g

& BROOXHAVENS)
Lo S
!\’l LABURRy )

December, 1966

\
BROOKHAVEN NATIONAL

'ASSOC‘IATED UNIVERST]

LABORATQRY
UPTON, L.1.,

ES, INC.
N.Y.




CONSTRUCTION COMPLETION REPORT
ALTERNATING GRADIENT SYNCHROTRON PROJECT

Associated Universities, Inc.
Brookhaven National Laboratory

Upton, New York

Under Prime Contract AT-30-2-GEN‘16

Budget Project 05-1-54-Y=019-52




Table of Contents

1. GENERAL INFORMATION

1. General DesScriptioNiessesccesceresoeneosooaccnscnocess
2, Design Basis
£ IR ' < T3 o o 1 of o 1« PO
be  FACilitiES.suesesoneeseoceononsonvocnncosoceess
3. ImpOrtant DateS.eseeesssescecesceeeesoacosescosasaness
4, Other Significant DAteS.cuseeeeeeecerooocsencnaosnsens
5. Site PlaNeseeeeeecesersosscococncncososasooononcoannes

6. Organization and Control Of ProjecCt...sesecesceceeenns
II. CONTRACT DATA

1. Architect Engimeer.seseseececeeenooraconcnssscneannnss
2, ConsStruction CONLractS.eesseesesseeecansonsencenanssens
3. Brookhaven National Laboratory Participation..........
4, Other COntTactS..eeeeesoreeereeeecrcnaoencsscsonnncens
5. Major Equipment ProcurementsS......c.eeeeeaceoacecsenss

ITI. GENERAL DESCRIPTION OF PROJECT
Iv. DESCRIPTION OF SYNCHROTRON

1. General DescriptionN.eceseseeeceeeeeseenesoenacsaooeesns
2, Main Magnet RINg...veeeeacsosocecsesnsosoncooncaesesns
3. POWeT SYSteMeuseresoneresosereceeesocconanascooncoenns
4, Vacuum SyStemM. e eeeeresosssoeacoaesosesasescoansesonsss
5. RE SYStemMuuseeeeracesassssseoscocsosocansacocacnonnsss
6. Linear Accelerator Injection SystemMeeereerrerenannnnns
7. CONtTrOl SyStemS...srsueressoeeeosconsonsasaonocaoosees
8. UV YiNg e eeetenenserasoceecesncasesoncsosonacansens
9. Special Equipment

W oo HwwN

10.

\‘:,
L

£
A

a. Magnets and Power Supplies for BeamS......ee...
b Shieldingeui.eeueessesceceeeeeavonsoneoacasannas
Electron Analogue...useseeseererenerernosssesaansnenns

- iii -

88
88
89




V.

9‘
10.
11.

12.
13‘
14,

VIO

1.
2.
3.
4.

6.
7.

1.
2.

DESCRIPTION OF FACILITIES

General Description..c..cecececcsssse
Magnet EncloSuUr@.eeieecseossensssnnss
Target Building...ceesveeseoceccossone
East Experimental Building...........
Outdoor Experimental Areas...........
Linac Bullding....eeeevecoenacoans .o
Service Building...ceseecsosccncasons
Support Structures

a. Mechanical Equipment Building..

b. Assembly Building...cceeeocees
c. Warehouse€..eeeveeocescnvons e
Boiler House Addition and Equipment..
Land ImprovementSeceseseancsscscseasses
Site Utilities
a. Steam Distributionsecsececsssss
b. Electrical Distribution.......
c. Central Switchgear....cseeeeee
d. Water Distribution......ecseee
e. Sewer SySteM....eocecesesa ceeas
f. Telephone System...ceeecscoces
Magnet Cooling Water Syste€Me....c.es.
Shieldingeseeesscesscesoceccscannnnns

Summary of Building Areas and Cubes ..

COST DATA

Budget HiStOTY.eeveesevesanassnnscsons
Comparison of EstimatesS.eeececesecas .
Final Summary Cost RepOTtee.eceeceeees.
Unit COSESueeesecesoscsnosscsscansscnans
Analysis of Costs
a. Engineering .ceseescccnceccens
b. Synchrotron SystemS....eeceess
¢c. Facilities....... secceecesonss

s e s e es s e s e

s e s s e s s LI B A

4 6006000000880 00

s 6060806000600 ..
S s 6000 s 8000000800
0o 06000000800 .o .

e 0000060000000 00

2000085000000

e s e s 00 008000

® o s 000 s 08000

*# s 0000000008 s0s

s 800080000 ces000
s s ee s e e a0 e e
+
®s 0000 s 0P e 08000
s 2000000000000
L I IS B Y e s e 0000
s 6000600000000
@0 s s0 0000000
FAF IO AR A A A B I Y

® 08 0050000008000

s 9268 040000000000

s Ss 0000000080000

e P s P0G 0 et e
s P e s e s s 0 es 00000

¢ e 0000000580050

Summary and Detail Statement of AccountS...ccscesceee

Commitment and Expense Schedule......

PERFORMANCE DATA

Factors.Affecting Progress and Costs,.
Manpower Schedule...seevereocssssases
Progress Schedule..sveeseccrncerccnans

- iv -

000 es s 00808000

s 6806080000080

RN N NN ERR]

© 0 0006000005080 00,

93

97
112
125
141
142
151

178
183
186
189
201

202
202
204
204
204
204
205
210
212

213
215
216
217

218
219
228
233
238

239
242
243




VII. RELATED PROJECTS

1. 80" Bubble Chamber Building....cece... cesesiecnaaan

2. Accelerator AdditionS..ceese.

Energy end

LA A A 2 IR S I I I B R A A A A A )

.

