the final stage(s) located directly at the cavity The
low level and RF control system will feed the final stage(s) from a remote location. For
the heavy 10n cavities the location of the high power stage 1s a matter of convenience.
For the proton system the location of the final stage mght at the cavity 1s absolutely
necessary to reduce the impedance which 1s seen by the beam. Any unnecessary length of
connection from the amplifier to the gap raises the output impedance of the system as
seen by the proton beam.

The proton system amplifier presently being designed will use a large high power
tetrode with a high perveance. This tube requires low drive power Although the system
1s push-pull only one tube 1s used. (See Figure 7-2.) One side of the accelerating gap 1s
driven with respect to ground. Inside the cavity a closed “figure 8” loop couples the two
halves of the cavity to each other 1n such a fashion as to provide exact push-pull opera-
tion. The single tube has enough power capability to supply the full cavity power as
well as the beam power. The tube 1s operated class AB.

The output tube drives the cavity from the anode. To keep the high de potential
out of the cavity, for personnel safety reasons, there are several options. It i1s possible to
use a high voltage decoupling capacitor from the anode to the gap, but this increases the

Page Rev. 1 November 29, 1988
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output impedance. Another method 1s to use a positive grounded dc anode supply, but
this 1ntroduces high voltage decoupling problems in all the low level input and cathode
circuits. A third method, which appears to offer the best solution, 1s to run an i1nsulated
loop from the anode around the ferrite and returned at the shorted end of the cavity (see
Figure 7-3). This provides the RF excitation with no direct dc connection to the cavity

There 1s a stability criterion on the total shunt impedance for an RF system feeding
a high intensity (beam loaded) machine. This 1s known as the Robinson resistance. This
sets a maximum allowable output impedance of the RF drive system if no feed-back
techmques are employed. The design output impedance contemplated for the Booster 1s
well under the Robinson resistance.

The drive stages to the final amplifier will be operated push-pull, with transformers
coupling to the grid of the final amplifier tube. double to single ended system.

The low level and control system for the RF will be housed outside the Booster tun-
nel.

The amplifiers for the heavy ion cavities do not require any special considerations
for beam loading or beam stability critena. The operating voltages are much lower than
for the proton cavities. These amplifiers will be used push-pull, with two tubes, directly
coupled to the cavities and will also be loop coupled to the ferrite for de isolation.
Again, low level and control systems will be located in the Booster Control Room.

7.2.5. RF Voltage Cycle

The RF voltage cycle in the proton system requires the maximum 90 kV peak near
the beginning of the cycle. Above about 3.55 MHz the RF voltage will be decreased gra-
dually to approximately 53 kV From the cavity design standpoint the average power
dissipated 1n the ferrite 1s reduced sigmificantly and the ferrite cooling requirement 1s
greatly reduced. The repetition rate of cycling 1s 7.5 Hz with a 50% duty cycle for the
RF

For the heavy 10on cavities the voltage i1s nearly constant except at mjectxon with a
maximum duty cycle of 50% and a 1 Hz cycling rate.

Relevant proton cycle machine parameters are shown i1n the figures of Chapter 10.

7.3. RF System Specifications

Table 7-2, RF System Specification, tabulates the design parameters for the high
power proton and the heavy ion RF system.

Page Rev. 1 November 29, 1988
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TABLE 7-2 RF System specification.

Page .-

Number of Gaps
Max. Tot. Accel. Volt.
Avg. Beam Power
Number Ferrite
Rings/Station

Size of Ferrites(cm)
Max. Ferrite Power
Avg. Power Density in
Ferrite

Min. Capacitance/Gap
Max. de Bias Current
Amplifier Tvpe

Output Impedance
Avail. Peak Power

2 (1 station)
17 (8.5 kV/gap)
< 250 W

68
50 X 23 X 25
100 kW

(10% dutv cycle)

250 A
Push-Pull,Gnd
Cathode

<200 kW

2 (1 station)
17 (8.5 kV/gap)
300 W

68
50 X 23 X 2.5
100 kW

(30% cuty cycle)

250 A
Push-Pull,Gnd
Cathode

<200 kW

Band I Band II Band III
Frequencv Range (MHz) 0.1785-0.675 0.600-2.5 2.4-4.2
Number of Cavities 1 1 2

4 (2 stations)
90 kV (22.5 kV /gap)
70 kW/station

56
50 X 25 X 2.68
64 kW

100 mW /ce
(50% duty cycle)
375 pf
1000 A
Single-Ended,Gnd
Cathode
3 kf)/station
200 kW/station

7 4. Control Loops

Each RF svstem will have an AGC loop and a cavitv tuning loop. The H.I. sys-
tems will require 2 phase tracking loop since the location of the accelerating cavities can-
not be located at an interval of & 180 electrical degrees.

7.5. Low Level RF System

The low level RF (LLRF) system for the Booster has to fulfill several diverse require-
ments as the beam species and intensities span the spectrum from low intensitv heavv-
lons to maximum 1ntensity protons. Special requirements will also be imposed when the
Booster serves as an accumulator of polarized protons and when svnchronized transfer to
the AGS of accelerated beam takes place. A conceptual design i1s proposed that is verv
flexible, as to the type of closed-loop control that can be used, and has the potential to
have very high sensitivity in the control signals to weak beams.

The basic scheme 1s to combine a digital frequency program. which provides the pos-
sibility of open-loop operation, with analog correction loops, which enter via a voltage
controlled oscillator (VCO). Beam RF signals are heterodyned up to a fixed {requencv
where all processing takes place.

Page Rev. 1 January 8. 1989
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Circuit Description

The essential feature of the system is an up-conversion of the beam and cavity RF
signals to 2 fixed intermediate frequency The phase of the beam with respect to the cav-
1ty voltage 1s measured with a phasc detector operating at the intermediate frequencv
after a narrow band filter which extracts only the fundamental component. The narrow
band filter takes out any dependence on the particular bunch shape. A digitally con-
trolled synthesizer, driven off a Gauss Clock accumulator , provides the basic frequencv
program by outputing a frequency equal to the machine RF frequency plus the inter
mediate frequency The synthesizer output 1s mixed with the VCO, whose center fre-
quencv 1s the intermediate frequency If the control input to the VCO 1s kept at zero
then the frequency of the RF svstem (signal sent to the cavities) 1s given completely by
the svnthesizer On the other hand, the control of the VCO can be used to vary the
machine frequency 1n order to implement proportional control loops.

Figure 7-4 1s a functional block diagram of the circuit. An intermediate frequencv
of 10 MHz was chosen as an illustrative example , in practice the choice of frequency
would be dictated by commercially available components such narrow band filters and
amplifiers. The synthesizer 1s then programmed to run between 10.2 and 14.1 MHz. The
first mixer makes the sum and difference frequencies with the VCO, and a low-pass filter
selects the difference frequency only This signal must be level adjusted and closed-loop
stabilized then sent to the cavity power amplifier chain. The level program would be
derived form the Gauss Clock or a real-time clock, or some combination of both.

Page Rev. 1 Janvary 8. 1989
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CHAPTER 8. INSTRUMENTATION

8.1. Beam Instrumentation
 The instrumentation for the Booster will be described 1n the following sections.

8.1.1. Booster Ring

8.1.1.1. Pick-Up Electrodes (48 units) v

Beam position within the Ring will be monitored by an array of Pick-Up Electrodes
(PUEs) at the 48 B__, locations (between the quads and sextupoles). The design will
provide precision geometry and location, with the wide bandwidth needed for the large
frequency swing, at low shunt impedance. The measurement parameters to be provided
are:

Absolute accuracy <+ 0.5 mm
Precision ' 4 0.1 mm
Range + 30 mm
Intensity (charges/pulse) .......... .. 1 X101 t0
15101
Frequency range (protons)....ce..... 2.5 — 4.5 MHz
(heavy 10DS).ueeeercennens 0.2 — 4.5 MHz
Detector impedance ......ccceeceesseeees <50
System bandwidth 0.05 — 30 MHz
Design S/N at min. beam............ 20 dB

Other design features include:

— At least 6 orbit measurements per cycle
— Capability to measure first turn

— Built-1n calibration through the PUEs
— Pulse-to-Pulse gain switching

— Average orbit measurement (100 turns)
— All electrodes read on same cycle

— Built-in calibration through electrodes
— Detectors bakeable to 200 C

— Designed for 3 X 101! Torr vacuum
— No mechanical adjustments

A drawing of the prototype detector 1s shown in Fig. 8-1.

The electromes will be located within three meters of the detector to allow the low
frequency response to be compensated. Complete ground 1solation will be provided by
optical coupling of all signals to the electronics. A block diagram of the circwitry 1s
shown 1n Fig. 8-2.
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Figure 8-1. Prototype pick-up electrode.
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Those functions required wideband bunch observation or dedicated signals, such as
the tune meter, damper control, and RF phase and radius control, will receive signals
from these same PUEs. The compensated bunch signals will be bridged after the buffer
amplifier and transmitted from the tunnel via wideband fiber-optic analog transmission
systems.

8.1.1.2. Wall Current Monitor

High frequency bunch density distribution information will be provided by a wall
current momitor This umt, which observes the beam 1mage current through a resistance
bridging a gap in the beam pipe, will be similar to one in the AGS. Bunch timing may
also be obtained from this umit. Bandwidth of the unit will range from a low frequency
break at about 1 MHz to a high frequency limit of about 1 GHz. An analog fiber-optic
transmission system may also be required for this signal for isolation. If so the high fre-
quency breakpoint will be limited to about 100 MHz.

8.1.1.3. Beam Current Transformers (1 unit)

The intensity of the circulating beam will be measured by means of a beam
transformer Because of the very wide intensity range and bandwidth requirements,
more than one transformer will be used 1n this system. The fast rise-time required for
injection studies (< 1 us) will be provided by a conventional magneti¢-core type
transformer However, 1ts low frequency response is insufficient to monitor the polarized
beam for the period of twenty injected pulses, so a de-current transformer (DCCT) will

be required also. The units will be designed to cover an intensity range of from 10! to
10 with at least 1% resolution at the low end and 0.1% at the high end. The

transformers will meet the standard bakeout and vacuum requirements of other main
ring components.

8.1.1.4. Profile Monitors (1 horiz., 1 vert.)

The transverse density distribution of the beam (profile) will be measured by collect-
ing 1onized residual gas molecules. Since the Booster vacuum 1s so high, micro-channel
plates (MCP) must be used to enhance the signal to the multichannel collectors. Careful
control of the plate gain and 1on collection voltages will be required to increase the MCP
lifetime with high intensity beams.

8.1.1.5. Tune Meter (1 per plane)

The tune of the Booster will be measured in a simple but elegant way The orbit
perturbation of a kicked beam observed by a PUE will be digitized and analyzed using
an FFT Triggering the digitization by the RF results in intentional aliasing, causing
the spectrum to overlay itself. This produces an enhanced and isolated line at the frac-
tional tune. This techmque, developed by FNAL, was successfully used to measure the
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tune of the low intensity polarized beam at the AGS.

Several designs for the kicker power supply are being studied, including an adapta-
tion of the design used at CERN. The magnet will be a scaled down version of the other
kickers 1n the Booster and for injection into the AGS.

Signals will be taken from the analog bunch outputs of one of the standard PUEs.
It will be processed using a fast integrator and digitizer, gated by the RF The data will
be analyzed by hardware/software in a processor on the LAN. To allow multiple tune
measurements per Booster cycle, commercial boards with FFT processing times of 10 ms
or less are being i1nvestigated. The controlled chromaticity of the Booster should allow
sufficient ringing for a measurement to be within 4 0.001 tune units.

8.1.1.6. Damping System

Damping of coherent, transverse-coupled bunch 1nstabilities will be accomplished by
applying feedback of signals obtained from position-sensitive pickup electrodes to
traveling-wave deflection electrodes after approximately a one turn time delay (see sec-
tion 2.7 4).

The deflection electrodes will consist of four strip line electrodes of 0.5 m 1n length
and 60 of arc each 1n width located 1n the C6 straight section near the pump-out port.
The C7 horizontal and the C8 vertical position electrode outputs will be used 1n the feed-
back loop.

8.1.1.7 Radiation Monitors (32 locations)

The primary use of the radiation monitors is to detect the location of beam loss as
an aid 1n set-up. An array of 32 extended 1on chambers will monitor the radiation from
the high intensity proton beam. This system will be similar to that 1n use at the AGS
for many years.

A second system, 100 to 1000 times more sensitive, will be used to momtor the low
intensity beams. It will also be sufficiently sensitive to provide a remote readout of the
background activation for continuous Health Physics monitoring. The detector for this
application has not been selected but will be the same as will be used 1n the AGS
upgrade nOw 1D progress.

The signals from the detectors will go to integrators which will provide dose read-
ings for selectable time periods to present at least ten readings per Booster pulse. The
design will be similar to the one being developed for the AGS.
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8.1.2. Injection Lines
8.1.2.1. Protons

8.1.2.1.1. Current Transformers (2 locations)

There will be two high 1ntensity (100 #A to 100 mA) transformers to monitor the H-

beam and two low intensity (100 nA to 100 uA) for the polarized H beam. These will be
the same as presently used in the HEBT line. Both are of the conventional tape-wound
core, single coil type, with the low intensity umt being acoustically isolated and magnet:-
cally shielded. The nisetime of the high intensity transformer will be less than 100 ns
through the amplifier

8.1.2.1.2. Position Monitors (7 units)

Position monitors will be located at seven places in the line. These will be of the
stripline coupler type tuned to the 201 MHz Linac frequency, similar to those developed
at CERN. The sensitivity will be sufficient to observe a beam of less than 1 uA. The
monitors will be located at the steering dipole locations, two per plane at the start and
end of the line.

8.1.2.1.3. Profile Monitors (2 units)

Profile monitors will be located at two points 1n the line. These will be of the mul-
tiwire secondary emission type (HARPs) as used in the HITL line but designed for six-
inch diameter pipe. The arrays will have 32 wires per plane at a pitch of about 1 mm.
The units will be inserted and retracted pneumatically under computer control.

Gated electronies will allow time dependent profile data to be taken. Real time
readout at the Booster cycle rate will be available through the analog multiplexer,
independent of digitization requests. The ability to change gain between high and low
intensity will be available on- a pulse-to-pulse basis. The downstream profile momtor will
be placed in a location suited to making a2 measurement of the emittance prior to injec-
tion 1nto the Booster

8.1.2.1.4. Radiation Monitors (8 locations)

An array of radiation momitors will be installed along the beam line. These will be
the same extended i1on chambers used in the Booster Ring and the existing HEBT line.
The eight detectors of the high intensity system will interface with the present Linac FBI
circwit to inhibit the beam 1n case of high radiation. A second high sensitivity system of
eight detectors will be installed to help tune the polarized beam losses. These will be the
same as used in the Booster Ring.

Page Rev. 1 December 5, 1988




L N RN dy
e e e Twge? e

S

Design Mansual Page 8-7

8.1.2.2. Heavy Ions

8.1.2.2.1. Profile Momtors (7 units)

The profile monitors 1n the Heavy Ion Line will be the same as used in the HITL line
and 1n the Proton Injection line. There will be seven units 1nstalled at bend or matching
points. The electronics sensitivity differs from the Proton line since a very low intensity
(1- 100 nA) dc beam must also be measured.

8.1.2.2.2. Current Transformers (3 units)

There will be three low intensity beam transformers installed of the type used in the
Proton Injection and HITL lines.

8.1.2.2.3. Faraday Cups (7 units)

Since the Tandem Van de Graaff will provide a dc trace beam of from 1 to 100 nA
for tuning the line, the beam current will be measured using the same Faraday Cups and
electronics used 1n the existing HITL line. These will share the same flange as the HARP
profile monitors, but will have a separate pneumatic drive.

8.1.3. Ejection Line
8.1.3.1. Bumper Magnet Monitors -- Main Ring

8.1.3.2. Charge State Monitor at Stripper (1 unmt)

A spectrometer magnet and multichannel pick-up will be used to momtor the
charge state distribution. The detector will be the same HARP as used elsewhere 1n the
beam lines.

8.1.3.3. Profile Monitors (5 units)

HARP profile monitors will be installed at five locations 1n the Ejection line. These
will be 1n locations where beam matching 1s critical (e.g. stripper, njection) and 1n an
array from which on-line emittance information can be extracted from the profiles
without changing the transport settings and with only slight beam loss. The Charge
State Monitor (sec. 8.1.3.2) also uses one of these devices.

8.1.3.4. Current Transformers (3 locations)

The high intensity and low intensity beam current transformers will be located at
three locations 1n the Ejection line. Mechanically these will be similar to the units in the
Injection line but with a six-inch clear diameter The electromics will also be different
since the beam will be ejected 1n three bunches which will be too fast for the amplifiers.
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Instead 1integrators will be used, making the output voltages related to total charge,
which 1s more meaningful for the AGS 1njection.

8.1.3.5. Position Monitors (4 units)

Two horizontal and two vertical position monitors will be located 1n the down-
stream section of the line. These will be used to adjust adjacent steering dipoles to bring
the beam on line with the AGS 1njection. The Booster Ring PUEs will be used as the
detectors with electronics designed for the single-pass nature of the extracted beam.

8.1.3.6. Radiation Monitors (8 locations)

An array of eight high intensity and eight high sensitivity loss monitors will be
installed along the Ejection line. These will be used to tune the extraction process to
minimize beam loss, and provide background radiation surveys when the beam 1s off.
The same detectors used in the other Booster radiation monitor systems will be used for
this line.
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CHAPTER 9. BOOSTER CONTROL SYSTEM

Introduction

The Booster Control System will be an extension of the new AGS Distributed Con-
trol System (AGSDCS). This system has been gradually replacing older controls for the
AGS and has been applied to the control of heavy ion injection and acceleration and cer-
tamn polanzed proton controls. As with these previous projects, the control system will
be improved and expanded in areas appropriate to the demands of this major new
accelerator project.