.

Appendix A - List of Architect-Engineer ContractS....eoe.os.
Appendix B - List of Construction COntractS...ceeeeceeescsss
Appendix C - List of Major ProcUrementS...ccecececcecocnsons
Appendix D - List of Other ContractS....... e
Appendix E - Bibliography ........eecvevveennen.
JIable of Figures
1 Aerial View of AGS Complex

2 AGS Complex Plot Plan’

3 Plan of Brookhaven AGS as of 1960

4 AGS '"Open'" Magnet Lamination

5 Assembled Closed Magnet with Coils in Place

6 Conjunction of Linear Accelerator Tunnel and Main Ring

7 Arrangement of AGS Superperiod

8 Main Motor Generator Flywheel set

9 Main Vacuum Chamber

10 Evapor-Ion Pump and Control Console in Position in Main

Ring

11 Positions of stable phase angles

12 Block diagram of RF system

13 Main driver amplifier

14 Power amplifier, rear view

15 Front view, power amplifier and saturating supply

16 Accelerating cavity showing ferrite rings

17 Unshielded cavity in position in the AGS

18 Cavity with RF shield installed
19 Cross section of Ferrite Loaded Accelerating Cavity

20 Simplified block diagram of multiple heterodyne system
21 Cockcroft~Walton, filter stack, ion source terminal and
accelerating column

22 Cockcroft-Walton, filter stack and cascade transformer
23 Linear Accelerator Tank Section looking toward High

246
246

247
248
253

. 261

262

28
29
29
30
30
39
43

43
51
51
52
52
52
53
53
53
54
54

63
63
64




24

25
26
27

28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57

58
59
60
61

62

63
64
65

Interior of Linac Tank with Drift tubes in Place Low
Energy end

Linac Beam Transport System

AGS Survey diagram

Diagram of distances and directions measured in tunnel
Synchrotron Control Survey ’

Centering Survey Theodolite on Primary Monument

Survey Tape forward contact and tension apparatus
Survey Tape resistance measuring apparatus

View of leveling survey

Radial Distance Offset Measuring Rod

Radial Alignment of Magnets using invar tape offset rods
Alignment Telescope

View of Offset Measuring Rods in use

View of Pressboard tubes in use for initial survey of ring
Relative elevations Ring Magnet Foundations

Radial positions of magnets before realignment Sept.1962
Schematic of electron analogue '

Lot Plan - AGS '

Magnet Enclosure Details Sheet l-Concrete

Magnet Enclosure Details Sheet 2-Concrete

Magnet Enclosure Details Sheet 4-Concrete

Magnet Support Girder-Structural Steel

Air Conditioning houses

Cross Section of Magnet Enclosure

Main Magnet Ring Girders

Ground Floor Plan EL.70'0 Target Building Architectural
North and South Elevs.-Target Building Architectural
Fast and West Elevs.-Target Building Architectural
Target Building Looking South

West View of Target Building and Experimental Area
Ground Floor Plan-SH.l-East Experimental Building
Ground Floor Plan-SH.2-East Experimental Building

East Elevation, East Experimental Building

North, West and South Elevations,East Experimental Bldg.
Exterior East Experimental Building and Mechanical
Equipment Building looking Southwest

Interior East Experimental Area Looking North

Plans and Elevations-Linac Building Architectural

Wall sections and details-Linac Building Architectural
First Floor Plan-Service Building Architectural

Second Floor Plan-Service Building Architectural
Elevations-Service Building Architectural

" Elevations and Sections-Service Building Architectural

General Arrangement Plan-First Floor Service Building
Architectural

-yl -

65
66
80
81

81
82
82
83
83
84
84
85
85
86
87
92
96
105
106
107
108
109
110
111
121
122
123
124
124
136
137
138
139

140
140
149
150
166
167
168
169

170

e R o N

O

L e



66

67
68
69

70

71
72
73
74
75
76
77
78
79
80

General Arrangement Plan-Second Floor Service Building
Architectural

Floor Plan and Details Power Room-Service Building

Fan House and Miscellaneous Details Service Building
Floor and Roof Plans Laboratory Addition to Service
Building

Elevations and Miscellaneous Details Laboratory
Addition to Service Building

Architectural Plan-Office Extension to Service Building
Exterior view of Service Building-Looking North

ME Building Drawing

Assembly Building Drawing

Warehouse Drawing

Plans and Elevations-Boiler House Architectural
Machine Loc. - Plans and Sections Boiler House

Boiler House Extension Looking Northeast

Yard Piping ~ Sheet 4

Shielding Block Installation In Target Building

- vii -

171
172
173

174
175

176
177
182
185
188
198
199

200

209

211




PART I - GENERAL INFORMATION

1. General Description of the Project

The Alternating Gradient Synchrotron Project consisted of the
design and construction of a proton synchrotron capable of producing
particles with energies of 33 Bev. The project was conceived as the
largest proton accelerator technically and economically feasible, and
was to be capable of producing particles with many times more energy
than any proton accelerator heretofore constructed in the United States;
the Bevatron at Berkeley being the nearest at an energy of 6 Bev. The
project included the construction of the related facilities to house
and operate the synchrotron.

The AGS is approximately 843 feet in diameter, one half mile in
circumference and consists of 240 magnets of about 15 tons each, arranged
in an underground tunnel, powered by dc rectified power from a 29000 KVA
12 phase, 5500 HP flywheel motor generator. A 50 Mev linear accelerator
1s provided for proton injection to the main ring.

In addition to the structures which house the linear accelerator
and the main magnet ring there was provided: experimental space hoth
indoors and outdoors; a service building housing the control room,water
pumping equipment, the rf power amplifier, main power supply,and engi-
neering and administrative offices; an equipment assembly building and
a warehouse. Under the project an addition was made to the Central
Steam Plant and extensions were made to the distribution systems for
water; steam, electric power, storm drainage and other utilities as
well as construction of necessary service roads.

The AGS Complex covers a site of approximately 50 acres at the
northwest section of the developed area of the Brookhaven National

Laboratory.

The Project also included, as one of the early phases, the design
and construction of an "Electrom Analogue' to test experimentally the
dynamic behavior of strong focusing synchrotrons. This device was
operated successfully and confirmed the basis of design for the Alter-
nating Gradient Synchrotron as well as the CERN Proton Synchrotron. It
was ultimately disassembled and shipped to the Oak Ridge National Labora-

tory.




2. Design Basis

a. Svynchrotron

The Synchrotron design is based on the discovery of the alternating
gradient ('strong') focusing principle which, by greatly reducing the
amplitudes of particle oscillations, reduced the required cross sectional
dimensions of the vacuum chamber with commensurate reduction of size of
synchrotron magnets. ’

The final design specifications of the AGS were:

Type of Particles Protons
Maximum Energy 33 Bev
Pulse Repetition Rate at Maximum Energy 2.4 Seconds
Beam Intensity (1961) 1 x 1010 per pulse approx.

(1964) 5 x 1010 per pulse approx.
Magnet - Focusing Type Alternating Gradient
Orbital Radius 280 feet
Mean Radius 421.45 feet
Magnet Circumference(including straight

sections) 2648 feet

Number of Magnets 240
Magnet Cross Section . 33 X 39 inches
Magnet Weight - Steel Cores (Total) 4000 tons steel
Magnet Weight - Copper Coils (Total) 400 tons copper —
Field at Injection 121 guass (\
Field - Maximum - 13,000 gauss .
Power Input - Maximum 33,000 kilowatts
Rise Time : 1.2 seconds
Aperture Width 6 inches
Aperture Height 2.7 inches
Vacuum Chamber - Elliptical 7 X 3-1/4 inches
Vacuum Chamber - Operating Pressure 10”6 millimeters of mercury
Injection System Linear Accelerator
Injection Energy 50 Mev
Injector Output 3 milliamperes
Acceleration System Frequency 1.4 to 4.5 megacycles/sec.
Accelerating Stations 12
Energy Gain, Average per Turm 90 Kev

Performance of the AGS has exceeded the 'design intensity" by a factor
of more than 20. with the attainment of more than 1 X 1012 protons per pulse
in 1966.
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b. Facilities

The facilities were designed to provide all of the features which
the synchrotron design required. The use of an underground tunnel was
dictated by the shielding requirements while the spacial concepts were
based on movement and layout of equipment. The Service Building was
designed to accommodate the initial operating crew and to house nec-
essary machine support services. The experimental areas were designed
on the basis of the known or predictable research requirements as they
existed at the time. (Subsequent knowledge has led to alterations and
additions to keep pace with technological advances as well as new
experimental research developments.)

Important Dates

Summer 1952
April 3, 1953

August 21, 1953
September 9, 1953

September 9, 1953
December 23, 1953
January, 1954
February 8, 1954
April 13, 1960

May 17, 1960
July 29, 1960

July 29, 1960
September 13, 1961
June 1964

Concept of Strong Focusing Princible developed

Tentative Proposal for 50 Bev AGS contained
in BNL Budget Submission for FY 1954

Letter - BNL to T.H. Johnson proposing analogue

Letter - BNL to T.H. Johnson proposing 25
Bev AGS

Budget Data Sheets submitted for 25 Bev
Synchrotron

.Letter - E. L. VanHorn to BNL authorized

construction of analogue

Authorization and funds allotted by Atomic
Energy Commission

Letter - ‘E.L. Van Horn to BNL authorized
preiiminary design of AGS

Linac proton beam accelerated to 50 Mev for
first time

50 Mev proton beam injected into Synchrotron
and successfully completed one turn around
the ring

Proton beam accelerated through phase trans-
ition and accelerated to above 30 Bev.
Research started

Beneficial Use
AGS Dédication

Project completed




4. Qther Significant Dates

\\:‘\,!
i

P

Design - Synchrotron

February 8, 1954 BNL started Preliminary Design
February, 1956 BNL started Detailed Design
May, 1960 BNL completed Design
Design - Facilities
January, 1954 Architect - Engineer Seclection started
April, 1954 Architect - Engineer Selection completed
July 28, 1954 Architect - Engineer started design work
November, 1963 Architect - Engineer completed all design work

Construction - Synchrotron

February 8, 1954 Analogue Construction started
June, 1955 Analogue completed :
March, 1958 Analogue Dismantled j
March 8, 1956 Initial Procurement - Cockcroft Walton }
placed on order g
March 18, 1957 Main Magnet Power Supply placed on order ]
July 3, 1957 Magnet Coils placed on order é:;X§
July 25, 1957 Magnet Cores placed on order a» 2
August 19, 1957 Linac Tanks placed on order i
December, 1957 Magnet Test Facility set up in Target Building o
February 20, 1958 First Magnet Coils received
March, 1958 Assembly of Cockcroft-Walton in Linac Building
started
April 24, 1958 First Magnet Core received 5
June, 1958 First Linac Tank received )
July 22, 1958 Vacuum Chambers placed on order b
October 1958 Started Installation of Main Magnet Power Supply ; 1
November, 1958 Main Magnet Power Supply received ;i
November, 1958 Started Installation of Main Magnets in Ring _;5