9.1. Control System Central Facilities

9.1.1. Timing

The Booster timing system will function as part of an overall timing system
designed to synchronize and trigger the multiple accelerators which form the AGS com-
plex. This will be achieved by means of a new timing system introduced for the purpose
and, to some extent, the Booster will serve as a guinea pig for the operation of this sys-
tem. The global approach will be to treat the Booster as one among several accelerators
in the AGS complex which interact to fill the need of a combined physics program, but
which also may have physics or studies needs of their own.

Since the Booster will be the first application of this new system, the operation of
the overall system 1s outlined here. When several accelerators are to act cooperatively it
becomes necessary to decide how closely to couple these machines and to what extent one
mntends to support the CERN concept of “pulse to pulse modulation” For the AGS
complex, a master timer or ‘“‘supercycle” generator (SCG) will link our array of accelera-
tors with the intent to have some number of flexible cycle options, such as 1s done at the
PS/SPS, but not to support a general any cycle/any number of accelerators interaction.
The SCG will be synchronized to the power line to help with the second order power line
dependent effects we have already observed between the AGS and the LINAC. The
rather coarse resolution of 1/60 second selected for the SCG 1s considered adequate for
our needs, since dwell or ‘‘waste” periods will be used to achieve repetitive, synchronous
super-cycles.

Each accelerator 1n the complex will be supported by a dedicated timing generator
assigned to the TVDG, LINAC , BOOSTER, AGS and, eventually, RHIC respectively
Cycling of each of these generators will be initiated by a signal from the SCG defining
the type of cycle which 1s to occur. The dedicated generator produces the sequence of
timing signals required by that accelerator for a particular cycle eg. a Booster cycle which
accelerates protons and extracts them for injection into the AGS. These timing signals
are defined to be ‘‘absolute” in the sense that they occur a prescribed number of clock
ticks after the cycle start. All general purpose timing signals for the cycle will be pro-
duced 1 this way from real-time or gauss clocks. Where cascaded event timing 1s
required, for example when a trigger 1s required some time after the occurrence of a gauss
clock event, the absolute timing technique must be superseded. A limited capacity for
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such events will be provided 1n each Timing Generator

Local timing 1s required 1n some circumstances where very high resolution or very
close coupling with local hardware 1s necessary Standard modules with the necessary
features will be provided for these applications.

As outlined above, the AGS complex timing system will consist of a hierarchy of
timing generators constructed from a generic hardware module set. The specific genera-
tors associated with the Booster will be the SUPER CYCLE GENERATOR (SCG) which
will serve to synchronize the various accelerators within the AGS complex to each other,
and the BOOSTER TIMING GENERATOR (BTG) which will be dedicated to Booster
requirements. The BTG consists of three parts, the Timing Clock Generator (TCG),
Gauss Clock Generator (GCG), and the RF & BEAM signal Timing Generator (RFTG).

The heart of the SCG, TCG & GCG 1s something called a Booster Event Encoder
and Transmitter; 1t along with a Signal distribution subsystem form our pulse distribu-
tion scheme. °

These units turn computer generated codes and/or pulse generated signals into
encoded timing streams. There are 256 input channels to an event encoder and thus
there are 256 unique events. Each input channel 1s assigned an 8 bit code. When an
event 1mput 1s triggered, 1ts 8 bit code i1s generated, encoded onto a 10 MHz clock train
and transmitted in a serial format on a single trunk. Typical resolution of event timers
1s 1.5 us. The 256 mnput channels to the event encoder are ordered and thus it 1s possible
for a higher priority event to bump (delay) a lower prionty event.

At recerving locations the trunk 1s tapped and the signal fed to a Booster Event
Receiver and Decoder. This block will recerve the 10 MHz encoded clock from a Booster
event encoder and transmitter; 1t will decode the 8 bit event code transmitted and will
provide a pulse on a specified output channel corresponding to the event code recerved.
The module will detect the start bit to synchromize with incoming data and will also
check panty on the incoming transmission as a means of transmission error detection. A
parity failure will result 1n the transmission being ignored by the module. An indepen-
dent device will report alarms for such failures.

A fiber-optic trunk will be used to transmit the 10 MHz event encoded clock over
long distances between the centrally located encoder and transmitter and remote devices

in need of timing. Taps on the the trunk will feed event decoders and will also extract
the 10 MHz for local use.

9.1.1.1. The Supercycle Generator

The supercycle generator provides global synchromzation between the accelerators.
The SCG produces among other pulses a number of Booster arming or prepulse signals
and a Booster start of cycle signal. All outputs are derived from multiples of the 60 Hz
power line period and the SCG itself 1s synched to a specific power line phase. The nom-
1nal rep rate of the SCG is adjustable from 1 to 1.6 X 10° times 1/60 sec or from 16.7
ms to 72 hours. During this super cycle up to 256 action codes can be repeated with a
resolution of 1/60 sec as often as necessary At any event time, up to 5 codes can be
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generated separated 1n time by <2 us. The number of events which may be specified 1s

a readily expanded 2048.
l SuperCycle Generator ]

Parameter Value |
Count Range 924
Frequency 60 Hz
No. Events 2048
Codes/Event 5
Devices Required 1

9.1.1.2. The Booster Timing Generator

The Booster Timing Generator produces real-time clocks with a nominal 1 us resolu-
tion. Its operation s similar to that of the SuperCycle Generator but 1t uses faster input
triggers and a 1 MHz clock. Among the signals available from the BTG are the follow-
ing clock trains: 10 MHz denived from a 10 MHz master clock and synchromized with
TCG outputs (this train may be used for local generation of any needed real time clock);
a 10 KHz encoded train; a 1 KHz encoded train.

To meet the predictability needs of Booster timing, the BTG 1s restricted to a single
code from the 256 Booster codes at each event time. Because the transmission time for a
single code 1s slightly more than 1 us, each event occupies two adjacent time slots so that
events must be spaced at 2 us intervals but this 1s of little significance and does not
immnpair the 1 us settability The absolute timing range of the BTG 1s 16.8 S and an
easily expanded 2K events will be provided.

! Booster Time Generator *
Parameter Value

Count Range 224
Frequency , 1 MHz
No. Events 2048
Codes/Event 1
Devices Required 1

9.1.1.3. The Booster Gauss Clock Generator

The Gauss Clock Generator produces magnetic field based events with a nominal
resolution of one field clock tick, typically 0.1 gauss. It 1s similar to the SCG and BTG
but has up/down input clock trains so that digital summation produces a resultant pro-
portional to the instantaneous magnetic field value. This will allow triggering of
accelerator functions at particular magnetic field values as distinct from particular clock
times. The magnetic field range 1s 1.6 MG at this resolution, an artifact of the 24 bit
counters used to meet other requirements. A single code 1s produced at each event.
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l Booster Gauss Clock Generator l

Parameter Value
Count Range 224
Frequency 1 MHz
(up or down)

No. Events | 2048
Codes/Event 1
Devices Required 1

9.1.1.4. The RF and BEAM Timing Generator

The RF and Beam timing generator produces RF and PUE Clocks and Signals
armed by the other generators and clocked by RF zero crossing, phase comparators or
beam revolutions. Encoding techmques will not be used here.

9.1.1.4.1. Cascading Timing

Output signals from any of the generators may be used to arm or fire any other
generator section via a hardware patch. Since such patching corresponds to the physical
configuration of the accelerator, changes will be infrequent and significant. Although
software patching would offer flexibility and ease of monitoring, the centralized nature of
the Booster’s timing makes hardware patching relatively painless and grants the peace of
mind offered by a physical connection.

9.1.1.4.2. Local Timing

As discussed 1n the above, some equipment requires local timing for logical or pract:-
cal reasons. In most cases, the local timing will be imtiated by a trnigger from an event
receiver Real-time, Gauss Clock or RF counts can then be the source for “autodet” type
timers. A multi-channel timing module will be provided. The general purpose timer will
support clock rates to 5 MHz and a 16-bit range. Higher resolution applications will be
supported by commercial devices or locally designed equipment to be developed.

! Local Timing Generators l

Parameter Value
Frequency 5 MHz
Channels 20
Range 16 bit
Devices Required | 10

9.1.1.5. Signal Distribution

The output of the SCG will be fed to each of the dedicated timing generators via
suitable cables carrying the encoded pulse train. Event decoders at the receive end pro-
duce signals which synchronize and clock generators such as the BTG. Signals are car-
ried from the BTG by co-axial lines dedicated to the TCG and GCG senal trains and by
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individual lines carrying the RFTG unencoded pulses. Stations and Device Controllers
requiring timing signals will be equipped with event receivers and decoders for the serial
trains and buffers for the dedicated lines.

9.1.1.6. Event/Line Monitor

At least one Line Monitor will be installed on each of the TCG and GCG devices.
The purpose of these devices is to identify and record each of the events transmitted and
to verify correct encoding and reception for each event. They will serve as general diag-
nostic and monitoring devices for the timing system. Several possibilities for operating
mode, such as ‘‘learn mode”’, ‘‘absolute mode’’ etc. have been considered. A selection will
be made based on development experience of likely failure modes. At a mimmum, the
devices will record for each event the 1dentity of the time or gauss event, errors in the
reception and the time of reception.

Count Range 924
Frequency 10 MH:z
No. Events 2048
Codes/Event 1

Devices Required _ é

9.1.1.7 Event Recerver/Decoder

Event Receiver/Decoders will be required at each timing generator, each station and
most device controllers. The recerver will demodulate the signal to recover the clock and
data. The decoder will recogmze up to 8 encoded events and produce external signals
synchronized to those events. Separate recerver/decoders will be requred for time and
gauss clock lines. A suitably compact design can be produced by use of a custom
integrated circuit developed by FNAL. o '

Event Recerver égecoders I

Parameter Value
Modulation Base-band
Clock 10MH:z
Data bits 8 + panty
Events Recognized 8

| Devices Required | 30
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9.1.1.8. Computer Interface

To provide computer control of the various event generators they interface to the
computer network as one or more DEVICE CONTROLLERS. An application program
will permit operators to set up supercycles and Booster cycles with help in defining suit-
able sequences and protection from invalid configurations. An analysis capability to
compute duty cycles, power dissipation and unused time within the cycle will be pro-
vided. Some monitoring to detect faults or missing signals will be performed. Simula-
tion of some signals, notably the gauss clock, will be necessary to allow testing of
accelerator equipment when the Booster 1s not operating. Automatic switching to the
backup clock 1s desirable with generation of an alarm to alert the operator LINE MON-
ITORS installed at the remote ends of the distribution network will verify that the
intended codes are transmitted appropriately and report discrepancies.

Super Cycle "SCG
Booster Cycle BTG

Injection/Extraction | RF&B TG

9.1.1.9. Linac, Booster and AGS Synchronization

As an example of use of the timing system we will describe the sequence of events to
synchronize the Linac Booster and AGS for proton injection into the AGS. The Linac
may be supplying beam to other users under control of the SCG. The Linac 1s provided
with a train of timing pulses by the SCG, one for each linac cycle, typically every eight
power line cycles, 1.e. every 7.5 Hz. Similarly, the Booster gets a Pre-Pulse (BPP) from
the SCG at 7.5 Hz. When the SCG 1s adjusted to support both the LINAC and the
BOOSTER 1ts coded stream of event pulses will contain BPP pulses 1n addition to pre-
pulses for BLIP and REF The Linac Timing Generator will schedule the Linac equp-
ment and Booster injection will be triggered by a Booster Gauss Clock event.
Meanwhile, the AGS will have received a code to begin it to front porch before the
Booster reaches full energy Booster extraction will be tmggered from another Booster
Gauss Clock event while slower extraction equipment 1s. fired by time codes. Fast extrac-
tion kickers will be timed from RF signals to cause extraction, transfer and AGS injec-
tion. The Linac and Booster will cycle 3 more times at the 7.5 Hz rate. After this, the
AGS Timing Generator will schedule the AGS acceleration cycle and the Linac reverts to
BLIP and REF operation. If the AGS period 1s not a multiple of 8/60ths second, a few
1/60th-second slots will be wasted to bring the Linac and AGS back into synchronism for
the next AGS cycle. Similarly, some Booster time may be wasted if, between AGS 1njec-
tion cycles, other Booster cycles are required which do not exactly fit the AGS cycle.

Extension of this scenario to include RHIC injection 1s straightforward. Stored
beam time 1n RHIC would be asynchronous and operator intervention would 1nitiate a
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new 1njection cycle.

9.1.2. Analog Signal Distribution

A general purpose computer controlled analog multiplexer system 1s required to
switch analog signals to oscilloscopes 1n the consoles. Most of this requirement will be
satisfied with a fiber-optic based digital switching system with a nominal effective
bandwidth of 100kHz per channel. The system will support the distribution of approxi-
mately 500 non-instrumentation analog signals from five origination areas to all the
accessible Booster equipment areas.

In addition to the digital system, a reed-relay based sub-system will distribute up to
16 signals, two at a time, over pairs of co-axial cables from each of five buildings to the
main control room of the AGS. The nominal bandwidth of these signals will be 350 kHz.

Five co-axial cables will be installed between each of buildings 914 and 930 and the
AGS MCR to support the transmission of high-bandwidth signals requring dedicated
cables.

All the above facilities will be available to support Booster instrumentation. Needs
beyond the capabilities described are not part of the central system and must be pro-
vided by the those responsible for the application.

9.1.2.1. Analog Multiplexer Devices

9.1.2.1.1. 16-Bit Data

Data from 16-bit resolution devices will be transmitted over a digital time-
multiplexed data path as streamed data. Each data channel will require less than 4uS
for transmission for a cumulative data rate of 250 kilo-samples per second per signal
path.

9.1.2.1.2. 12-Bit Data

Data from 12-bit resolution devices will be transmitted over a digital time-
multiplexed data path as streamed data. Each data channel will require less than 1.6uS
for transmission for a cumulative data rate of 625 kilo-samples per second per signal
path.

9.1.2.1.3. Analog Data

The analog multiplexing device will be the CYTEC LX128 dry reed relay multi-
plexer developed for use 1n the HITL. This modular device will be configured as a 16 X 2
multiplexer in this application. The basic switch permits bandwidth to 10 MHz. To 1s0-
late the switches from cable charge and to provide gain and bandwidth control, the sig-
nals will be buffered by line receivers before the switch.
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The following tables illustrate the multiplexers to be installed:
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Analog Multiplexers sgigltwed Type! ' !
Locat N Bandwidth

100 Number of signals umber of multiplexers
Bldg. 911A 32 2 50 kHz
Bldg. 914 128 8 . 5 kHz
Bldg. 930A 256 16 5 kHz

Location | Number of signals | Number of multiplexers | Bandwidth |
Bldg 911A 16 1 100+ kHz
Bldg 914 16 1 100+ kHz
Bldg 930A 16 1 100+ kHz
Bldg 930A 16 1 100+ kHz
Bldg L18 16 1 100+ kHz

Analog Signals (Direct Drive
| _Location | Number of signals | Number of multiplexers | Bandwidth
Bldg 911A recerve 10 Use existing AGS 5 MHz
Bldg 914 send 5 5 MH:z
Bldg 930A 0
Bldg 930A send 5 5 MHz
Bldg L18 0

9.1.2.2. Device Controllers
Each multiplexer will be operated via a suitably interfaced device controller The

multiplexer control function will share the device controller assigned to access security in
buildings 911A, 914 and 930A. (The devices 1n 930 will be supported from 930A) An
additional device controller will be required in building L18. The hardware and coding
of these device controllers will follow the design developed for the HITL project.

9.1.2.3. Line Recelvers

As mentioned above, line recervers are required between signal cables and the multi-
plexer switches. A design developed for HITL has proved satisfactory and will be used 1n
the Booster The specifications are given 1n the following table:
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I Line Recetvers I

Parameter Value
Input Differential
Bandwidth | 0-350 KHz
CMRR -60 dB
Gain 1 0.95-25
adjustable

9.1.2.4. Multiplexer Signal Distribution

The locations of the various multiplexers are specified above. Most signals are car-
ried 1n digitized form via a part of the fiber-optic control system trunk. Two fibers with
a bandwidth of 25 MHz each are assigned to each building providing a throughput of
500 kilo-samples per second to 1.25 Mega-samples per second, depending on resolution.
Any signal can be delivered to any of the five areas.

Each relay multiplexer provides two differential outputs which are cabled back to
the Main Control Room. Central multiplexers 1n the MCR allow selection of any four
signals for oscilloscope viewing.

9.1.3. Consoles

Plans for the redesigned AGS Main Control Room call for four consoles in the
extended control room. These consoles will be anonymous in that any area of the
accelerator complex can be addressed from any console. For reasons of convenience and
habit 1t becomes conventional to conduct certain operations at specific consoles and 1t 1s
expected that one console will normally be assigned to the Booster With the coming of
age of the general purpose workstation, the principal interactive tool for communication
with the accelerator will be the APOLLO workstation with its multi-windowed screen,
mouse, keyboard, etc. Use of the APOLLO 1s appropniate to discretionary actrvities in
operations and studies of the accelerator will utilize 1ts facilities. The more complex and
interactive operator-invoked monitoring functions will also be performed at the APOLLO
station. General purpose display and interaction techniques are being developed and will
be tailored to the Booster by suitable file and data-base entries. In addition to these dis-
cretionary activities, other routine operations are necessary to indicate the state of the
various accelerator sub-systems, to switch analog signals to the display oscilloscopes and
to alarm when parameters stray beyond allowed ranges. A second APOLLO processor
will be assigned to support these functions and suitable display screens will be standardly
allocated.