November, 1958
February, 1959
February, 1959
April, 1959
April, 1959
May, 1959
June, 1959
July, 1959
August, 1959
February, 1960

April, 1960

Construction - Facilities
' February 9, 1955

May 16, 1955
July 28, 1955
August 18, 1955
October 3, 1955

December 2, 1955
January 30, 1956

February, 1956
April 23, 1956

July 16, 1956

October, 19536

~ January 8, 1957

April, 1957
July 29, 1957

Placed first Linac Tank in position
Delivery of Vacuum Pumps started
Cockcroft-Walton operated at full voltage
Last Magnet Core delivered

Last Magnet Coil delivered

First Vacuum Chamber delivered

Main Magﬁet Power Supply powered
Installed first drift tube in Linac

Ring Magnets Pulsed

Thrust Bearing installed on Main Magnet
Power Supply '

Vacuum pumped on first Superperiod

First procurement for Boiler House Extension
Steam Plant Addition started

First Procurement for Service Building

First Construction Contract for Service Building
Service Building and Utilities started

Steam Plant Addition placed in operation

Magnet Enclosure, Linac Building, Target
Building - Clearing and Excavation started

Steam Plant Addition completed

Magnet Enclosure, Linac Building, Target
Building - Pile Driving started

Magnet Enclosure, Linac Building, Tafget
Building - Concrete Work started

Servid;“Building occupied

Magnet Enclosure, Linac Building, Target
Building - General Comtract started '

Service Building completed

Target Building Shielding placed under
contract




October, 1957
December, 1957

January, 1958
February 14,1958
February 21, 1958

March 3, 1958
March 31, 1958
April, 1958

April 23, 1958
May 15, 1958
September, 1958

February, 1959
April, 1959
January, 1960
August 11, 1960
December 13, 1960
September, 1961
September, 1961
November, 1962
June 25, 1963
April, 1963
January 24, 1964

Warehouse started

Target Building - Test Facility Occupied by
BNL '

Warehouse completed
Linac Building Occupied by BNL

Service Building Foundation for Power
Supply started

Target Building - All occupied by BNL
Magnet Enclosure Occupied by BNL

Service Building Foundation for Power f
Supply completed :

Target Building Shielding erected in place
Service Building Power Room started

Magnet Enclosure, Linac Building, Target
Building completed

R

Service Building Power Room completed
Service Building Office Wing started
Service Building Office Wing completed ' o

East Experimental Building started

Service Building Laboratory Addition started
Service Building Laboratory Addition completed
East Experimental Building completed

Warehouse Addition started

Warehouse Addition completed %
Equipment Assembly Building started

Equipment Assembly Building completed i
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6. Organization and Control of Project

The Alternating Gradient Synchrotron Project was set up under the
Accelerator Development Department of the Brookhaven National Laboratory
operated by Associated Universities, Inc. under Atomic Energy Commission
Contract No. AT-30-2-GEN-16.

The Director of the Laboratory initially was named Department Chair-

' man and a full time Deputy Chairman was named. The Deputy Chairman also

acted as Project Engineer with two others named to assist him. A full
time Construction Manager was appointed to the Project.

The Project functioned as a complete entity with unified management
within the framework of the Brookhaven Natiomal Laboratory. -Personnel
were assigned from other Departments and Divisions of the Laboratory
as necessary. Specialized procedures were established for the manage-~
ment of the business and construction activities of the Project. Sep~
arate accounting, purchsing, and materiel functions were established

under the project.

The facilities were designed and their comstruction supervised
by an Architect-Engineer selected by the Project. The construction
of the facilities was accomplished under multiple contracts and/or
purchase orders, generally of the lump sum type arrived at competitively.

The Synchrotron was designed by the Project staff and procured
under multiple procurements of the fixed price- type based on competitive
bidding wherever feasible. 1In general, the synchrotron was assembled
and tested by the Project staff supplemented as necessary by specialty
contractors such as the rigging and heavy power installation of the
Main Magnet Power Supply.

The Brookhaven Office of the Atomic Energy Commission exercised
administrative control of the project through the Directive System
whereby funds were authorized on a piecemeal basis as separate pro-
posals were made for divisible portions of the project against the
overall Budget Project No. 05-1-54-Y-019-52. The Manager of the
Brookhaven Office appointed a Project Liason Engineer who maintained
direct contact with the Project staff. It was established that there
would be annual reestimates and reviews of the Project. The procedure
proved to be successful in practice and served to keep the Commission
informed at all times. Regular monthly progress and summary cost
reports were prepared and issued.




Actual performance of the Architect-Engineer came under the
supervision of the Construction Management Staff. The detailed
plans and specifications were prepared by the A-E in its Boston,
" Mass. office after comsultations and review with the Project Staff.
Lists of bidders for advance procurements and construction contracts
were prepared jointly. All bids were analyzed by the A-E and
recommendations made to the Construction Manager. After review by
the Project Staff, the necessary purchase orders and contracts were
prepared by the Project and required approvals obtained. Under the
terms of Brookhaven's prime Contract, all actions over $5,000 were
approved by the Commission. The A-E had a field construction super-
vision force assigned to the site which was responsible for the hour
by hour supervision and inspection of the work. This staff prepared
the usual reports of job progress, checked for conformance to specifi-
cations, obtained the Project's comments on submittals, checked invoices
for quantities and performed all the usual services of field supervision.
Change orders were initiated by the field force and were negotiated with
the assistance of the Project's Construction Management Staff.

Actual performance of the Project design and assembly staff came
under the supervision of the Project Engineer. This staff prepared
the necessary designs, plans and specifications and assisted the
Construction Management Staff in selecting vendors for procurement
of equipment and material. Qualified members of this staff performed
the necessary inspections at Vendor's plants and in some cases were
in continuous residence at such plants. Final assembly and testwere
performed by this staff. The Construction Management Staff was respon-
sible for the procurement actions and approvals.

Detailed cost records were kept by the Project and monthly cost
reports were made internally as well as to the Commission. Periodic
(generally yearly) re-evaluations of the entire Project were made and
submitted to the Commission for appropriate action.

Towards the end of the project, the Project Staff was phased out
of the Project into operational positioms.
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PART II - CONTRACT DATA

All work was performed under subcontracts of the operating contractor,
Associated Universities, Inc., Prime Contract No. AT-30-2-GEN-16.

1. Arxchitect-Engineer

a.

b.

Stone & Webster Engineering Corporation
49 Federal Street :
Boston 7, Massachusetts

Subcontract No. S-259 (Portion allocable to this project only)

Costs Fee
Title I $173,078. $31,000.
Title IIX 652,075. 73,100.
Title III 306,476, 23,900.
Totals $1,131,629. $128,000.

Original Fees
Total estimate on which A-E provided services
Maximum allowable fee
Negotiated fee $95,000.
Additional Fees
Estimate on which A-E provided services
Maximum allowable fee

Negotiated fee $33,000.

Final cost of work on which A-E provided services

Number of Title II Drawings 344
Cost per drawing $2,400,
Work started July 28, 1954

Work completed November 30, 1963

Total

$204,078
725,175.
330.376.
$1,259,629.

~$5,000,000.

$2,862,000.

$9,948,039.

In addition to the above major Architect-Engineer contract, the
following minor contracts were utilized: ‘

1. Byrnes Associates
South Broadway
New York, New York

\

Purchase Order 56162 for engineering services for the office

addition to the Service Building.

- 12 -
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Lump Sum Amount

$5,500.

Final cost of work on which A-E provided services 81,700.
Number of Title II drawings - 9
Cost per drawing 610.
Work started December 15, 1958
Work completed  January 31, 1959
2. Sidney B. Bowne & Son
161 Willis Avenue
Mineola, New York
Subcontract CS-36 for engineering services for rework
of three water wells.
Lump Sum Amount 1,000.
Final cost of work on which A-E provided services 41,029,
Work started December 1958
Work completed October 1,1960
e 3. Byrnes Associates
U South Broadway
New York, New York
Purchase Order 56374 for engineering drafting for
addition of Hydrogen Protection Systems to the
Target Building
Final amount of order 7,666.
Final cost of work on which A-E provided services 145, 882.

Number of Title II Drawings 7
Cost per drawing . $1,090.
Work started January 15, 1960

Work completed March 18, 1960

-13-




2.

Construction Contracts

(Major Contracts, over $250,000)

cs-11 -

cs-16 -

Cs-20 -

cs-22 -

White Construction Co., Inc. V $1,088, 840.
95 Madison Avenue, New York, New York

General Contract for the Service Building
and associated yard work.

Fixed Price
Work started September 30, 1955

Work completed February 5, 1957

White Construction Co., Inc. 887, 241.
95 Madison Avenue, New York, New York

Structural concrete work and drainage for
the Magnet Enclosure and Linac Tunnel.

Fixed Price
Work started September 23, 1956
Work completed March 19, 1957

Malan Construction Corporation 3,112,974,
2 Park Avenue, New York, New York

General Contract for Magnet Enclosure,
Linac Building and Target Building.

Fixed Price

Work started February 20, 1957
Work completed May 29, 1958
Precast Building Sections, Inc. 831, 107.

21 East 40th Street, New York, New York

Construction and Installation of High Density
Shielding Blocks for the Target Building.

Fixed Price
Work started July 29, 1957

Work completed April 25, 1958

- 14 =
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C8-49 -

American Bridge Division - U.S. Steel Corp. $255, 856
Statler Building, Boston, Massachusetts

Structural Steel for East Experimental
Building and Laboratory Addition to
Service Building

Fixed Unit Price

Work started June 1, 1960
Work completed January 24, 1961
CS-55 - Malan Construction Corporation 956,783.
2 Park Avenue, New York, New York
General Contract for East Experimental Building
Fixed Price
Work started September 20, 1960
Work completed November 1961
CS-56 - Anderson Construction Corporation‘ ' 295,124,
Jericho Turnpike, Huntington Station, New York
General Contract for Laboratory Addition
to Service Building
Fixed Price
Work started December 2, 1960
Work completed October 22, 1961
Total amount of all construction contracts >$16,464,995.

(For complete listing see Appendix B)
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3. Brookhaven National Laboratory Participation

Salary, Material,
Wages, Ins. Supplies,
& Overhead Equipment
Engineering, Design and Inspection, G & A
Title I (Including Analogue) $730,691. $446,070. $1,176,761.
Title II(Including Analogue) 2,117, 840. 436,923, 2,554,763,
Title III(Including Analogue) 462,971, 205,536, 668,507,
Totals , $3,311,502. 1,088,529. 4,400,031.
Construction (Including Analogue) $2,338,523. 12,376,291. 14,714,814;

(Does not include Cost of Buildings
and Utilities, etc. designed by
the A-E)

Note: The above costs include the Research & Development costs
associated with the Project and should not be used for
comparative purposes with later projects.