In addition to the MCR facilities, there will be a standard console in the Linac con-
trol room which will be available for Booster control and, during 1nstallation and com-
missioning, there will be single-processor mini-consoles located 1n buildings 930A and
914.
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For field testing of accelerator equipment, any Apollo Workstation can serve as a
console 1n that it can be a source of commands to devices and it can accept messages
from stations. All the AGSDCS operation programs will run from any Apollo Worksta-
tion so that a Workstation presents a familiar interface. The Workstation 1s easy to
move and can be placed close to equipment being tested.

9.1.3.1. Workstation

The principal operator access to the accelerator will be via a workstation. The maimn
console workstation will be a color APOLLO equipped with a keyboard, mouse, track-
ball, etc. A graphical and menu driven interface will provide the operator with access to
accelerator data and allow the initiation of various modes of Booster operation. Stand-
ardized procedures in programming and display will be developed so that functions
present a familiar “look and feel” with common commands between disparate opera-
tions. Most requests to examine some feature of the operation will result 1n graphical
output, avoiding screenfuls of hard to evaluate numerical data. Specific numenc parame-
ters may be displayed on request or by default where the precision requires digital values
but ‘“management by exception’ techniques should make i1t rare for the operator to
review tables of numeric data. Similarly, numeric data entries will be by random access
to the vanables carefully avoiding redundant data entries.

9.1.3.2. Auxiliary Displays

A number of auxiliary displays will be provided to show the status of systems
independently of the activity on the main workstation. These displays, which may be
alphanumeric or graphical, will usually be assigned to major subsystems such as injec-
tion, main magnets, radio frequency and extraction. Interaction with these displays will
be via labelable switches and a pointing device, probably a track ball. The use of these
displays 1s more standardized and hence less flexible than the workstation display They
therefore supplement and complement the workstation operations rather than duplicat-
ing them.

9.1.3.3. Alarm Screen

A dedicated alphanumeric screen at each main console displays a subset of the
alarms reported by the surveillance programs.

9.1.3.4. Spreadsheet Control

An alphanumeric screen with switches and a pomnting facility will provide for low
level control actions on individual device parameters. Use of this mode should be
confined to systems for which custom code has not been generated and for diagnostic and
debug activities.
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9.1.4. Network Hardware

The Apollo HOST computers, embedded 1n consoles or elsewhere, will be intercon-
nected via Apollo’s “Domain token ring”’ This ring will be a logical extension of the
existing AGS and TVDG console ring. Fiber optic cables will be employed to provide
ground isolation between widely separated computers. The network interface units
(cards) will be standard Apollo products.

The STATION computers will also be interconnected via another token ring. In
fact, since the stations are also Apollo processors, it will be possible to combine HOST
and STATION functions 1n the same physical computer Again the network interface
units and software drivers will be the manufacturer’s standard products.

The HOST ring and the STATION network will be interconnected at two points so
that a single point failure cannot break data flow

9.1.4.1. Process Highways

STATIONS will interconnect to DEVICE CONTROLLERS wvia the IEEE 488 bus-as
the process highway This choice 1s made so that existing AGS Device Controller designs
may be used for the Booster project with mimmmum rework. If applications which cannot
be supported over IEEE 488 are encountered, ETHERNET interfaces ( IEEE 802.3 )
represent a viable alternate.

Many DEVICE CONTROLLERs will interconnect to accelerator devices via an AGS
developed specialized serial process bus called DATACON. This bus will serve to operate
most equipment since 1t offers long distance transmission, transformer 1solation and a 1
Mbit/s data rate. There are some applications for which performance requirements
exceed the capability of DATACON links. For the PUE system, where excellent RF 1so-
lation 1s desired, an optically coupled version of DATACON will be developed. This link
will incidentally offer a higher data rate and a broadcast address capability It may find
other applications as device hardware 1s developed. It appears inevitable that the ubiqui-
tous RS-232C will be used for some commercial device interfaces.

9.1.5. Booster Safety and Security

9.1.5.1. System Scope and Implementation

e The interlock system shall consist of 24V d.c. control relays, 4DPDT, powered by a
24V D C. power supply with battery backup.

e The system shall interlock and monitor the following:
1 Tunnel lights
2 Gates
3 Magnetic power supplies
4 Crash buttons
5 Beam stops
6 Loss radiation monitors
7 Chipmunk radiation monitors— personnel
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8 Vacuum valves (interlock only)
9 Rate-of-temperature-rise detectors
10 Linac status

Relays shall be housed 1n the 2 ea 72 high racks located in 1n building 930A.
All interlocks shall have a backup to provide redundancy
Lights in the tunnel shall be dimmed when the booster 1s 1n operation.

The phone system shall be distributed throughout the booster with direct connec-
tion to the main control room.

The security system shall rely on relays and switches hardwired together to form an
integral system. The computer shall serve a monitor only function.

The safety and security controller shall monitor relay contacts and, through the
Domain network, deliver status information to the Booster control console.

9.1.5.2. Equipment Distribution

All safety and security equipment shall be located in the building 930A. Safety and
secunity monitors shall be mounted 1n the control room. 2 ea 72" high racks will be
located 1n the LINAC house.

9.1.5.3. System Cable Distribution

All cables 1n the tunnel shall be fabricated from a low smoke, radiation resistant
composition (FREP-CPE) or equivalent cable.

No Teflon sheathed wire or cable shall be used 1n the booster tunnel.

The relays shall be mounted 1n 72" racks in the LINAC house. A mounting plate
will be provided for this purpose.

Cables from the tunnel will terminate 1n a terminal box mounted in building 930A.
Cables will run from this box to the appropriate part of the AGS interlock system.

Outputs from the relay rack to the main control room shall terminate 1n a terminal
box mounted on the LINAC house wall. Cables will run from this box to the main
control room.

Cables from the tunnel devices will terminate in 4 wall boxes mounted inside the
tunnels. Two will be mounted inside the Booster One will be mounted i1n the
HITL transfer line. One will be mounted so as to service the LINAC injection line
and the AGS 1njection line.

9.1.5.4. Device Controllers

The computer control system will interact with the safety and security system 1n a

monitoring sense only with status information displayed in the main control room and
available to operator consoles via the Domain network. The DEVICE CONTROLLER

will

interface to the security system through opto-isolators connected to dry reed
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contacts located 1in the LINAC house relay racks. A scanning algorithm in the DEVICE
CONTROLLER will report changes of state to the STATION via an IEEE 488 link, thus
making the data available through the DOMAIN LAN to consoles.

9.2. Booster Control Sdftware
9.2.1. User Interface

9.2.1.1. Introduction

The design of the user interface for the Booster project must take into consideration
the different classes of people who will use the system. There are three such classes:
techmecians and engineers, accelerator operators, and accelerator physicists.

Technicians and engineers are the people who test and commission the subsystems
which comprise the Booster Their view of the control system is more focused than the
others, and single device control with status readbacks and momtoring 1s of primary
interest. With this type of control, elementary on line testing 1s easy and the transition
from the lab to the field and then to an integrated part of the machine 1s, in theory, a
smooth operation.

Accelerator operators are concerned with running the machines. Hence, their view 1s
a more global one. Operator programs should allow easy startups, ease of operation, and
the reporting of post-mortem information for the use of experts later(l). These guide-
lines ensure optimum run time of the machine with easy fault diagnosis.

The accelerator physicist’s view of the machine 1s performance oriented. High level
control programs enable the physicist to fine tune the machine without being concerned
with low level device controlling. It should also be easy for the physicist to archive and
restore parameters reliably, and plot interesting data and produce hard copy easily The
tuning of a machine should not be constrained by the capabilities of the software.

By keeping these views in mind, a core of tools for booster control can be designed
and 1mplemented which will satisfy a wide range of users and provide a solid foundation
on which to build future developments.

9.2.1.2. Menus

Menu tools provide a uniform medium for control programs to interact with all
classes of users at a workstation. The menu package must be well documented and
made available to all programmers to ensure that programs present a consistent and
familiar “look and feel’”” Commands and options must be standardized over applications
so that users encounter 2 mmmmum of difficulty in working with new or unfamiliar pro-
grams.

Some types of menu tools available are:
e general menu tools — a means of listing 1tems from which the user will choose.
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¢ pop-up menus — for such things as confirming sensitive items or text input.

¢ valuators — standard tools for numerical input, for example, pictorial representa-
tion with the minimum and maximum allowable values of a controlled variable at
either end of a scrollbar, and the current value based on the position of the cursor
within that scrollbar

9.2.1.3. Spreadsheet Programs

A spreadsheet style program for controlling simple logical devices and parameters 1s
provided for single device control and monitoring.

Device lists are provided 1n a logical tree structure for those who are not machine
profictent. However, an alternate means of selecting device lists 1s provided for the more
familiar user who has a better 1dea of what he/she wishes to view or test. This form of
random access avoids tediously repetitive tree scanning when accessing machine areas.

Two versions of the spreadsheet are available to users:

e control room version —
This version runs in the control room on a dedicated screen to free the workstation
for other programs. Input to this program 1is via trackball and input panel.

e local version —
This 1s a portable version of the spreadsheet which runs on any remote node. The
main use for this would be to be able to run the spreadsheet locally at the device
controllers. This enables the user interested in debugging hardware to test that
hardware locally as viewed through the software. This 1s much nearer to operation
than the lab testing stage in that the devices are viewed on line through the net-
work and eliminates inconsistencies between design and operation before exposure
to the user

Input to this program is via cursor control through the keyboard and the mouse
- selecting device.

The spreadsheet program operates at the elementary device level appropnate to the
interests of engineers and technicians debugging or maintaining hardware. With the
development of higher level interactive graphical control, the relevance of the spreadsheet
to the control room will decrease. However 1t will always serve an essential purpose 1n
verifying the accuracy of more complex procedures.

9.2.1.4. Graphics

Graphics provide a2 visually appealing and more intuitive view of accelerator systems
than conventional spreadsheet programs. There are commercial graphics packages avail-
able which can be used as a basis for providing tools to both novice and expert users 1n
the accelerator controls environment. A package will be acquired to support the common
graphic applications such as bar charts, x-y plots, histograms, etc.
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9.2.1.4.1. Controls-oriented graphics

Graphics provide a means of viewing complex process control systems 1n a more
meaningful manner than looking at a list of devices. For instance, in the case of COM-
FORT (Control of Machine Functions OR Transport Systems)(3), a graphic interface
displays the current trajectory of the beam with beam elements listed below As ele-
ments are selected and changed, a plot can be overlayed to show the predicted corrected
trajectory or the differences between actual and corrected trajectories. Orbit correction
programs can make use of similar facilities and, indeed, 1njection displays can usefully
graft transport displays onto orbit data. Another application 1s a system 1n use at Fer-
milab where a graphies monitor displays a live schematic of an accelerator system pro-
viding static symbols showing components and dynamic symbols displaying real time
data(2). Although the first application interacts with a ‘‘geographical” view of accelera-
tor components and the latter with a ‘“schematic” of the controlled system, there appears
to be no reason why the applications cannot be accomplished with common software.
The common need 1s for a graphics description language coupled to real accelerator
parameters via the machine data base. This has already been accomplished i1n the sys-
tem of reference(2) and others.

The design of these control-displays requires care and inspiration with much input
from accelerator physicists who will make the most demanding use of their features.
Reference(2) mentions the use of artists in the design of comprehensible displays and also
cautions that the graphic displays can place much greater demands on data acqusition
procedures than spreadsheets. It may be concluded that the graphic displays must be
integrated into an overall system strategy consistent with all system limitations.

(1) F Beck and M. Gormley, “Computer Control of Large Accelerators”, Design Con-
cepts and Methods, Fermilab-Conf-84/43, May 1984 ‘

(2) Glenn Mayer, Stephen Beck, Ralph Pasquinelli, “Control of Stochastic Cooling &
" RF Systems Using Interactive Graphics™, Fermu National Accelerator Laboratory,
Particle Accelerator Conference, Wash, D C., 1987

(8) M. Lee, S. Clearwater, E. Theil, V Jacobsen, and V Paxson, “Modern Approaches
to Accelerator Simulation and On-line Control”, Stanford Linear Accelerator, Los
Alamos National Laboratory, and the Lawrence Berkeley Laboratory, Particle
Accelerator Conference, Wash, D C., 1987

9.2.2. Booster Alarms

9.2.2.1. Overview

Faults are reported by exception in the AGSDCS for both hardware and software
alarms. The AGSDCS alarm system 1s currently being extended in a mnanner which will
satisfy the needs of the Booster An alarm will be generated whenever the malfunction
of an alarmable system component 1s detected. Alarmable system components include
devices, device controllers, stations, hosts, network components, and server programs.
Conditions 1n a system component that can generate an alarm are maintained 1n that
components static database. A shared memory copy of this database exists in stations
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and hosts. Operators will be given the abilitv to dvnamically alter this shared memory
copy, to mask out alarmable conditions, enable others, ete. Alarms will be categorized
and color coded by severity level. A method will exist to query the system for outstand-
ing alarms.

9.2.2.2. Alarmable Systemm Components

Alarmable system components will be organized in a hierarchical manner At the
highest level, one must ensure that the Alarm Receiver Server and the host on which 1t
runs have not themselves faulted. Fault recovery 1s also reported.

Watchdog programs which execute in stations and hosts will have the responsibility
for generating alarms. All alarms will be sent to the Alarm Receiver Server

e The Watch Task in the station detects and sends alarms whenever a device or dev-
1ce controller has faulted.

e A Network Momtor Program running 1n one of the hosts will poll the network and
generate an alarm whenever a station, host, or network component does not
respond.

e A Node Master Program runnming 1n a server node will generate an alarm whenever
a server program faults.

e Watchdog programs will report faults determined by comparing computed beam
performance parameters to prescribed limits.

When a primary system component alarms, secondary system components also
alarm, and so on. It 1s planned that this cascading effect will be remedied by adding
some 1ntelligence about component dependencies 1nto the Watchdog programs and/or the
Alarm Receiver Server

9.2.2.3. Static Database Alarm Data

Alarmable conditions for system components are maintained in the offiine database.
From this offline database, a live database i1s generated and distributed among stations
and hosts using a ‘“‘need to know’’ principle, 1.e. stations need only know about the dev-
1ces they will be momitoring and controlling, the Node Master Program need only know
about the server programs 1t 1s watching, etc.

9.2.2.4. Dynamic Database Alarm Data

Operations staff will be able to alter the dynamic database pertaining to alarms.
For example, the watch mask for a status field in a device can be toggled off, the toler-
ance for a setpoint can be altered, etc. To allow this operation to be rapid, these param-
eters have been made ‘‘live” data. A log of transactions will allow the static data base
to be updated appropniately
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9.2.2.5. The Alarm Display

Alarms will appear on a dedicated display at each console. They will be color coded
by severity with those which require the more immediate attention appearing at the top
of the list. Operators will be able to interact via 2 menu to list deferred alarms, erase
alarms, undefer alarms, ete.

9.2.2.6. Alarm Logging

All alarms will be logged with a time stamp so that records of faults may be
retrieved for analysis.

9.2.2.7 Queries

Due to the inherent difficulties of obtaining information in a distributed system,
some mechanism will exist to query the stations and server programs, to obtain a
‘“‘current’” snapshot of those system components which are in a state of alarm.

9.2.3. Archiving of Booster Devices

g.2.3.1. Overview

Archiving 1s a methodology for saving the setpoints and commands of controllable
devices with the intent of restoring those values to the devices at a later time. As
implemented 1n the AGSDCS, controllable devices include simple devices which have but
one setpoint and complex devices like function generators with many setpoints. What 1s
actually archived 1s a collection of device lists. The accelerator can be modeled as a tree
structure with the major subsystems represented as branches of this tree. The lowest
branches of this tree, the leaves, will contain the device lists. In this model, the device
lists appear as static entities. The management of these lists allows the orgamization of
the accelerator into sub-systems for archival purposes.

9.2.3.2. Header Information

Every Archive will contain header information such as the date, species, etc. Some
of this information will be read from a configuration file which will be kept up to date.
Operators will also be prompted to enter pertinent comments about the contents and
reason for the archive.

9.2.3.3. Synchronous and Asynchronous Archives

At some frequency (e.g. every eight hours), a program will awaken and archive those
components of the accelerator required for restorations. This will insure that the restor-
able state of the machine 1s preserved within some mimmum window of time. This spe-
cial archive will be called the “CURRENT ARCHIVE” The previous one or two
CURRENT ARCHIVES will also be saved. Archives will also be created by operator
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request. These archives will be known as “NAMED ARCHIVES” They will be named
and created by the operator utilizing the tree model.

9.2.3.4. Restoring Archives

The state of some portion of the accelerator can be restored from an archive created
at the same or any higher level of the tree structure. When archives created at a particu-
lar branch of the accelerator tree model are restored at any lower branch, all devices in
device lists 1n leaves below the branch will be restored. '

9.2.3.5. Performance and Reliability

A reliable combination of hardware and software i1s required to implement an
effective archival system. However, some procedure for handling the existence of
unresponsive or errored devices will be included to avoid major omissions due to rela-
tively minor problems. The reliable communication links in the Booster control architec-
ture will all but eliminate communications as a source of errors. The use of powerful
APOLLO processors with large virtual memory buffers (16 Megabytes) and the ability to
cache reports in both large real memory (1-2 Megabytes) and ample disk space will allow
extensive restore operations to be carried out at high speed.

9.2.4. Accelerator Programs

9.2.4.1. Accelerator Modeling

We consider first the Booster-Controls interaction requirements 1n terms of the three
areas the beam passes through: (a) injection, (b) acceleration and (c) extraction and
matching to the AGS.