4. Other Contracts -,

B
R
-

(For listing see Appendix D) L ;

5. Major Equipment Procurements

(Major Contracts over $250,000)

CS-19 - Westinghouse Electric Corporation $1,038,960.69
40 Wall Street, New York, New York

Fabrication of Main Magnet Power Supply
Fixed Price with Escalation
Work started March 18, 1957

Work completed  December 21, 1960
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CS-23 -

CS-26 -

Baldwin-Lima-Hamilton Corporation
Philadelphia, Pennsylvania

Fabrication of Main Magnet Cores
Fixed Price

Work started July 25, 1957
Work completed May, 18, 1959

National Electric Coil Company
Columbus, Ohio

Fabrication of Main Magnet Coils
Fixed Price
Work started July 8, 1957

Work completed May 7, 1959

(For listing of all items over $10,000., see Appendix C)
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PART III - GENERAL DESCRIPTION OF PROJECT

The Alternating Gradient Synchrotron Project comprised the
design and construction of the Synchrotron and the structures to
house it, together with support structures and experimental areas.

The feasibility of constructing a proton accelerator in the
30 Bev energy range was given great encouragement in the early 1950's
with the development of the method of focusing by alternating gradients.
As a consequence the Alternating Gradient Synchrotron was studied and
a proposal made for its design and construction in 1953.

Early in 1954 funds were authorized for the comstruction of an
electron analogue to confirm and extend the alternating gradient orbit
dynamics. At the same time preliminary design studies were undertaken
for the construction of the AGS. The electron analogue model study
affirmed the alternating gradient principles as postulated and the
project proceeded to its successful attainment of acceleration to
33 Bev in July of 1960.

» The following pages describe the synchrotron and the facilities

as finally constructed under the project. As with any major research

apparatus, a continuing program of improvement is underway and some

portions of the apparatus described herein have been modified in later TN
years. At the same time the facilities described have been and are
continuing to be expanded to keep pace with the expanding requirements
of the research program.




PART IV - DESCRIPTION OF THE SYNCHROTRON

1. General Description

A description of the Synchrotron can best be made by first describing
the general operation of the machine. This will be done by following the
proton from source to target. ‘

Protons are obtained from hydrogen gas which is supplied to an ion
source at the Cockcroft-Walton generator in the Linac Building. Protons
from the ionized gas in the ion source pass through a small orifice in the
cathode and are then accelerated through 750 kilovolts by a Cockcroft-Walton
generator. These protons then are accelerated from 750 kV to 50 MeV in the

- linear accelerator, or "Linac". 1In the Linac, the protons pass through
P P

124 drift tubes of varying length and diameter placed.along the axis of a
copper-lined tank about 1 meter in diameter and 110 feet long. The tank is
both a vacuum enclosure and a cavity resonator which will be driven at

200 megacycles per second so that accelerating electric fields appear bet-~
ween the drift tubes.

The protons are 'bunched" in the beam like beads on a string, and the
spacing of bunches increases with velocity through the linac. Each bunch
experiences a forward or accelerating electric field in the gap between
drift tubes. While the bunch is passing at constant velocity through the
axial hole within the drift tube, the cavity oscillation passes through a
complete period so that the bunch is again subjected to an accelerating
field by the time it reaches the next gap. By proper choice of the voltages,
tube lengths, and spacings, bunches are accelerated simultaneously at all
gaps in the linac. The peak gap voltages vary from 116 kilovolts at the
beginning to 890 kilovolts at the end; the cavity requires several megawatts
of power at 200 megacycles per second during the acceleration. - The oval
shaping of the drift tubes, materially reduces the energy required to excite
the electromagnetic oscillations within the cavity to given gap voltages and
permits higher voltages to be used without electrical breakdown.

The beam is conducted from the linac into the main synchrotron ring
through an elaborate injection system consisting of deflecting, focusing,
and monitoring gear mounted on four floor-level pile caps. At injection
into the ring, the beam is about 1.7 inches in diameter and comprises several
milliamperes of protons with a total engular spread of S milliradians
(diverging horizontally and converging vertically) and an energy spread
of about .3 = .5 per cent.

In the Linac each proton passes each accelerating gap only once. By
deflection into circular orbits, the protons may be made to pass many times
through each acceleration station around the ring. The magnet arrangements
for producing the circular orbits are discussed below.
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There are 12 radio-frequency accelerating stations around the ring. Each
station consists of a 20 KW power amplifier driving a pair of tunable ferrite
loaded cavities. Each cavity has a gap across which the potentials are
developed to add energy to the protons each time they pass through. To
maintain a vacuum-tight system, the gaps consist of ceramic rings sealed
into the cavity system. The voltage gain at each gap is about 4 kv per
traversal. With 12 statioms, and two gaps per station, the energy gain
per revolution is about 96 Kev. On this basis, the protons must go around
the ring about 300,000 times, or about 150,000 miles, to gain 30 Bev in
energy.