Injection from either the LINAC or the transfer line 1s fairly conventional.

Standard accelerator programs, which 1n BNL usage include SYNCH, MAD, etc., are
required for machine studies. A standard lattice input needs to be part of any data base
so"that all modeling programs compute the same machine; the ability to transfer results
between such programs is also a requirement. During operation, since the basic machine
lattice remains unchanged, a set of outputs (for a ‘“‘bare”” machine) from these programs
should be available for use 1n any ‘“perturbation” treatment. The basic requirements
here are to adjust the machine tunes (horizontal and vertical), or rather to mantain
their required separation while avoiding the customary resonances.

To begin with, this modeling-operations interaction should not be a ‘“‘closed loop”
procedure; 1nstead, these programs will make available the region of operating parame-
ters to be tried. As experience with the machine, and its matching to the AGS, proceeds,
some degree of loop-closing will be developed.

Extraction and matching to the AGS follows the programs used by CERN for the
ISR. These are “old” and understood (early 1970’s). Fermilab may also be involved in
developments of this sort and have newer programs available as they have ring-to-ring

Page Rev. 1 January 4, 1989




3

Design Manual Page 9-19

requirements too. The CERN program can do a three point fit: 1., using three pulses
with slightly different values for the steering magnets, a “correct solution” can be found.

In so far as possible, settings that cause the the beam to exceed aperture limitations
according to low-order calculations should be flagged. (Very sophisticated calculations
are not necessary for this purpose: that aperture 1s exceeded or i1s about to be exceeded 1s
what 1s significant — how closely one can scrape by 1s secondary )

9.2.4.2. Computation Capability Requirements

A processor for floating point calculations with power of the order of 10 MIPS 1s
needed. This power need not reside in a single umt, but may be distributed among two
or three units (since some low degree of parallelism 1s possible for MAD-like calculations).
Apollo processors may serve this purpose. More powerful processors will not be available
on the Domain network but will be accessible via an ETHERNET link to the system.

9.2.4.3. Advanced Control Concepts

9.2.4.3.1. Accelerator Programs

The degree of sophistication with which accelerator design programs such as MAD
are 1ntegrated into the Booster operation will certainly increase with time. Usage can
range from an essentially ‘‘off-line” approach in which results are compared with meas-
ured accelerator conditions to a fully integrated one in which modeling programs are
used 1n closed loops around accelerator systems. To provide a suitable environment for
these developments, attention to certain areas of the system architecture should include:

e Access to adequate computational power Response time 1s a critical factor 1n
implementing systems. It 1s of little use to accurately diagnose and automatically
correct accelerator operation if the reaction time 1s longer than would be required to .
find the problem manually A compute engine of 10 MIPS capability has been pro-
posed for the Domaimn network. Options include increasing this figure and use of
site-wide communications to access central site facilities.

o Data Base capabilities. Integration of modeling with the real-time operation will be
facilitated by sharing of common data base elements between modeling and control
programs.

e Graphics Facilities. It 1s important that modeling programs allow use of the
APOLLO graphies for output no matter where the computation occurs.

9.2.5. Programs for Mamntenance and Test

A system as complex as the Booster has of necessity many powerful and complicated
electrical and electronic systems. Moreover, these systems are frequentlv so intercon-
nected that 2 maintenance person cannot readily determine just which component s the
cause of a particular problem or symptom. We 1ntend to develop a library of test pro-
grams which can be invoked to analyze and 1solate problems and which can be used to
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certify the operation of a particular component or subsystem.

In addition to such dedicated programs, all control programs contain some elements
of error testing and reporting and can therefore be used as test programs by those
responsible for the maintenance of equupment. This has the advantage of testing the
equipment under actual rather than simulated operating conditions but 1s less likely to
be speaific in pin-pointing the origin of some malfunction. To fully exploit the diagnostic
capability of control programs, proper details of error conditions which occur during
operation must be saved 1n a form suited to subsequent repair This 1s the responsibility
of the ALARM program and will be accommodated by 1t. A suitable reporting and sum-
mary procedure must also be implemented for purposes of notification and record keep-
ng.

9.2.5.1. Special Programs

The most elementary form of special ‘“‘program”™ consists of spreadsheet device
tables organized to assist hardware evaluation. These will be maintained on a branch of
the spreadsheet tree optimized for maintenance. Some dedicated programs with facilities
not required in normal operation will be useful for evaluation of the major accelerator
systems. Test capability implies the existence of some redundancy 1n the system to pro-
vide a cross-check. In this respect, complex systems are more effective than simple ones.
Specialized evaluation programs will be provided for at least the main magnet, RF and
instrumentation systems.

9.2.6. Accelerator Database

9.2.6.1. Introduction

Because the Booster control system will require significant support from accelerator
modeling programs embedded within the control functions, the Booster database must
support a sophisticated view of all aspects of the accelerator, including control data and
physics data. In addition to those data required to permit effective control of the
accelerator, there are many cases where database techniques are convenient for general
purpose information storage and retrnieval. For this reason, a general purpose commercial
database 1s preferred to ad hoe data structures if the required real-time performance can
be achieved. A commercial product called INTERBASE has been acquired to satisfy
those requirements. There are three types of data which are addressed in the Booster
databases:

1) Static slow-access data
2) Static fast-access control data
3) Dynamic “‘state of the machine” data
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9.2.6.2. The Static Slow-Access Data

There 1s a great deal of data in the accelerator database which 1s not used directlv
for control and need be accessed only 1n “‘operator time” Items like the name of the
person responsible for the repair of equipment, the location of the equipment and the
phone number of the phone close to the device are in the database but do not require a
fast access time. Also there are functional relationships among the dewvices in the
accelerator which are useful to high level control programs. Rather than have private
data for applications programs, a superior approach 1s to store the data in a common
database even though there may be only one program which uses the data. The data 1s
then available to other potential users and the structure tends to encourage the use of
standardized data procedures. Typical use of the database by application programs
would be to acquire mitialization data at set up time when 1t 1s first run. Fast access to
this data 1s not required for these one-time activities so that the standard database
queries can be used. Thus, the INTERBASE system will be used directly for this type of
activity A menu driven interface will be used for data entry and system calls for
retrieval 1n this context.

Since the Interbase database is flexible and convenient 1t will be easy to add new
fields to existing records and new types of records to the database. This will encourage
the storage of all types of functional information about accelerator devices in the data-
base. Report generators and menu driven applications can then be invoked for utility
purposes 1n a general and user-friendly fashion. ’

In order to have the data in the “‘off line” database accessible to programs we will
have a network wide database server program which can be used by applications to
retrieve data (slowly) from the database. We expect access times on the order of 0.2
seconds to access the database. This is fast enough for retrieving data which has a low
rate of use.

0.2.6.3. The Static Fast-Access Control Data

A subset of the static data 1s needed for conmtrol of devices. This data includes
addressing information for devices, conversion functions, set point limits, and other
information needed to send commands to devices. To make this data available at the
requisite speed for control system operation, the data 1s extracted from the slow database
(Interbase database) and put into a fixed-format dedicated file called the Device
Definition File (DDF) located on a server It 1s important that the contents of this file
are restricted to data which must be accessed rapidly because the size 1s critical to perfor-
mance of the access method.

9.2.6.4. The Dynamic Database Structure

The Booster control system will make use of the dynamic database structure in use
by the AGSDCS. In this structure the “state of the machine” data 1s truly distributed.
Simple logical devices have their database in the stations while complex logical devices
have their data 1n the device controllers. Queries of the database are made via host to
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station requests, with the station examining its own memory or that of the device con-
troller and returning to the host the requested information. This distributed database
has proven very satisfactory in operation.

However, the Booster controls will use Apollo workstations to perform the station
function. Thus, stations no longer need to store device information in their limited phy-
sical RAM, but rather may make use of virtual memory The use of this capability must
be evaluated considering issues of speed, reliability, fault and power fail recovery etc.
The system capability can be improved with the use of the Apollo and its network utili-
ties should be exploited to the maximum possible degree. Since the weakest aspect of the
distributed system 1s 1ts long response time from console to hardware 1t will be necessary
to examine the use of Domain strategy to improve on previous performance.

9.3. System Engineering
9.3.1. Booster Controls System Architecture

9.3.1.1. Introduction

The Booster controls will be a part of the AGSDCS and Booster control shares a
common architecture with the AGSDCS. Not only 1s the same functionality assigned to
the distributed components of the system but the components are expected to be
software compatible with the existing system. While some components of the system
might change, the functionality of the three levels, console, station, device controller 1s
fixed as are the fundamental data structures of the simple logical device and the complex
logical device. The most significant change 1s at the STATION level where the MUL-
TIBUS systems of the AGSDCS will be replaced by commercial APOLLO workstations,
but this change 1s technical rather than architectural. The architecture 1s illustrated in
Figure 9-1.

8.3.1.2. Stations

As described above, the STATIONS of the Booster control system will be APOLLO
workstations. These purchased items offer cost and performance advantages over the.
custom designs previously used. They will be connected to the Console layer by the
manufacturer's DOMAIN token LAN. The operating system in the STATION will be
the manufacturer’s standard so that CONSOLES and STATIONS will share a common
development environment. Code will be written 1n a high-level language (C) and STA-
TIONS will use the same data structures as CONSOLES. The hardware and software
environment will permit expanding the function of the STATIONS wherever this 1s
deemed appropnate.
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9.3.1.3. Device Controllers

DEVICE CONTROLLERS will be custom designed MULTIBUS 1 systems as used
in the AGSDCS because this system provides the necessary ‘‘real-estate’ and back-plane
power to support the extensive hardware required to interface to accelerator devices.
Systems will use the dual-processor approach developed for the AGSDCDS with one pro-
cessor for communications and the other dedicated to real time control of devices. The
standard interfaces to devices include DATACON II, IEEE 488 and RS-232C. Some dev-
1ces will be operated directly via hardware installed in the MULTIBUS crate.

Some effort will be devoted to improving the development environment of the DEV-
ICE CONTROLLERS. The flexible real-time requirements suggest that the RMX operat-
ing system be retained but support facilities can be improved and the use of PROM code
will be reviewed.

The IEEE 488 connection between the device controller and the station is dxscussed
1n the section on network hardware.

9.3.2. System Integration

From a design point of view, this area deals with the detailed electronic, electrical,
mechanical and programmatic ‘‘glue’’which interconnects the control system to the
accelerator and which ties pieces of control apparatus together.

From a physical point of view, we are talking of optical cables, co-axial cables, wire,
terminals, connectors and racks.

We will build five standard rack clusters made up of one 24 “ rack and two 19" rack
assemblies. These clusters will house the Station computers and Device Controllers for
the bulk of the smaller (in volume) accelerator subsystems (timing, analog signal distr-
bution, access security, vacuum). Additional rack space (7 umits) will be provided to
support device controllers needed for the Power Supply and Instrumentation sub-
systems.

Additional racks will be provided to match the physical format of the eontrol room
consoles as specified by the interdepartmental Operational Aspects Study Group.

9.3.3. Hardware Documentation

In order to avoid significant rework and delays in project completion caused by
redesign and mismatched control and accelerator equipment, adequate hardware docu-
mentation prior to construction is mandatory A detailed product specification for each
module will be generated. A standard format for these specifications has been created.
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9.3.4. Software Documentation

We will implement module specifications and documentation similar to that pro-
vided 1n the hardware area. A program library of standardized programs and a
retrieval database will also be implemented. Version control and archive protection will
be managed by an Apollo product called DSEE.

A “map” of system data and a “plan” for allocation of system resources will be
generated.

9.3.5. Maintenance and Test Procedures

Test equipment will be purchased to support the design and construction phases of
accelerator work. This equipment will also be used to maintain machine components
both during and after project construction.

9.4. Accelerator Control Hardware (Device Controllers)
9.4.1. Power Supply Controllers

9.4.1.1. Power Supplies
The following power supplies must be interfaced 1nto the system:

1. 1 main dipole

2. 2 tune-shift quadrupole (1 vertical and 1 horizontal)
3. 2 man sextupole

4. 144 correction

5. 10 orbit bumps

6. 6 fast kicker

7 25 extraction

8. 28 heavy ion (hi) injection

9. 18 proton 1njection

10. 1 hi extraction (spectrometer)

9.4.1.2. Power Supply Control Types

(1) Set-point driven power supplies which recerve a time-invariant value which specifies
a supply output (current or voltage). This type applies to items 6-10 above.

(2) Function-generator driven which recerve a time-dependent set of values which
specify output profiles (flattop, front porch, rectify, invert etc.). This type applies
to 1tems 1-5 above. ’
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9.4.1.3. Device Controllers
(1) There will be 24 device controllers.

(2) Each controller can control up to 8 function generator or 16 set point driven power
supplies.

(3) The interface between the device controller and the function generator type power
supplies 1s totally digital so that the A/DC’s and the D/AC’s are on the power sup-
ply side of the interface.

(4) For control purposes, each supply will be connected to its device controller by a
DATACON senal link. All control commands and status reporting will pass via
this link. For high speed monmitoring of the analog signals within supplies, a uni-
directional “‘streaming” link will convey multiplexed device data to the controller
and elsewhere. The results of A/D conversions within a supply are digitally multi-
plexed onto the data stream with labels indicating the 1dentity of the signal source.

(5) All of the lines will be transformer coupled or optically 1solated at the power sup-
ply This will i1solate dc grounds and prevent ground differentials from causing
problems.

(6) All of the ejection power supplies and associated device controllers (3 umts) will be
located 1n building 914 with the remaining supplies and controllers (21 units) in
building 930.

(7) 'While each controller can control 2 maximum of 8 or 16 supplies the actual break-
down will be influenced by proximity, environment and the number of reference
values per magnet type. Thus, for example, the main dipole/quadrupole and the 2
main sextupole supplies might be controlled by separate controllers.

(8) The main dipole/quadrupole, tune-shift quadrupole, and sextupole power supplies
will require 16 bit accuracy for reference values. The correction supplies and set
point supplies will need 12 or 14 bits of accuracy

9.4.1.4. Power Supply Characteristics

(1) The main dipole/quadrupole power supply feeds the ring dipoles and main quadru-
pole windings 1n series. The supply 1s made up of six modules in series, one of
which operates 1n a current regulated mode with the other five voltage regulated.
Thus the system 1s current regulated with the option of varying five voltage out-
puts to minimize the stress on the current regulator Each of the voltage controlled
supplies has a solid state shorting switch across its output to bypass the supply
when 1ts voltage 1s not required. This will allow control of ripple and power factor
at values superior to a permanently connected system.

(2) The vertical and horizontal quadrupole tune-adjust power supplies are composed of
single modules. For these supplies, current and voltage reference values are
developed by function generators and introduced into the regulator circuitry at
appropriate points.
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(38) The 2 main sextupole and the up to 144 correction supplies will each be current
controlled.

(4) All the remaining power supplies (orbit bumps, fast kickers, injection and extrac-
tion) will have a set pont current control. One exception 1s the injection fast
kicker which 1s function generator controlled.

Power Supply Summar .
Number | Loc | Number | Reg PS Type Number of
PS Modules Controls
1 930 6 1&£V | Main Dipole/Quadrupole 6
2 930 2 1&V | Tune-Shift Quadrupole 4
2 930 2 1 Maun Sextupole 1
144 930 144 1 Correctors 14
Orbit Bumps
4 014 4 1 Ejection Orbit 4
3 930 3 I HI Injec Orbit Bump 3
3 930 3 1 PP Injec Orbit Bump 3
Injection
6 930 6 1 Fast Kicker 6
Extraction
1 914 1 I Ext Kicker 1
1 914 1 I Ext Septum 1
2 914 2 I Ext Dipole 2
15 914 15 I | Ext Quad 15
3 914 3 I Ext Vert Steenng 3
3 914 3 1 Ext Horz Steering 3
HI Injection
13 930 13 I Quadrupole 13
- 81930 - -3 1 | Dipole - 3
11 930 11 1 Steering 11
1 930 1 I Electrostatic Septum 1
Proton In)
13 930 13 1 Quadrupole 13
1 930 1 1 Dipole ‘ 1
4 930 4 1 Steering 1
HI Ejection
1 914 1 1 Spectrometer 1

9.4.1.5. Representations of Analog Functions

(1) Each of the analog functions will be digitally generated and converted to analog
within the power supply Each function 1s represented by digital values defining a
series of vectors having imtial values, slopes and time durations. The data will
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propagate 1n this compact form through the system to the device controller and
thence via DATACON to a buffer memory 1n the function generator The memorv
can accommodate eight 256-vector functions with each function double buffered to
allow loading new functions while operating existing ones. The eight functions will
be uniquely assigned to specific cycles within a super-cycle. Synchronous switching
between functions 1s accomplished via timing inputs and between buffers by means
of a pre-loaded pointer mask. The function generators are driven by a time clock
with provision for a gauss clock interrupt. Digital system amplitude resolution 1s
16-bits.

9.4.2. Booster Vacuum System

9.4.2.1. System Design

Since there 1s general compatibility between the functionality and requirements of
the Booster vacuum system and those of AGS and HITL, the control system design
employed for the BOOSTER vacuum 1s based on using the technology developed for the
AGS and HITL vacuum systems. Extension is required only in that the Booster vacuum
system 1s bakeable via permanently installed heaters.

Vacuum control falls into two classes. The first class 1s the Apollo system. It con-
sists of permanently installed equipment located outside the tunnel and controls and
monitors 1on gauges, ion pumps and sector valves at all times. The second class 1s a set
of 6 or 7 mobile units which are temporarily attached to sub-sections of the vacuum sys-
tem during down time for roughing down the ring and transport line systems and for
bake-out. For this purpose the system is partitioned into approximately 20 sectors
which may be valved off from each other The mobile umts allow 6 or 7 sectors to be
manipulated at one time. This part of the system will be implemented by the vacuum
group who will be responsible for its installation and operation. Use of the portable sys-
tem will require data access to the areas controlled by the central system so that some
link to the APOLLO system will be required.

The first class of vacuum control equipment 1ncludes interfaces to dual ion pump
power supplies, sector valves and to 10on and Convectron gauges. With appropriate selec-
tion of equipment, interface designs exist for all these devices.

The second class of vacuum control equipment provides controls for turbo molecular

pumps, ion and Convectron gauges, bakeout heaters and thermocouple readbacks. A
commercial process controller 1s proposed for this system with a personal computer to
provide remote control.. The PC will be connected via an RS-232 link to the Apollo sys-
tem. A system of twisted-pair cables will be run to facilitate linking the necessary
RS-232 ports on a discretionary basis.

Figure 9-2 shows a block diagram of the total system configuration. Apollo stations
will be located 1n buildings 930 and 914 with IEEE-488 links to the device controllers.
Two of the device controllers in each building will be connected to vacuum equipment.
Ion pump power supplies and sector valves are interfaced via DATACON. Ion and Con-
vectron gauge controllers are interfaced via RS-232 links.
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0.4.2.2. Device Controller

Figure 9-3 shows a block diagram of the device controller for 1on pumps and sector
valves. All the components are commercial or replicate existing designs so that the
design 1s complete. Figure 9-4 shows the block diagram of the device controller for
RS-232 devices. Again the components are available and no new developments are
required. The following table lists the components for the four device controllers.

l VACUUM DEVICE CONTROLLER COMPONENTS l

Card _Number

186/03 CPU
CM-42 IEEE-488
DATACON Central
DATACON Driver

RS-232 16-line Scanpers

DATACON INTERFACE CARDS I

Card Number

Dual 1on pump power supply 36
Dual sector valve 10

13- SV - NN

9.4.2.3. Vacuum Device Manual Control

e  Convectron Gauge (Injection) — Local pressure readout,PC contacts for CC
gauges.

e  Bakeout — Heater tapes controlled by Fenwal temperature devices.

e  TI Sublimation Pumps — 50A motor driven autotransformer into individual
10A transformers, switchable by sector to buck boost transformers located in
the tunnel at the TI pumps. Current 1s read in the primary leg of the buck
boost transformer , '

e NEG Pump Cartridge — (A) 50A motor driven autotransformer or (B) Indi-
vidual 20A autotransformers NEG Pump Strip (HITL Injection) SCR con-
troller 3 phase

9.4.2.4. Vacuum Device Computer Control

e Ion Pump P.S. — 200 ma short circuit current, 5KV, local and remote com-

puter control. Process control relay contacts for valve logic.
¢ Computer Control— Pump On, Pump Off

e Computer Read back— Current, Voltage, PS Status
e DATACON Interface, RS232 or IEEE-488 Interfaces with opto-isolation
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Ion Gauge, Convectron Gauge — Local readout of pressure. Other informa-
tion accessible through the front panel key board. Jon Gauges will automat:-
cally be turned on by the Convectron Gauge. Process control relay contacts
are available for Valve logic.

e Computer Control— Gauges On, Gauges Off
e Computer Readback— Pressures (Torr), Keypad Functions
e RS232 Interface With Optoisolation

Valves

e Computer Control— Open, Close
e Computer Readback— Open, Close, In-between
e DATACON Interface

Cold Cathode Gauge — Local pressure readout, Convectron Gauge inter
locked by means of relay contacts. Provides process control relay contacts for
Valve interlock.

e Computer Control— On, Off
e Computer Readback— Pressure
e DATACON Interface, RS232 or IEEE-488 Interfaces with Optoisolation

Portable Turbomolecular Pump — Interface at Sector Valve
e Computer Readback— Pumps (On, Off)

— Isolation Valve (Open,
Close, In-between)

e DATACON Interface

Turbomolecular Pumps (LINAC) — Stationary Pumps (Mechamical and Tur-

bomolecular). Same configuration as AGS.
e Computer control— Pumps (On, Off)

— Isolation Valve (Open, Close)

e Computer Readback— Pumps (On,Off)
' — Isolation Valve (Open, Close,
In-between)

¢ DATACON Interface

9.4.2.5. Disposition

Page Rev. 1

All vacuum system controls will reside 1n 72~ high racks located in the
LINAC house. Only buck boost transformers for Titanium Sublimator Pumps
will be mounted in the Booster tunnel.

All cables 1n the tunne] shall be low smoke, radiation resistant composition
(FREP-CPE) or equivalent.

Terminal boxes with terminal strips shall be mounted on the tunnel wall, in
between the pump stations (two pump stations per box). Cables will run
from these devices to this box via the cable tray
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e  Terminal boxes with terminal strips shall be mounted on the LINAC house
wall near the vacuum system control racks. Cables will run from these boxes
to the equipment racks.

. No Teflon sheathed wire or cable shall be used 1n the Booster tunnel.
e  Device controller disposition— see Figure 9-4.

e  Wire used as bakeout extension leads shall be high temperature resistant, 450
degree C with a fiberglass sheath.

9.4.2.6. Computer Control

Vacuum devices will interface the device controller through DATACON and RS-232
links. Device interface cards will be installed in the vacuum devices where necessary to
effect DATACON i1nterface. RS232 links will interface Ion Gauges and Convectron
Gauges to the Device Controller An RS-232C multiplexer/drniver board will be installed
in the device controller for interface purposes. Device controllers shall interface to sta-
tions via JEEE-488. :

9.4.3. Booster RF Controls

The RF system for the Booster envisages three PA/cavity systems — two which
cover the heavy 10n spectrum sequentially and one for conventional proton operation.. A
single Low level system 1s proposed for all modes of operation.

It 1s proposed to comstruct a controller quite similar to the one currently in use for
heavy 1on operation using the TVDG. The controller would consist of two independent
micro-computers: one to construct the necessary frequency and amplitude functions from
down loaded commands and a second to control delivery of these functions to the low
level svstem using direct memory access (DMA). The functions and associated control
bits can be routed externally to the proper low level channel by a multiplexed switch.
The MPX switch 1s assumed to be an integral part of the low level system. It 1s assumed
that there need not be an operative analog radial control loop, but that an operative
phase control loop will be required. Since the respomse of such a circuit determines
potential accelerator beam performance and since the required response varies with the
kind of particle accelerated, some additional accelerator physics input 1s required before
engineering can begin. (Under worst case conditions the required response could exceed
the capability of our fully digital approach requiring the development of an alternative
approach.) Existing designs will have to be modified for such features as negative dB/dt.

There also exists the need for control of the high level stages; we expect to directly
apply the design techniques already 1n use at the AGS for such applications.

By condensing the controls into one multiprocessor device hardware costs are
minimized.
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9.4.4. Booster Facilities

A Brnistol Babcock Telemetrol RDC3350 Controller 1s the heart of the Facilities Con-
trol system. This system will monitor and control the cooling water for the magnets,
monitor the HVAC conditions 1n the magnet power supply enclosures and monitor the
dew point 1n the booster ring. Personal Computer based monitors will be located in the
928 pump room, the Power Room and Room 215 1n 911B. This system will operate as a
stand alone system with the capability for adding an additional RS-422 drop to the main
Booster control room. This would allow a PC to monitor the activities of the Telemetrol
RDC3350. It is strongly recommended that one of the following three choices be made to
allow the Control Room access to the RDC3350 Controller

Attach a co-processor to an Apollo on the network, this in conjunction with a
software package (to be developed) would allow direct access to the RDC3350
Controller '

Add process annunciator relays to the RDC3350 Controller This will allow
go — no-go information into the data stream.

Add a PC to the Control Room which would access the RS-422 drop men-
tioned above.

9.4.5. Instrumentation Interfaces
9.4.5.1. Instrumentation Controllers

9.4.5.1.1. General Description

The Booster instrumentation system control will be distributed in umits located in
buildings 911, 930 and 914. Each controller will be capable of interfacing and controlling
at least one third of the Booster mnstrumentation.

Controllers will be capable of complex reading and digitizing procedures for signals
from beam instruments 1n the Booster ring to provide data to the central control com-
puter Additionally the controller will provide the ability to actuate the insert and
retract mechamisms for the various instruments. There will be procedures for inserting
mechanisms 1nto the beam before or after the beam pulse. The controller will also pro-
vide the ability to set parameters, such as gain, of the instrument electronics

The Instrument controller i1s intended to provide not only simple (default) status
reports and data reports but also to provide data mamipulation by the controller and
complex data reports, sequenced or multiple actuator control, and interrupts to inform
the station when a particular process 1s fimished.

9.4.5.1.2. Hardware Interface

At present, the hardware of the instrumentation interface to Booster diagnostic dev-
1ces 1s not defined. A considerable number of device interfaces have been designed for
HITL and AGS applications. Similar designs are likely to prove adequate for some
Booster applications. In some cases 1t may be desirable to extend or replace existing
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designs because the repetition rate or other parameters of the Booster application
demand greater power These applications must be reviewed on an individual basis when
details of the instrumentation are defined. -

The device hardware interface options which have been implemented to date 1n
HITL and AGS include DATACON, IEEE-488, Digital I/O and Analog Signal connec-
tions. Suitable combinations of these interfaces will fulfill most of the needs of the
Booster One option which 1s being subjected to detailed discussion 1s the use of optical
fiber 1n 1nterfaces to provide superior isolation and noise 1mmunity ‘Decisions on this
and other interfacing 1ssues will be made in the immediate future.
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CHAPTER 10. ACCELERATOR CYCLES

10.1. Acceleration Cycle for Proton Operation

The following quantities were evaluated for the acceleration portion of the proton
cycle of the Booster: dipole field strength, rf frequency, rf voltage, dB/dt, height of the
moving bucket, bucket length, synchrotron oscillation frequency, kinetic energy of the
synchronous particle, synchronous phase angle, and other variables that are required for
the calculation of these values. After the first half millisecond, the calculations were
done 1n 0.5 ms steps, but for the first half millisecond of the cycle evaluations were done
at 18 time points because some of the parameters are to be rapidly varied over this

period. The equations used are those given by S. Ohnuma! except as noted below

10.1.1. Assumptions about the Proton Cycle

The acceleration cycle for proton operation 1s based on Booster Technical Note 492
There 1t was assumed that the area of the moving bucket would be maintained at the
constant value of 1.5 €V-s and that the peak rf accelerating voltage would be 90 kV (per
turn). Since the harmomic number, b, 1s 3, and the injection energy 1s 200 MeV, the -
tial dB/dt 1s required to be 1.441 T/s. (A slightly higher value of 1.468 T/s appears 1n
Tech. Note 49, because there the value of -, was taken to be equal to 1 )

The power supplies for the dipole magnets do not allow dB/dt to exceed 9.6 T/s. In
the original calculations, after a2 dB/dt of 9.6 T/s had been reached, the synchronous
phase angle was held constant to mamtamn this value of dB/dt and thus the moving
bucket area grew at the end of the cycle. In the calculations below, the moving bucket
area and dB/dt are held constant by decreasing the rf voltage while simultaneously allow-
ing the synchronous phase angle to increase. It 1s necessary to decrease the rf voltage
anyway 1n order to reduce power dissipation in the ferrite of the rf cavities, but 1t 1s
undesirable to allow dB/dt to fall at the end of the cycle since 1t 1s necessary to bring the
protons up to therr ejection energy of 1.5 GeV i about half the time for the complete
cycle, 133.3 ms. :

The 1nit1al portion of the cycle is also modified. The rf voltage 1s set at 45 kV for a
period of 0.2 ms and then increased smoothly to 90 kV over the next 0.3 ms. Because of
this modification, the imitial moving bucket area 1s only 0.97 eV-s. Even though dB/dt
can now be chosen independently, the moving bucket area is only a weak function of cbs
for these small values. When ¢_1s vared from 5.3 to 0.0 to give dB/dt's varyng
from 1.5 T/s to 0 T/s, the moving bucket area only goes from 0.97 eV-s to 1.180 eV-s
for an accelerating voltage of 45 kV

1S. Ohnuma, The Beam and the Bucket — A Handbook for the Analysis of Longitudinal Motion, TM-
1381, Fermilab, January 22, 1986.

2J. G. Cottingham, Proton Cycle for the Booster, BST/TN #49, (July 1986).
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The area of the moving bucket, A,,, 1s obtained by multiplying the statnonary
bucket area, A , by the moving bucket factor, of9,), where

5
_sc [ Qe
°  wch |27k |n]
where:
pol _ 1
7 ¥
N =(1 = v2/c?)05
and
C = machine arcumference ¢ = speed of light
201.78 meters @, = charge state in the booster
V = peak rf voltage E, = total energy (in eV) of the
synchronous particle
h = harmomic number v, = transition 7 (4.88)

The moving bucket area 1s calculated from
Apg = a(¢s) A,
b2

a(¢s) B — V f (¢’¢s d¢

f(&,8s) = cos ¢ + cos ¢ + (¢ + & — 7) sin &,

and f($,6) =0 at ¢, and ¢. (¢ = 7™ — &,, the unstable fixed point on the separatrix.)
The value of ¢, 1s found numenically and then the integration 1s performed using a 60-
point Gauss-Legendre quadrature formula.
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10.1.2. Other Cycle Parameters

The graph labeled “Bunching Factor™ 1s actually a graph of the ratio of the peak
charge density to the average charge density in the bucket, where it 1s assumed that the
entire phase area bounded by the separatrix 1s uniformly filled with particles.

FoTVEI@
4a(¢) )
The graphs of quantities involving currents and beam power assumes that the number of

particles per bunch 1s 7.5 X 102 for design purposes only This value 1s 50% larger than
the nominal value of 5.0 X 10!2 particles per bunch.

10.1.3. Time Available for Proton Acceleration

The total time available in the proton cycle 1s 133.3 ms. Part of this time (> 22
ms) must be available for filter recovery, regulator recovery, and the portion of the
current 1nvert ramp below the injection current level. So only about 111 ms 1s available
for ramping up and back down. The present cycle takes 59.8 ms to reach the ejection
energy of 1.5 GeV

The details of the cycle at injection are still being studied. The peak rf voltage at
1njection may not, in fact, correspond to 45 kV per turn. Also, the ramping of the vol-
tage up to 90 kV will probably not follow the curve used here, where 1t goes smoothly
from 45 kV to 90 kV over a time interval of 0.3 ms beginning at 0.2 ms into the cycle.

There 1s also interest 1 cycles starting with dB/dt equal to zero. Such cycles can be
easily calculated, but an ejection energy of 1.5 GeV can not be reached within 60 ms
while maintaining a moving bucket area of 1.5 eV-s without exceeding the 90 kV limit
on the peak rf accelerating voltage per turn. (The voltage i1s required to exceed 90 kV
only during the early part of the cycle however ) Alternatively, a cycle with a zero initial
dB/dt can be obtained within the 90 kV restriction by allowing the time to reach the
ejection energy to extend to 66.5 ms.

Page Rev. 1 November 28, 1988
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10.2. Acceleration Cycle for Heavy Ion Operation

It 1s assumed that constant bucket area acceleration will also be used for each heavy
1on species. If the goal 1s to keep the maximum AR the same for all species, then the
bucket area per nucleon should have the same value for all ions if the sons are fully
stripped and if the sons are traveling at high velocity. As f — 1, the bucket height, y,

goes as
y VEs'oQ
and
5
Yo |
A A A

where E;, i1s the rest mass energy of the ion, @ the integer charge state, and A the
atomic mass number (the number of nucleons). Even though A 1s an integer and is not
equal to the atomic mass, M, of the ion, the value of E“,/A 1s nearly constant, going

from 0.839302 GeV for the negative hydrogen ion to 0.930182 GeV for 6Fe?®* Q/A has
a larger vanation, but 1s still between 0.4 and 0.5 for fully stripped 1ons (excluding pro-
tons). However, the ions are fully stnipped only after leaving the Booster The table
below shows the relative value of Ap/p for various ioms.

As 1n the section above, a third harmonic system (h==3) 1s used for the acceleration
system, but the frequency range is assumed to be covered by two or more different cavi-
ties, each operating over a limited frequency range.

Capture

Since the heavy i1ons from the Tandem Van de Graaff have virtually no energy
spread, and so-called adiabatic capture takes too long (>100 ms), 1t 1s proposed that
heavy 10ns be captured with an r.f. voltage which gives a reasonable synchrotron period
of 2.5 ms. The corresponding bunch size 1s 0.05 eV-s/nucleon/bucket at 0° phase angle.
The r.f. voltage should be at this value for about one-fourth of the synchrotron period
(0.7 ms). Then the r.f. voltage should be increased to twice the capture voltage which
gives a bucket with a size equal to V2 times the bunch size. Table 10-2 gives the bunch-
ing voltage and corresponding momentum spread for representative 1on species.

Page Rev. 1 November 28, 1988
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TABLE 10-1 @, 5, 7, kinetic energy and Ap/p. Values of
Ap/p are relative to the value for protons i1n each instance.