As the energy increases, the velocity of the protons increases rapidly
at first and then more slowly as the protons approach the velocity of light.
As the velocity increases, the transit time of the protons around the ring
decreases and the frequency at the accelerating stations must be increased
so that the protons arrive at the gaps at the right phase to experience an
accelerating force. The cavities are continuously tuned to resonate at the
correct frequency by controlling the permeability of the ferrite rings with
which the cavities are loaded. The magnetic permeability of a ferrite is a
function of the degree of constant magnetization which may be impressed on
it by a direct current. By an ingenious double~cavity arrangement, the
direct-current saturating bias may be superimposed on the alternating
radio-frequency currents in the cavity walls.

The cavities operate on the twelfth harmonic of the revolution frequency,
which creates 12 equally spaced bunches of protons circulating around the
ring during acceleration. Since the protons are accelerated from less than
one-third of the velocity of light to within a fraction of a tenth of one
per cent of light velocity, the frequency of the accelerating cavities
increases during acceleration from 1.40 to 4.46 megacycles per second.

To keep them in step, the power amplifiers for the 12 double cavities are
driven from a common driving source. The exact frequency and phase of the
driving source is governed by the revolution frequency and radial position
of the proton bunches, as sensed electrically by suitably placed 'pickup
electrodes" within the vacuum chamber.

The magnets in the main ring perform two functions: guiding the
proton beam into a circle and focusing the beam. The deflection of the
protons is accomplished by the force exerted on a charged particle moving
across a magnetic field. Careful pole shaping is required for the focusing
function of the magnetic fields. :

Each of the 240 magnets around the AGS ring will deflect the protons
by about 1.5 degrees, or 360 degrees in all to complete the(nearly) circular
path. The reference circle is 842,90 feet in diameter. The physical length
of the magnets occupies about two-thirds of the circumference, the rest
being available as straight sections between magnets for other equipment,
such as acceleration stations and vacuum pumps, and equipment for injection,
targeting and beam ejection. \

o o
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An elliptical vacuum chamber just over 7 by 3-1/4 inches outside
dimensions, is centered in the gap between the magnet poles on the
"aperture center line". This line lies 5.25 inches from the open side
of the poles, where their vertical separation is 3.500 inches. To
prevent undue loss of protons by collision with residual air molecules,
‘a pressure of about 10”0 millimeters of mercury is maintained in the
vacuum chamber by means of 48 titanium getter-ion pumps distributed
around the ring. The chamber is made of nonmagnetic Inconel X, 0.078
inches thick, which offers relatively high electrical resistance to
eddy currents. ‘

At any time during the accelerating cycle, targets may be inserted
into the beam within the vacuum chamber. Thus secondary beams may be
produced at several energies of the circulating proton beam. Techniques
have also been developed to extract the circulating proton beam from
the synchrotron. The ability to do multiple targeting and to extract
the main beam points up the versatility of the AGS.

There now follows a description of the various systems which make
up the Synchrotron. '




2. Main Magnet Ring
The Magnet Ring

The magnets perform two functions: a) guiding the proton beam into
a circle and b) focusing the beam.

The deflection of the protons into a circular path is accomplished
by the force exerted on a charged particle moving across a magnetic field.
This phenomenon is essentially three dimensional and awkward to describe
by two dimensional diagrams. In the AGS, the magnetic field at the medium
plane of the orbit (e.g., the plane of Figure 3) is directed vertically
downward, from the zenith toward the center of the earth. The protons
from the linac at the left of Figure 3 move southward, toward the bottom
of the page, and being positively charged, they will experience a force
toward the center or east which guides them into the ring.

As the direction of the horizontal velocity v of the charge c changes,
the direction of the deflecting force, F=Bev, also changes so that F is
always at right angles to both v and the vertical magnetic field B and
toward the center.. Note that this deflecting force does not change the
speed or kinetic energy of a particle; it only changes the direction of
its velocity.

Each 8f the 248 magnets around the AGS ring deflects the protoms by
about 1.50 , or 360 in all, to complete the (nearly) circular path. The |
reference circle is 842.90 feet in diameter. The physical length of the
magnets occupies about two thirds of the circumference, the rest being
available as straight sections between magnets for other equipment such
as acceleration stations, vacuum pumps, injection, targeting and ejection
apparatus.

A typical magnet cross section is shown in Figure 4 . It is a photo-
graph of one of the laminations of which the magnet cores have been
assembled. In "open'" magnets, the gap shown at the left flares away
from the '"back leg" at the right. There are also '"closed" magnets in
‘'which the gap has an identical contour but flares toward the back leg.

The careful pole shaping is required for the focusing function of
' the magnetic fields to be discussed later. :

A nearly elliptical vacuum chamber, just over 7 X 3-1/4 inches inside
is centered in the gap between the magnet poles on the '"aperture centerline
which lies 5.25 inches from the open side of the poles where their vertical
separation is 3. 500 inches.

1
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Magnets

Figure 5 shows an assembled magnet of the "closed''type with the
magnetizing coils in place. Each of the four coil sections or "pancakes'"
consists of eight turns of extruded rectangular copper 1-19/32 inches
wide and 7/8 inches high with a 3/8 inch diameter cooling water hole in
the center and about 0.001 ohms resistance per pancake.

The closed magnet shown is 90 inches long and consists of about 2800
laminations of 0.031 inch steel plus one inch end plates. It is held
together by the eight longitudinal straps which were welded to the outer
periphery while the laminations were compressed by a force of 80 tons.

The core shown weighs 15 tons, and the copper 3200 1lbs, The laminations
are insulated from one another by a coating of varnish to inhibit eddy
currents. About 987 of the core volume is steel. This excellent stacking
factor shows that the steel produced for the AGS magnets is unusually flat.