Booster AGS RHIC
In) Ejec Iny In) Ejec
Q ;
proton 1 1 1 1 1
carbon 6 6 6 6 6
sulfur 14 14 16 16 16
copper 21 21 29 29 29
10dine 29 29 53 53 53
gold 33 33 79 79 79
B
proton 0.5662 0.9230 0.9230 0.9995 1.0000
carbon 0.1262 0.8714 0.8714 0.9979 1.0000
sulfur 0.1000 0.8715 0.8715 0.9979 1.0000
copper 0.0782 0.8533 0.8533 0.9976 1.0000
1odine 0.05985 0.7902 0.7902 0.9971 1.0000
gold 0.0478 0.6868 0.6868 0.9968 1.0000
g
proton 1.21 2.60 2.60 31.37 268.19
carbon 1.01 2.04 2.04 15.60 135.12
sulfur 1.01 2.04 2.04 15.62 135.24
copper 1.00 1.92 1.92 14.33 124.52
10dine 1.00 1.63 13.04 13.04 112.87
gold 1.00 1.38 1.38 12.49 108.40
E/A, (GeV)
proton 0.200 1.500 1.500 28.5 250.7
carbon 0.008 0.967 0.967 13.6 124.9
sulfur 0.005 0.967 0.967 13.6 124.9
copper 0.003 0.854 0.854 12.4 114.9
1odine 0.002 0.588 0.588 11.2 104.1
gold 0.001 0.350 0.350 10.7 100.0
relative Ap/p
proton 1.0 1.0 1.0 1.0 1.0
carbon 0.180 0.064 1.361 2.029 2.000
sulfur 0.325 0.064 1.361 2.029 2.000
copper 0.416 0.070 1.478 2.213 2.173
10dine 0.547 0.088 1.875 2.433 2.396
gold 0.682 0.121 2.558 2.538 2.493

Page Rev. 1 November 28, 1988
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TABLE 10-2 Ion Properties

Ion E my Q [ B:'a] jm) Vbunclz Ap / p
(MeV/nucleon) (kG) | (MHz) | (kV) (%)
carbon 7.5 6 | 0.576 | 0.562 0.288 0.15
sulfur 4.7 14 | 0.519 | 0.448 0.332 0.19
copper 2.9 21 | 0.531 | 0.349 0.445 0.24
10dine 1.65 29 | 0.590 | 0.265 0.642 0.31
gold 1.0 33 | 0.645 | 0.213 0.877 0.40

Apunen  0-05 eV-s/nucleon/bunch
Apuket  0-071 eV-s/nucleon/bucket, V=2V, .

Acceleration, lighter sons

The acceleration program for the lighter 1oms 1s calculated in the following manner
First, 1t 15 assumed that the mmtial dB/dt 1s to be zero and that the maximum dB/dt
required for any ion will be less than 2.55 T/s. The mitial injection field 1s calculated
from the 1njection energy, and the ejection field 1s calculated based on the requirement
that all 10ons are to be accelerated to any energy in the Booster such that, after stripping,
they will have the same magnetic ngidity as 2.5 GeV protons (11.0336 T-m), unless this
would require the dipole field at ejection to exceed the field required for 350 MeV /nucleon
gold 1ons. (This means that if Z/ Qp for a particular 1on 15 greater than 1.588 then the

dipole magnetic field at ejection will be the same as for gold ions, 1.274 T The magnetic
ngidity of 11.0336 T-m 1s the design specification for the Booster ejection line.)

An acceleration period of 0.5 seconds 1s assumed. In order to have a smooth form
for variation of dB/dt, a tanh function was adopted. The only other decision to be made
1s the rate at which dB/dt should rise from near its initial value of zero to near its final
maximum value. In the graphs below, this change was assumed to take place over a
period of about 25 ms, but 1t has been found® that allowing the dB/dt increase to take
place over a much longer period, about 150 ms, can easily be accommodated 1n the cycle
without exceeding the maximum peak rf voltage of 17 kV and with only a modest
increase 1n dB/dt. (The maximum dB/dt must increase from 2.55 T/s to about 2.75 T/s,
and the 1nitial slope of dB/dt 1s somewhat greater )

3Mark Rhoades-Brown, private communication.
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Acceleration, heavier sons

The acceleration program for gold ions was calculated as 1n the section above. Then
it was discovered that the heavier 1ons presented a particular difficulty These 1ons enter
the Booster with a relatively small velocity and therefore spend more time being
accelerated by the low frequency rf cavity The ferrite in this cavity shows an instability
for cavity voltages greater than about 8 kV It 1s thus necessary to alter the cycle so
that dB/dt, after an imtial nse, 1s held constant at a value that allows the 0.07 eV-
s/nucleon bucket area to be maintained with an rf voltage that 1s less than 8 kV until
the 1on has been accelerated to a velocity that allows the next cavity to take over the
acceleration. (This transfer can take place at an rf frequency of 600 kHz.)

Once the cycle has been modified to satisfy this criterion, the 1ons can no longer be
accelerated to their ejection energies within 500 ms unless dB/dt 1s allowed to rise to lev-
els much higher than 2.55 T/s. However, if a maximum value for dB/dt of 3.2 T/s 1s
adopted, then an acceleration cycle of just over 600 ms 1s possible. This cycle 1s shown
in the following graphs.
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ge+"V gy ‘S4090wesRd 3£ uoy Aaeay jo sydesny g1 a3

B9y jrey A310us 12yng (p)

©
by
=)
1
“
)
9
o,

yy8ual 9axong (0)
o0c 08 , o o8 oo
: oﬂm : 2_... oﬂa J~ oa1 @ ° [ 7] 009 eos ear oot eez n [
T | T T 1 1 o9
:......”.........r....u.”..nl.“.. ..u...."....:...s. I t | | ' l
it SR JP APURUIRGYY SR RO DU P a2l
i R e . " ''''' 02 ] ] ! I I ]
L i I i | { i
- ..l..“ll...._..s.....on i e e T R . E ]
1]
i I et bl £ 1 m. " " i ] “ "
L ( UL S N o U T T T T A T T T e
\ ! ! . ' ! | ] |
" s
S 1 ..4........“1......“....;12 1 ] ' ' i |
! I i ) | 1 ARNRE S e i S e v R
R it Bt Eeleiels el Tkt [ u \ . _ \ \
S S N D D !
' ) 1 1 1 t
1 i 1 1 1 i aat ] i i ] 1 ]
[-2]+
owiy A IyBiroy-y ey ABasuz jeyong swig  sa y3bBue jenong
Aouenbauj uoneyjioso snouoryouLs (q) fouanbay 4y (®)
{ w) " € ) ewyy
aee a9 14 (1] (-] (-4 o L} aRe oas ops -1 4 Qave so2 ool L}
“ “ “ “ “ T ee ] T 1 ] T 1 ee
! i 1 1 ' 1
' i ' ) | 1 e W N =W TR ‘o
1 1 l 1 ' 1 e i | !
R R PR PP PRSI (R PP ' 1 ]
i ! | i i ] 1 : Jaiaind dindaielk Saliadie Ui L
[ i | | b4 { |
1 } | 1 3 | ) n
| IS AL ) i . a I R e iy’ e Sl i R
“..... . il L 1 ' ' )
] H (RN IS SR - S| | PR e 2
| ! 1 2 1 1 ) 1 '
dw " “ | N | | ' i ]
R R L Y A ] - el d 1 i Baaiadis Rediatbatie Ediadidiel LAt 3K
M " “ i i ' 1oz ] I I i I
1 ' ! } - I i ! 1 1
' ' 1 1 1 1 R o A Sy At Tt St LA
& ) ' | | | | | | | | i |
” i i 1 i 1 i o2 | I} i ] 1 1 ¢ €
Q swi) sa Aouanbasy 280 uodjo Youlg 8wy} sa Aosuanba 4 4y

October 11, 1988

wibusy s0wong

(sonabep)y

Asusnbeas 4

1 Zeed)

Page Rev. 1




Page 10-17

Design Manual

( quo0) ee+"V 61

g ()
¢« ) wwey
eee 3] ees -1 ase ape eat [}
T T T T ee
! 1 | 1
SRSy UG T N [ dco
' ! i '
N ' 1 '
olniaiall st alalh Jelialbalt S i LR
! ] ] | 1 i o
AU AR D Jooa €
] T i i ] iy R
i | ! ! ' ) .
AR TR N S B R PR P
' ' 1 i 1 ) .
( 1 1 ! 1 i
oliafiniiadl il SRR i R LK
' | ! 1 i
L + i ] 1 1
i i 72 R It R
1 ! i v 1 |
o | i i 1 i | i s ¢
suwyl  sA apgp
3|9ue aseyd snouoigouLs (j)
t« ) (28
eus ees oas o0 ec ee2 gt e
] T 1 T e
1 1 t 1 1
1 1 ! i | {
R T JR S KpRRPIINE S RN DU Ny A [P m
i 1 1 1 s
L | [ I | H
i i [ I #
i R il Rt it - ~——-dg2 ¥
! 1 1 ! ! H
i 1 1 1 ]
) i ) ' | 3
siuliniiall dialalball s T i~ -~ ~{ee %
| [ 1 i
1 1 [ R I m
SR A R [ RPUN U DU S @
] ] i i I I er 4
! 1 i 1 t ' )
' I i i | '
] i I} i i 1 ¢
)

1 $A 9jBuy aswyy

‘stajouwresed appA> uol Lavay Jo sydeisny g¢-01 aindy

PIoy ajodiq (8)
[ 1
[ 7] 1) eos eer o0¢ (TH et )
L 1 I ! ]
! | i
TR O KU |
I [ i
[} 1 i
- r---t7t-—-—"=1~-"~-""A-~"=""-—-=-
i t [
IS KRR IR BN SNRIRS RN
[ i i i [
1 | [ i i
T VY VO § 6 RPN S UGG DN D —
t 1 | i [ 1
| | | 4 1 i
sl diadiadies e Shadhadhadi Bl it Rl Rl
i f 1 ! i ]
] ! [ i [ )
. [ R T B R R
i { | | I
} 1 i ' 1 1
awyj SA pyoy 4 ajodig
e8egion JY (°)
(- "
[T 009 28 eay 13 o802 201 ]
| i ! i 1 !
| | | 1 i 1
1 1 ! 1 | 1
i § | 1 | !
i e . I e [ [,
3 1 i | '
{ [ i
' ) {
| [ [
I i T TE T SISy S .
|
!
et el I I N -.lll‘lll—'-‘llll—'..l.rl‘-;
| | | 1 1
' | | [ 1 1
' 1 i i i {
1 1 1 1 1 1

oWy |

sA 8B 3j0A gy

el

82

pi®1y sjodig

)

sbuai0A 39

(AM)

October 11, 1988

Page Rev. 1




(Y
Iy
]
~
v
S
Q,

( quod) ee+"V g ‘S1O0PWEIRA 9P Ao w0y Loy Jo sydeiry g-0f a4nDi

!
t
i

I
1
I

!
sl R e e b
i
i
1

e = e e e ] - - e
i
§
!

il el s e [ g

!
|
|

nnnnn v

ur (1)
{ W) 4
20 51 % one 201 ]
T | T e
1 }
I |
llll_llll.llllcm
]
]
i
[}

i
i
!

t
I
i

I i N Sy | Jpi

g
o
w

[}
Wiy sA yp
f310us orpouryy (1)

(dw)  w)}
(14 et (114 eas ®

—— g - g

!

|

[}
|
+
I
]

iiiii 02

1
1
!
i
|
!

--=--fot

PR e 2N

- - -t

e - b

- == =

!

!
b — -

i

!

!

4

1

1

!
Lo~ 1.

Design Manual

©
€
[

ee
sA AB suj oj3eury

a/q ()

« ) LS

(.14 eas fes any ane (14 (-1}

up

(w2)

T
|
i
!
f
1
J

T
!
[
|
!
I
!

!
!
-
1
1
!

i
1

1
!
1

4
1
1
!
!

1
0‘

Y
!
]
i
}
!
!

H
i
4
I
i
t
i

!
RIS (U NS S

!

1

!

4

1

i

1

!

!
!
!

L
!
!
1
!

T
]
]
1
i il Rl i B R
1
!
1
o A I Rt Do
1
1

3
1
L}
|
1

1
|
|
}
i

4
I
1
1

dwiy  SA g/(3p/EP)

eaie j9xonq Suaopy (1)

ABsmul D130

TA®D)

{ w [ 3
0L 208 [1] -1 13 20t 802 [-1-1
I LD | i | |
t i ! 1 [ !
! 1 1 i 1 !
I | l ' | !
TS WIS [T ORI R SR |
' ! 1 ' i ]
| ] i H i i
| 1 ] ] i ]
i I ] ] i ]
el H B B K T
' ) 1 ' 1 '
] i i [} i i
i [} ] ] i ]
TR R R I DR t
T i i [ AT
1 ! 0 1 1 [
I ! 1 ' 1 |
' I j t 1 !
} 1 i ] i 1

8wj| SA 88 Yy eyong Bujaoy

st

a2

82

.14

October 11, 1988

grciprgpy

G- %)

(S<A®) Bouy 10%ONG

Page Rev. 1



Page 10-19

Design Manual

L 13

A .Eoov ee+"Vig1 ‘s1arauresed app Lo uoy Aaeay jo sydeiny ¢ o7 aund g

somod ureaq a8esaay (d)

[} .
009 (14 [ 1] ede one -]
I l 1 I 1
| ! }
A i i
I E s e e 2 Sl
[ |
[ |
o~ - - -7 -y
t i
1 1 |
SR Ml & 1 -
' ' !
i ! |
sl SRR -+ i R
| | 1 !
} ! I i
b — - - R ittt JECIR IR (PP DS N,
! i | | I 1
! ' ' 1 [ i
| 1 i i 1 1
Puil SA emoy wesg bay
UaLINO 9Beseay (u)
C - wyy
.1 ] ans ags ept eee e8!

[P

82

os

174

st

48MmOy

tm)

IR D

o)

quasmd yeaJ (o)

{ ) i
-1 T3 [~} 208 sy [ 1T} 281 Q
T ] I T ! ] e
! 1 1 ! i
| 1 1 1 |
I e Bty il R’ e Tt Stialiading K1
1 1 i 1 f ]
1 1 ) 1 ] |
- r---7r---7- i Bl Tt B 1]
[ 1 ' ! I 1
| 1 1 [ f ]
afadhatiadt sl ST il B S ec
t 1 ' ' ]
' i ' 1 I
R STt N e it PRI PR 1e
1 ' 1 | ' 1
1 | ' 1 ]
e - -~ B s SR YPSSUPSRyet [UNSPRIPUN |G U Y DI s
1 i 1 ! i )
! i t f i
1 i i ] i i a9
Bwif SA Jus n) weay
1008y Bunpung (w)
{ w) "
[ 13 aas eas oy 13 a2 a0l ]
T T ] T T ¢
1
|
|
U PO NN S T e
S

e o v - —f - - -

[PUIPU—

IUBIINT WeBY

(y=)

s039% 3 Buiydsung

October 11, 1988

Page Rev. 1




A e




B S’

ot

S

Design Manual Page 11-1
.CHAPTER 11. BOOSTER OPERATION FOR RHIC

11.1. Heavy Ion Particle Intensities in the Collider

As discussed 1n the 1986 RHIC conceptual design manual[l], the Booster plays a
crucial role in the overall performance of the collider In particular, without the Booster,

1t was decided that 1t would not be practical to accelerate 1ons heavier than 32S in the
AGS. This was because the vacuum of the AGS (107 torr) strongly suggested that only
fully-stripped heavy 1ons may be accelerated. Experimental studies[2] on stripping elec-
trons from heavy atoms tell us that for the top Booster kinetic energy of 350
MeV/nucleon, (!Au 1n a 33" charge state), approximately 50% of the heavy i1ons will be
fully stripped on passing through the stripping foil between the Booster and the AGS.

In this chapter we focus on the role played by the Booster in providing a sufficient
number of fully stripped !*?Au 10ns to the collider The following discussions illustrate
the operation mode of the Booster for RHIC injection and do not necessarily fall solely
within the scope of the Booster project. The design specifications for RHIC call for 1.1 X
10° 10ons/bunch of 7Au. Taking into account the measured stripping foil characters-

tics[2] at Booster top energy for this species, this corresponds to 2.2 X 10° 1ons/bunch in
the Booster

11.2. h=3 Mode 1n the Booster

The most recent design performance of RHIC[1] 1s based on an h=1 radio frequency
mode (rf) for the Booster This mode was selected in order to achieve the desired
number of heavy 1ons per bunch for Au, given the expected source currents at the Tan-
dem[1] and the constraint of only accelerating fully stripped 10ns 1n the AGS.

In contrast to this original strategy, recent theoretical work|[3] has shown quite con-
vincingly that it would be possible to accelerate in the AGS very heavy 1oms, such as Au,
with two electrons 1n a filled K-shell. This result implies that i1t should be possible to
accelerate Au 1n an h=3 mode within the Booster and still satisfy RHIC particle inten-
sity requirements. This result also means that 1t 1s not necessary to accelerate charge
33" Au 1ons to 350 MeV/nucleon 1n order to attan the fully stripped charge state on
passing from the Booster to the AGS. Only (65-70) MeV/nucleon 1n the Booster would
be required to attain the stripping to the K-shell for Au on passing from the Booster to
the AGS. This lower energy for Au allows the stripping foil between the Tandem and
Booster (foil Sg mm Chapter 4) to be removed, resulting 1n approximately a factor of four

increase 1n the total particle intensity of Au 1ons (charge 14%) entering the Booster from
the Tandem. '

In Table 11-1 the expected number of Au i10ns per bunch (h=3) are shown assuming
a 200 uA source current and 110 us pulse at the Tandem. These values at the Tandem
have already been achieved. To calculate the Booster harmonic number, the lowest rf
frequency was taken to be 215 kHz. In addition to Au, the other heavy 1on species of
interest are also tabulated. The numbers shown assume a Tandem transmission

Page Rev. 1 November 28, 1988
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TABLE 11-1 Number of Particles/Bunch 1n the Booster (h=3)
for RHIC operation.!

Efficiency at 39% 30% 27% 20% 12%
Foil S.,

Charge at
Foil S,, 5 9 11 13 14

Velocity on

Entermng 0.1261 - 0.0999 0.0781 0.0595 0.0478
Booster ()

Booster

Synchronous 187kHz | 148kHz | 116kHz | 88kHz 71 kHz
Frequency at

Injection

Booster Harmonic
Number

Number of
Particles
per Bunch

in Booster
Booster
Space Charge
Limit
per Bunch

7.76 X 10° | 754 x10° | 870 X 10° | 5.64 X 10° | 4.12 X 10°

33x10° | 24410 | 18 x 10 | 1.0x 10 | 1.0 x 10%

Maximum Kinetic
Energy at Booster 1350.8 7554 345.2 1314 65.58
(MeV /nucleon)

RF Frequency
at 2.71 MH: 2.48 MH:z 2.03 MHz | 2.15 MHz 1.5 MHz
Top Energy

tAssuming a Tandem source current of 200 uA and a pulse length of 110 us.

eficiency of 75% and a stacking efficiency of 100% for a eight turn injection into the
Booster[4]. Of particular interest 1s the space charge limit[4] of the Booster for heavy
ions. It would seem that the source current can be increased by approximately a factor
of two before this limit 1s reached. A tune shift of 0.3 was assumed for these calcula-
tions.
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11.3. h=1 Mode 1n the Booster
It 1s generally recognized that 1t 1s more challenging to build the h=1 rf system

than the h=3 system. For instance, at injection for 17Au, the rf frequency would be 71
kHz for the h=1 mode. However, bunching the beam from the Tandem 1in an h=1
mode would allow a factor of nine increase 1n the RHIC luminosity

11.3.1. RF System and Acceleration Cycle for Heavy Ions

In Figures 11-1 and 11-2 the voltage and phase requirements of the h=1 rf accelera-
tion are shown, assuming the same B and B cycle for heavy ions as in Chapter 10.
Comparing the h=1 with h=3 cycles, it can be seen that a maximum voltage of 14 kV
would be adequate for the h=1 cycle. The h=3 cycle 1s designed for a maximum vol-
tage of 17 kV  As in Chapter 10, this heavy 1on cycle was calculated assuming a con-
stant bucket area of 0.21 eV-s/nucleon.

11.4. Possible Alternatives to the Pure h=1 Mode

The technical challenge of developing an h==1 cavity for the Booster has prompted
several investigations of intermediate solutions. These would be useful for increasing
particle luminosity within RHIC at a later date. These include: 1) The use of an inter-
mediate Linac, situated between the Tandem and Booster to match the injection frequen-
cies of the h=1 and h=3 modes. 2) Debunching the h==3 mode at top energy into an
effective h=1 mode. At top energy (350 MeV/nucleon for charge 33* 197Au) the rf fre-
quency for h=1 1s 1.02 MHz. 3) Stacking each of the three bunches 1n an h==3 mode of
the Booster 1into a single bunch 1n the AGS betatron phase space. This 1s very analogous
to the multiturn injection scheme, currently proposed for heavy ions in the Booster

Of these three alternatives, the first one has been mgorously investigated[5]. The
minimum voltage required for an intermediate Linac 1s,

(k2 = 1)B3m,c%A
2Qe
where Q 1s the charge state on entering the Linac, B¢ 1s the veloaity of the heavy ion

from the Tandem and m,c?A4 the nuclear rest mass. For ¥7Au, V 1s calculated to be
50.78 MV[5]. This 1s a substantial machine when measured by any standard and, as a
result, strongly implies that the intermediate Linac 1s not a practical device for the
matching proposed here.

The other two suggestions are currently under investigation. Here the study 1s
focussing on particle intensity losses during the debunching or stacking process. At the
present time, 1t seems debunching in the Booster from h=3 to h=1 at top energy is the
most practical scheme[6].

VL =

Page Rev. 1 November 28, 1988



Design Manual

Page 11-4

e
£3 J
c e ..
10 X e
"—.-‘-._"""--si\._._. I
“os'—--._'h.
< e o o ¢
5 ‘--—0-~-§--.---_~
© -"-5-~-_~‘
8o sos--.-_----.‘--
§ - — = - - - - .::-
>° handi P ~ -
lac -
h =1 Cycle
o ] | | | v | | | I
2.0 0.1 .2 0.3 [-TR 0.8
Time (s)
Figure 11-1. Voltage program for h==1 heavy 10n acceleration.
0
} | I } ] i i i |
BZC“ e =
a 32g I oAt - ]
50 (— C —tsie TR
x\’u"ﬁg&.' - o yemsenot” JURTYT Ao
s gL PN ceemeeettt _'_’-..'-"'-"“-—'-
N R > ,,_,.,_.u,-ie"”'".u L R _,_,_——"-"-
8
& ‘
o 13 —
z aTI Au—
[
8
<
=W -
h =1 Cycle
. | | | ! 1 ! ! ! |
0.0 0.3 0.2 (- T% ] Q. % O+8

Time (s)
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APPENDIX D. BTA OPTICAL RUN AND PLOT

TABLE D-1 Beam optics for BTA line.

Positson 8 Q, 8 @ z D Q, : ﬁ, a,

0.0000 | 0.000000 | 3.6345 | 0.008826 | 0.530508 | -0.014597 | 0.000000 | 13.6616 0.000000

Q 0.2519 | 0.010887 3.7818 | -0.600621 | 0.536511 | 0.062411 | 0.002970 | 13.1741 1.912226
S30 0.5519 | 0.022915 | 4.1745 | -0.708567 | 0.555235 { 0.062411 | 0.006759 | 12.0585 1.806186
Bend 1.75619 | 0.060301 6.3516 | -1.101036 | 0.680247 | 0.145810 | 0.025974 | 8.2327 1.382024
Bend 2.9519 | 0.085044 9.4327 | -1.460050 | 0.904735 | 0.228100 | 0.054708 | 54248 0.957862
$30 3.2519 | 0.089879 | 10.3386 | -1.559653 | 0.973165 | 0.228100 | 0.063991 4.8819 0.851822
§30 3.5519 | 0.094296 | 11.3043 | -1.659256 | 1.041595 | 0.228100 | 0.074297 | 4.4026 0.745781
8, 3.6519 | 0.095684 | 11.6395 | -1.692457 1.064405 | 0.228100 | 0077974 | 4.2570 0.710435
$30 3.9519 | 0.099614 | 12.6848 | -1.792058 1.132834 | 0.228100 | 0.089759 | 3.8626 0.604394
Q 4.2037 | 0.102700 | 13.1428 | -0.004624 | 1.169927 | 0.065559 | 0.100417 | 3.7121 0.000000
Q 4.4556 | 0.105786 | 12.6894 1.783459 1.165665 | -0.099300 | 0.111074 | 3.8626 | -0.604394
/ S30 4.7556 | 0.109714 | 11.6489 | 1.684619 1.135875 | -0.099300 | 0.122859 | 4.2570 | -0.710435
KiB1 5.9556 | 0.129510 80111 1.339221 1.064871 | -0.018965 | 0.159572 64710 | -1.134596
KiB1 7.1556 | 0.159083 §.2533 | 0.953132 1.090416 | 0.061513 | 0.183768 | 9.7031 -1.558758
S30 7 4556 | 0.168683 4.7141 | 0.844145 1.108870 | 0.061513 | 0.188461 | 10.6701 -1.664799
$30 7.7556 | 0.179371 4.2408 | 0.735158 1.127324 | 0.061513 | 0.192735 | 11.7008 | -1.770839
S, 7.8556 | 0.183190 | 4.0969 | 0.698829 1.133476 | 0.061513 | 0.194075 | 12.0685 | -1.806186
$30 8.1556 | 0.195448 | 3.7103 | 0.589842 1.151930 | 0.061513 | 0.197863 | 13.1741 -1.912226
\ Q 8.4075 | 0.206545 3.8662 | -0.010695 1.188585 | 0.230432 | 0.200833 | 13.6616 0.000000
T Qq4 8.6594 | 0.217625 3.7213 | -0.612812 1.268717 | 0.407780 | 0.203808 | 13.1741 | 1.912226
Voo §30 8.9594 | 0.229827 4.1223 | -0.723703 | 1.391051 | 0.407780 | 0.207592 | 12.0585 1.806186
$25 9.2094 | 0.239063 4.5072 | -0.816112 1.492995 | 0.407780 | 0.211019 | 11.1775 1.717819
S120 10.4094 | 0.273333 6.9982 | -1.259675 1.982331 | 0.407780 | 0.231850 { 7.5638 1.293657
530 10.7094 | 0.279803 7.7873 | -1.370566 | 2.104665 | 0.407780 | 0.238500 | 6.8194 1.187617
8§35 11.0594 | 0.286537 8.7919 | -1.499938 | 2.247388 | 0.407780 | 0.247190 | 6.0313 1.063903
KiK 12.0594 | 0.301953 | 12.1614 | -1.869574 | 2.653207 | 0.403859 | 0.278807 | 4.2570 0.710435
S30 12.3594 | 0.305705 | 13.3165 | -1.980465 | 2.774365 | 0.403859 | 0.290593 | 3.8626 0.604394
Q 12.6113 | 0.308640 | 13.8473 | -0.102264 | 2.826454 | 0.008524 | 0.301250 { 3.7121 0.000000
Q 12.8631 | 0.311564 | 134171 1.790268 | 2.778634 | -0.387112 | 0.311907 | 3.8626 | -0.604394
$30 13.1631 | 0.315270 | 12.3711 1.696245 | 2.662500 | -0.387112 | 0.323693 | 4.2570 | -0.710435

KiB2 14.3631 | 0.333722 | 8.6770 | 1.374400 | 2.240751 | -0.315358 | 0.360406 | 64710 | -1.1345%
KiB2 15.5631 | 0.360721 §5.8074 1.010794 1.906601 | -0.241205 | 0.384601 | 9.7031 -1.558758

530 15.8631 | 0.369387 5.2323 | 0.906357 1.834239 | -0.241205 | 0.389294 | 10.6701 ~1.664799
S30 16.1631 | 0.379001 47198 | 0.801920 1.761878 | -0.241205 | 0.393568 | 11.7008 -1.770839%
S¢ 16.2631 | 0.382431 45629 | 0.767108 1.737757 | -0.241205 | 0.394908 | 12.0585 -1.806186
S30 16.5631 | 0.393433 4.1340 | 0.662671 1.665396 | -0.241205 | 0.398696 | 13.1741 -1.912226
Q. 16.8150 | 0.403399 3.9669 | 0.008580 1.634731 | -0.003029 | 0.401667 | 13.6616 0.000000
Q 17.0669 | 0.413376 4.1251 | -0.644244 1.663861 | 0.235036 | 0.404637 | 13.1741 1.812226
S30 17.3669 | 0.424414 4.5425 | -0.747153 1.734371 | 0.235036 | 0.408425 | 12.0585 1.806186

Bend 18.5669 | 0.45904%5 6.7848 | -1.116673 | 2.061783 0:310304 0.427640 | 8.2327 1.382024
Bend 19.7669 | 0.482432 | 9.8754 | -1.452263 | 2.478157 | 0.383211 | 0.456375 5.4248 0.957862

S30 20.0669 | 0.487061 | 10.7751 | -1.546712 | 2.583120 | 0.383211 | 0.465658 4.8819 0.851822

$30 20.3669 | 0.491308 | 11.7315 | -1.641161 2.708084 | 0.383211 | 0.475964 4.4026 0.745781

) S40 20.7669 | 0.496446 | 13.0048 | -1.767093 | 2.861368 | 0.383211 | 0.491426 3.8626 0.604394
Q 21.0188 | 0.499440 | 13.5250 | 0.079164 | 2.906749 | -0.023932 | 0.502083 | 3.7121 0.000000
e 21.2706 | 0.502444 | 13.0169 1.914327 | 2.849383 | -0.430230 | 0512741 3.8626 -0.604394

S30 21.5706 | 0.506280 | 11.9005 1.806821 2.720314 | -0.430230 | 0.524526 4.2570 -0.710435

Sptl 22.5706 | 0.521997 8.6452 1.448467 | 2.253153 | -0.504094 | 0.556143 6.0313 -1.063903

SLSP 22 6706 | 0.523869 83591 1.412631 2202743 | -0.504094 | 0558736 6.2477 1.099250
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Position 8 Q, B a z D Q’ ﬁ’ a
Spt2 24.0706 | 0.558241 5.1061 0.910936 1.448754 | -0.573033 | 0.587049 | 10.0184 -1.594105
SSTQ 24.9706 | 0.591181 3.7567 0.588417 0.933025 | -0.573033 | 0.599530 | 13.1741 -1.912226
SQH 25.2225 | 0.602272 3.4830 | 0.498156 0.788692 | -0.573033 | 0.602465 | 14.1598 2.001256
SQH 25.4744 | 0.614189 3.2548 | 0.407896 0.644359 | -0.573033 | 0.605199 | 15.1903 2.090286
S30 25.7744 | 0.629385 3.0423 | 0.300390 0.472449 | -0.573033 | 0.608217 | 16.4763 -2.196326
S60 26.3744 | 0.662273 2.8109 | 0.085377 0.128629 | -0.573033 | 0.613581 | 19.2391 2.408407
EQ, 26.8744 | 0.688602 3.5574 | -1.698741 | -0.153635 | -0.579056 | 0.617804 | 16.9993 6.514944
$50 27.3744 | 0.706583 5.5292 | 2.244891 | -0.443163 | -0.579056 | 0.623592 | 11.1233 5.237111
ED1 27.8744 | 0.718529 8.0378 | -2.770019 | -0.723245 | -0.541149 | 0.632938 6.5251 3.959278
DR1 28.3744 | 0.726966 | 11.0775 | -3.309536 | -0.993820 | -0.541149 | 0.650376 3.2047 2.681444
EQ’ZA 28.8744 | 0.733707 | 11.5805 2.388427 | -1.132339 | -0.001402 | 0.687151 1.6148 0.757641
EQ2B | 29.3744 | 0742155 7.0539 | 5.901907 | -0.995165 0.538686 | 0.742937 1.4255 -0.348299
DR2 30.3188 | 0.832544 0.4370 1.104525 | -0.486432 0.538686 | 0.821528 2.7849 -1.091158
EQ P 30.8188 | 1.107677 0.6368 | -1.536687 | -0.267511 0.355060 | 0.847013 3.2482 0.242798
Stnip 31.2188 | 1.156913 2.7107 | -3.648088 | -0.125487 | 0.355060 | 0.867108 3.1061 0.112392
Sben 32.2188 | 0.181739 | 15.2854 | -8.926592 0.229572 0.355060 | 0.918418 3.2073 -0.213625
EQq4 32.7188 | 0.186191 | 18.5162 | 3.259334 0.356559 0.137563 | 0.939853 48673 -3.495320
S50 33.2188 | 0.190902 | 15.4138 | 2.945467 0.425341 0.137563 | 0.951861 9.0415 -4.853089
ED2 35.6207 | 0.236454 4.5782 1.513888 1.070393 | 0.399895 | 0.970359 | 47 4452 10.912580
S40 36.0207 | 0.252425 3.4821 1.226274 1.230351 0.399895 | 0.971588 | 56.5802 11.924985
EQS 36.5207 | 0.277473 3.1710 | -0.553838 1.583534 1.082585 | 0.972964 | 54.3729 15.970335
SRT 37.5958 | 0.321726 4.8383 | -0.996880 2.757451 1.082585 | 0.977563 | 25.4760 10.907375
ED3 39.9977 | 0373126 | 11.5417 | -1.761886 5.587779 1.275649 | 1.294709 0.2721 -0.560543
S§50 40.4977 | 0.379528 | 13.3925 | -1.939686 6.225603 1.275649 | 1.411799 2.0402 -2.975679
EQf 40.9977 | 0.385463 | 12.5070 | 3.583707 6.192528 1.405604 | 1.433348 7.2144 -8.094096
SBSH 42.3977 | 0.414873 4.6420 | 2.034162 4.224682 | -1.405604 | 1.445339 | 47.9485 | 21.001709
EQ7 -42.8977 | 0.434827 3.7100 | -0.032725 3.978478 0.402430 | 1.446791 | 58.0992 2.242933
SSH 51.3977 | 0.615005 | 23.7617 | -2.326298 7.399133 0402430 | 1.480916 | 27 4689 1.360625
EQ8 51.8977 | 0.618282 | 24.1598 1.551594 7.300467 | -0.794432 | 1.483806 | 28.3424 -3.154420
SXSH 52.8196 | 0.624734 | 21.4188 1.421569 6.568069 | -0.794432 | 1488500 | 34.4870 -3.510611
ED4 52.9758 | 0.625907 | 20.9713 1.4438856 6.444344 | -0.790017 | 1.489210 { 35.5929 -3.570949
SDF1 55.1317 | 0.645028 | 15.4293 1.126765 4.741173 | -0.790017 | 1.497129 | 52.7856 -4.403890
EQGQ 55.6317 | 0.650178 | 16.0705 2.457299 4.610045 0.260559 | 1.498631 | 51.1937 7 466437
SDF2 57.6810 | 0.665583 | 27.9813 | -3.354826 5.144011 0.260559 | 1.507708 | 25.2469 5.194797
EQa0 58.1810 | 0.668370 | 28.0208 | 3.279075 4.972225 | -0.940958 | 1.511075 | 23.0107 -0.548382
SDF3 63.8675 | 0.755153 4.2901 0.894051 | -0.378583 | -0.940958 | 1.545181 | 31.0754 -0.869826
Elel 64.3675 | 0.775391 3.6808 | 0.343783 | -0.861806 | -0.999571 | 1.547746 | 30.4808 2.040109
SDF4 68.2771 | 0.939650 5.6360 | -0.843898 | -4.769666 | -0.999571 | 1.575121 |} 17.1175 1.378013
EQa12 68.7771 | 0.953251 5.8553 | 0.422426 | -4.983787 0.151442 | 1.579776 | 17.7531 -2.698337
SDF'5 73.5187 | 1.094663 6.3744 | -0.531883 | -4.265697 0.151442 | 1.604285 | 53.8300 -4.910116
EQ,13 74.0187 | 1.105966 8.2811 | -3.513850 | -4.588175 | -1.461174 | 1.605788 | 48.9100 14.135841
SDF6 76.6019 | 1.120478 | 37.1888 | -7.677215 | -8.362559 | -1.461174 | 1.638487 3.2779 3.529691
EQa4 77.1019 | 1.131524 | 38.4430 5312731 | -8.372813 1.420741 | 1.684104 1.0095 1.260027
S50 77.6019 | 1.133747 | 33.3203 4.932621 | -7.662442 1.420741 | 1.830873 0.3900 -0.021880
ED5 78.8364 | 1.141018 | 21.7763 | 4.354101 | -5.924161 1.390587 | 2.029031 4.3539 -3.189127
S5AG 80.5480 | 1.159948 9.5559 | 2.785325 | -3.543911 1.390587 | 2.056517 | 22.7884 -7.580652
So5 80.6028 | 1.160876 9.2534 | 2.735101 | -3.467707 1.390587 | 2.056892 | 23.6270 -7.721248
EQ,15 81.1028 | 1.170257 8.2979 | -0.703061 | -3.089374 0.146967 | 2.059959 | 26.7273 1.924104
S05 81.1576 | 1.171303 | 8.3755 | -0.712030 | -3.081320 | 0.146967 | 2.060286 | 26.5169 | 1.914462
SL20 83.1642 | 1203427 | 11.9617 | -1.074279 | 2786415 | 0146967 | 2.074334 | 19.5422 | 1.561438
SIF 83.4690 | 1207374 | 12.6333 | -1.120168 | 2741620 | 0.146967 | 2.076878 | 18.6067 | 1.507814
SptA 84.6782 | 1.221087 | 15.6274 | -1.346921 | 2.526083 | 0.208038 | 2.088325 | 15.2174 | 1.295078
S02 84.6982 | 1.221291 | 15.6814 | -1.350523 2.522823 0.208038 | 2.088534 | 15.1657 1.29155¢8
SptA 85.9074 | 1.232388 | 19.2108 | -1.568276 2.234339 0.269109 | 2.102644 | 12.2994 1.078823
SI1F 86.2122 | 1.234851 | 20.1835 | -1.623164 2.152315 0.269109 | 2.106695 | 11.6581 1.025199
SsS 86.2122 | 1234851 | 20.1835 | 1623164 | 2152315 | 0.269109 | 2.106695 | 116581 | 1.025199 |
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APPENDIX E. STRAIGHT SECTIONS

107 082"

. =——— BEAM DIRECTION

Figure E-1. Free straight section.

PLAN

114.00¢%

-s-r-‘-L-'—lJ: ‘ H

RF POWER SUPPLY

ELEVATION 12-15—88

Figure E-2. Booster Cavitv Half-Cell A6.
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PLAN VIEW

165.694"

. ELEVATION 12—-14-88
Figure E-3. Booster Dipole Half-Cell Al.

(All dimensions are in mnches.)

Dipole Quadrupole Sextupole Dipole
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Figure E-4. Booster Correction Package.
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APPENDIXF BOOSTER TECHNICAL NOTES
Booster Technical Notes
Number Author Title Date
1 E. Courant, Z. Parsa | The Booster Lattice 01/15/86
2 Z.Parsa Booster Parameter List 01/16/86
3 Z. Parsa, F Dell Booster Coordinates 01/17/86
4 G. Morgan, S. Kahn | Calculation of Eddy Current in 01/28/86
: the Beam Tube
5 G. Danby, J. Jackson | Booster Dipole Field Computations | 01/10/86
6 Z.Parsa Booster Coordinates 01/28/86
7 R. Gupta, Y Y Lee The Heavy Ion Injection Line for 02/06/86
the AGS Booster
8 G. Morgan Selection of Magnet Lamination 02/12/86
Material and Thickness on the
Basis of Eddy Current
9 Y Y Lee Requirement for the AGS Booster 02/12/86
Correction Elements
10 Z. Parsa Booster Parameter List with 1,2, 02/12/86
4,7 Sextupole Configurations
11 King-Yuen Ng Single Bunch Instabilities of the 02/28/86
RHIC Booster
12 E. Raka RF Beam Loading 1n the Booster 02/28/86
13 H. Halama Notes on Booster Vacuum 02/27/86
14 J. Cottingham Ejection Septum Concept Design 03/05/86
1o G.F Dell, S. Y Lee, | The Dynamical Aperture of Booster | 03/05/86
G. Parzen
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Booster Technical Notes

Between Magnet Laminations

Number Author Title Date
16 R. Gupta, S. Y Lee, Transfer Line Between the AGS 03/05/86
Y Y Lee, F Zhao Booster

17 E. Courant, Z. Parsa Chromaticity Correction for the 03/05/86
AGS Booster with 1,2,4,7
Sextupole Configurations

18 G. F Dell Aperture Study of the AGS Booster 03/10/86
w/ and w/o Eddy Current Multipole

19 S.Y Lee, J. M. Wang Coherent Instability in the 03/10/86
Booster

20 Z. Parsa Booster Parameter List with 03/10/86
40 kV RF Voltage

21 J. Claus Eddy Current in Booster Vacuum 03/14/86
Chambers

22 Y Y Lee Aperture Comparison Between the 03/18/86
AGS and the Booster

23 J. Kats Evaluation of the Chromaticity 03/20/86
Sextupoles for the AGS Booster

24 G. Parzen Aperture Limitations Due to Non- 04/02/86
Linear Coupling

25 | Z.Parsa Booster Parameter List with En- 04/17/86
larged Q5

26 E. Courant, Z. Parsa Booster Lattice w/ Enlarged Q5 & 04/21/86
1,2,4,7 Sextupole Configuration

27 Z. Parsa Booster Coordinates with 1,2,4,7 04/23/86
Sextupoles

28 J. G. Cottingham Consideration Effecting the 04/30/86
Booster Magnet Cycle

29 G. Morgan Effect of Interface Resistance 04/30/86
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30 J. G. Cottingham Booster Vacuum Chamber Consid- 04/30/86
erations -

31 J. G. Cottingham R.F Bucket Area 05/06/86

32 2. Parsa, S. Tepikian Alternate AGS-Booster Lattice 05/07/86

33 S.Y Lee Alternate Conceptual Lattice for 05/16/86
the AGS-RHIC Booster

34 Z. Parsa, S. Tepikian Analysis of Resonances in the 05/17/86
AGS Booster

35 Z. Parsa, S. Tepikian Resonance Analysis for Standard 05/30/86
Booster Lattice with Split Tunes

36 J. Kats Evaluation of the Booster Reson- 05/28/86
ance Lines

37 G. F Dell Tracking Results From a Hybnd 05/30/86
Booster Lattice at Working Points
(v uy) = (4.83, 4.82) and
(3.83 and 3.82)

38 J. G. Cottingham Four Kicker Injection Into the 05/30/86
Booster

39 G. F Dell Comparison of On & Off Diagonal 06/02/86
Working Points for the AGS Sep-

) arated Function Booster

40 G.F Dell,S.Y Lee Split Tune Operation of A Hybnd 06/05/86
Booster Lattice v, = 3.820,
v, = 4.830

41 G. Parzen Space Charge Effect 1n the AGS 05/22/86
Booster for High Intensity Proton
Operation

42 Z. Parsa, S. Tepikian Overview of the Structure Reson- 06/12/86
ances in the AGS-Booster Lattices
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43 Z. Parsa Booster Parameter List with 06/18/86
60 kV RF Voltage and Increased
Ejection Energies
44 R. Phillips Report of Lamination Contour 07/29/86
Measurements using the
Korda 83 with Touch Probe
45 M. Meth Calculation of Booster Power Re- 06/12/86
quirements Based on a Constant
RF Bucket Area
46 J. Claus, S.Y Lee Combined Function Lattice for the 06/23/86
AGS-RHIC Booster
47 Y Y Lee, L. G. Ratner | H™ Injection for the AGS Booster 06/23/86
48 A.G. Ruggiero Comment on Systematic Resonances | 07/02/86
49 J. G. Cottingham Proton Cycle for the Booster 07/02/86
50 G. Morgan Temperature Rise 1n the Vacuum 07/08/86
Chamber Due to Eddy Currents
51 Y Y Lee Estimate of Eddy Current Power 07/09/86
52 Y Y Lee Heavy Ion Acceleration RF Program | 07/10/86
53 Z. Parsa Booster Parameter List with 90 kV 07/17/86
RF Voltage
54 M. Meth Calculation of Booster Power 07/17/86
Requrements & Power Line Flicker
for 1.5 GeV Proton Operation
55 Y Y Lee Expected Heavy Ion Intensity in 07/19/86
the Booster
56 J. G. Cottingham Capture and Acceleration of Heavy 07/17/86
Ions
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57 M. Meth System Layout & Component Values | 07/25/86
of Dipole and Quadrupole
Power Supplies
58 Z. Parsa, S. Tepikian, | Fourth Order Resonances in the 08/14/86
E. Courant AGS-Booster Lattice
59 Z. Parsa, S. Tepikian | Analysis of Alternate Booster 08/18/86
Lattice using Non-Linear Coupling
Complete with Harmonics
60 Z. Parsa Booster Parameter List 08/21/86
61 Y Y Lee ‘| The AGS Heavy Ion Operation 09/03/86
62 J. G. Cottingham The Design of Voltage Control 09/16/86
Feedback Loops for Multiphase
Rectifier Systems
63 B. McDowell Structural Tests of Selected 10/22/86
Prototype Dipole Magnet
Vacuum Chambers
64 M. Puglis, The RF System for the Booster- 09/26/86
A. Massarotti Conceptual Design
65 J. G. Cottingham, The Effect of Stamping Burrs on 10/24/86
G. H. Morgan Interlamination Resistance
W L. Stokes
66 P J. Gollon Booster Tunnel Shielding Calcula- 10/24/86
tion
67 G. Morgan Magnet Lamination Eddy Currents 11/04/86
Re-examined
68 G. H. Morgan Revised Calculation 11/10/86
Lamination Interface Resistance
69 S.Y Lee, X. F Zhao The Linear Effect of the Space 12/16/86
Charge Force
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70 M. Plotkin Proton Cawvity for the AGS Booster 12/18/86

71 B. McDowell Eddy Current Heating of Booster 01/21/87
Dipole Vacuum Chamber

72 S.Y Lee, S. Tepikian, | On the Operation Window of the 01/30/87

X. F Zhao Booster Lattice

73 M. Meth Spectrum Analysis of the Power Line | 02/06/87
Flicker Induced by the Electrical
Test of the Prototype Booster
Dipole

74 Z. Parsa Quick Reference Guide to the Booster | 03/06/87
Lattice and RF Parameters

75 G. Parzen No Coupling Window 1n the Choice of | 04/03/87
Chromaticity 1n the AGS Booster

76 G. F Dell Consideration of the Cross Sectional 04/08/87
Profile of the Booster Vacuum
Chamber

77 | M. Plotkin General Design Feasibility Curves 04/22/87
for Booster Ferrite Cavities

78 G. Parzen | Space Charge the Need for a Vertical 05/05/87
Injection Field Bump

79 R. Thomas H Strxppxng 1n the Booster Proton 05/07/87
Injection Line

80 Zohreh Parsa Chromaticity Window Operation of 06/15/87
the AGS Booster 06/15/87

81 G. Bunce Polarized Proton Luminosity in RHIC | 06/23/87

82 E. Higgins Some Issues Concerning Beam Sensing | 07/01/87
Pick-Ups

83 G. Parzen The Effect of Sextupole Fields on the 07/13/87

Space Charge Limit
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84 M. Meth, A. Ratt1 Push-Pull Operation of the RF 07/20/87
Cavity

85 M. Plotkin Booster Proton Cavity with Voltage 07/29/87
Reduction during the Cycle

86 A. J. Stevens Air Activation 1n the Booster Tunnel 08/06/87

87 R. Gupta, G. Morgan | Magnetic Forces on the Laminations 08/10/87
of the Booster Dipole

88 M. Puglisi Beam Loading Compensation and 08/15/87
Robinson Instability Limit

89 A. J. Stevens Booster Soil, Component and 09/01/87
Water Activation

90 R. Gupta, R. Damm, H & Heavy Ion Injection Lines 09/17/87

Y Y Lee, &EW T for the Booster
Weng

91 Z. Parsa, E. Raka Acceleration Parameters for the AGS 09/17/87
Booster

92 M. Meth, A. Ratti Specifications & Design of RF Power 09/21/87
Amplifier for Proton Cavity 09/21/87

93 R. Casey Additional Booster Shielding 10/22/87
Calculations

94 H. C Hseuh, J. Slavik Outgassmg of Booster Dipole 10/30/87
Chamber

95 B. McDowell Development of a Three Point Roll 10/30/87
Bend of Booster Dipole Vacuum
Chamber

96 W Stokes Booster Dipole Block Fabrication 11/06/87

97 R. L. Witkover Beam Instrumentation for the Booster | 11/06/87
Transport Lines
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98 A. G. Ruggiero Longitudinal Stability of Individual 11/13/87
Bunches 1n the AGS Booster

99 Z.Parsa Booster Survey & Linear Lattice 11/30/87
Parameters with Program MAD

100 Z.Parsa AGS Booster Geometry and 11/30/87
Coordinates

101 Z.Parsa AGS Booster Lattice with Thick 12/11/87

Lens Sextupole

102 J. Wei, &S.Y Lee Simulation of the Multiturn Heavy-Ion | 12/08/87
Injection 1n the Booster

103 M. Meth Stability of Screen & Grid Power 12/30/87
Supplies for the RF Power Amplifier :
for the Proton Cavity

104 A. G. Ruggiero Review of Space Charge Calculations 01/06/88
105 M. Meth Response of the Co-Generation Plant 01/25/88
to Power Swings of the AGS
Booster
106 M. Meth, A. Ratt: Frequency Spectrum Generated by 01/27/88

| AGS Booster Power Swing
Heavy Ion Cycle

107 J. Milutinovic & Closed Orbit Analysis for the AGS 02/01/88
A. G. Ruggiero Booster

108 | G. Parzen Space Charge Effects 1n the AGS 02/01/88
Booster

109 Jian Zhang Calculation of the Booster Proton 02/02/88
Cavity Using the “Superfish” '
Program

110 T Robinson Some Design Considerations for 02/08/88
Extension of HITL to the
Booster
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111 G. F Dell Eddy Current Multipoles and Sextu- 02/23/88
pole Configurations
112 J. Milutinovie & Effects of Quadrupole Gradient 02/23/88
A. G. Ruggiero Errors 1n the AGS Booster :
113 M. J. Rhoades-Brown | An Alternative Injection Scheme 03/02/88
& A. G. Ruggiero for Heavy Ions Into The Booster
114 E. Higgins and Booster Pick-Up Electrode Signal 03/21/88
V Stanziani Processing
115 JWey, S.Y Lee, R.F Capture of the AGS 04/08/88
A. G. Ruggiero Booster
116 H.C. Hseuh Booster Beam Loss Due to Beam- 04/20/88
Residual Gas Charge Exchange
117 A. J. Stevens Conceptual Design of the Booster 04/21/88
Beam Dump
118 F Z.Khian, A. U. ESME at BNL. Status Report & 04/25/88
Luccio & W T Simulation Study of Proton RF
Weng Capture 1n the BNL Booster
119 G. F Dell Coordinates of Magnet Survey 04/26/88
Markers & Tunnel Survey Monu-
ments for the AGS Booster
120 E.P Coldon, D Shi, | Transverse Space-Charge Effects in 04/29/88
& Z. Parsa the AGS Booster During Injection
121 Zohreh Parsa Coordinates of the Magnets and 05/09/88
Survey Monuments for the AGS
Booster
122 R. L. Witkover Proposal for a Beam Profile Momitor 05/11/88
for the Booster Ring (with Applica-
tion to the Upgraded AGS)
123 J. Werand S.Y Lee Effect of Injection Energy Spread in 05/13/88

Multi-turn Injection on AGS Booster
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& A. Ratt the Booster Proton RF Cawvity ...

Number Author Title Date

124 E. Beadle Radiation Effects on a Fiber-Optic 08/05/88
Repeater

125 S. Tepikian Random Sextupole Correction 08/05/88

126 M. Meth Preliminary Design of RF Power 08/10/88
Amplifier for Upgraded AGS

127 G.Parzen Effect of Resonances on the Space 08/18/88
Charge Limit

128 F Khian, A. Lucao Effect of a Wall Impedance on the RF 08/22/88
Capture of a Chopped Beam 1n the
AGS Booster

129 M. Meth System Analysis of Electrical Energy 08/29/88
Storage Systems

130 J. Zhang Some Voltage Feedback Loops for the | 09/14/88
RF System of the AGS Booster

131 A. Luccio Computer Study of Harmonic Orbit 10/03/88
Correction 1n the AGS Booster

132 S. Tepikian Skew Quadrupole Corrections 10/10/88

133 W Zhang, J. Bumécx, Report on the Test and Measurement 12/22/88

W Frey, & A. Soukas | of the Fast Kicker System
134 F Khari, A. Luccio, Longitudinal Higher-Order Modes of 12/30/88
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