The 96 "closed'" magnets are all 90 inches in length. There are two
lengths of "open' magnets: 48 are 90 inches long and 96 are 75 inches long
giving a total of 240 magnets in the three classes: A - "long open",

B - "short open'", and C - "long closed".

The flaring magnet gap illustrated in Figure 4 is essential to the
alternating gradient stromg focusing system. Exceptionally stringent
mechanical tolerances and magnetic uniformity are required to hold the
protons within the 7 X 3-1/4 inch vacuum chamber while they travel more
Ehan 150,000 miles. The roughly hyperbolic pole contour was held to
= 0.002 inches of the prescribed form by punching the 633,000 laminations
with a very accurate carbide die. The blanks were reversed right to left
by pairs before punching to compensate for residual variations in thickness
from side to side. After punching and while stacking the magnets, every
twenty laminations were turnmed over top to bottom in order to keep the
8ap contour symmetrical about the median plane through the gap. The
latter procedure inverts the shearing direction in the punch and gives rise
to the striped appearance of the core in Figure 5 . The tolerances on
straightness of iamination stacking, placement on the ring, etc. are all
of the order of - 0.010 inches.

The magnets were placed by pairs on 120 large steel girders, some of
which are visible on the right in Figure 6 . The ends of the girders are
supported on piles. Each pile cap as seen in Figure 6 is mechanically
separated from the tunnel floor and covers four 10 inch H section steel
bearing piles driven about 50 feet into the sand. The pile caps are special
low growth concrete developed by the National Bureau of Standards, having
excellent dimensional stability.

There are 120 sets of four piles each and this foundation for the ring
is considered to be exceptionally advantageous in view of the stability
problems of strong focusing synchrotrons. Sand acts as an effective damper
for earth tremors and eliminates dangers of faults occurring in local sub-
strata with the accompanying physical shift of adjacent regions.
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Focusing . PSRN

The research usefulness of an accelerator depends on beam intensity
as well as on the top energy achieved. It is not enough to accelerate
an ideal particle on an ideal orbit. It is important to accelerate the
greatest number of particles by returning those that depart from the
ideal orbit back to that stable. path before they strike the vacuum
chamber walls.

One thinks of an actual particle as following a path which deviates
radially and vertically from the ideal equilibrium orbit. Focusing forces
are those which tend to deflect the particle toward the ideal orbit and the
strength of these focusing forces may be described by the frequency with
which they cause an actual particle to oscillate back and forth across the
equilibrium orbit. In the older "weak focusing' machines, such as the
Cosmotron and Bevatron in this country and the Synchrophasotron in Russia,
these "betatron oscillations' take place less than once per revolution;
in the AGS there are 8-3/4 such betatron oscillations in both the vertical
and horizontal planes per revolution. For this reason the term "strong _
focusing" has been applied to alternating gradient machines. i

The AGS magnets are arranged in twelve identical 30o superperiods of

twenty magnets each. The arrangement within a supereriod is shown in é
Figure 7 in which the magnets may be numbered 1 to 20 counting in the ‘ |
direction of the proton beam from right to left. Magnets 1 through 10 '
are placed with their back legs outside the ring on five successive -
girders; magnets 11 through 20 are in the same sequence as magnets 1 éi“i
through 10 but have their back legs inside the ring. There are ten e
foot straight sections between magnets at each back leg reversal; five

foot straight sections for auxiliary equipment following magnets 3,5, i
7,13, 15, and 17; and only two foot straight sections to accommodate :
coils, vacuum chamber junctions, etc. between the rest, as shown.

The sequences of 10 magnets with back legs all on the same side of
the orbit leaves open access to the vacuum chamber on the other side.
This greatly facilitates tangential injection and ejection of the beam as
well as leaving paths for product particles ejected from targets suitable !
placed in ten foot straight sections. These advantages are the main-reason
for adopting a basic plan which alternates the position of the back leg
rather than one with the back legs all on one side of the orbit.

| O,

The gaps of magnets labeled + in Figure 7 flare toward the outside
of the ring, while those labeled - flare toward the inside, regardless
of the position of the back legs. The + and - magnets alternate in pairs
and four successive magnets constitute one alternating gradient period.
Thus the gaps of the four short magnets adjoining each 10 foot straight
section flare away from their back legs, which accounts for the 96 short :
open -magnets of Class B. It can be seen that half of the magnets of each L
class are placed with their back legs inside the orbit, and the other half

Lp———
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S outside. By such means a maximum overall symmetry of the guiding and
{* o focusing fields is attained in spite of residual random variations between
and within magnet classes.

j——

Within the flaring gap of each magnet the strength of the vertical
component of magnetic field decreases toward the open side of the gap.
Consequently, the particles are deflected less strongly (larger radius
of curvature of path) in the wide than in the narrow side of the gap.
With large magnetic field gradients, a + magnet tends to defocus the
beam in the horizontal direction, and conversely for a - magnet.

The essence of the alternating gradient discovery is that a regular
succession of focusing and defocusing elements can produce a strong net
focusing action. Both focusing and defocusing elements exert stronger
forces the farther the particle is away from the equilibrium orbit. It
turns out that, in focusing sections, the particles are, on the
average, farther from the equilibrium orbit than in defocusing sections.
Therefore a net focusing action results.

The nature of a quasi-static magnetic (or electric) field in free
space is that the "curl" of the field is zero; that is, if the vertical
upward component of the field increases as the reference point moves
horizontally to the right, then its horizontal component to the right
will increase just as fast as the reference point moves vertically
upward. A consequence of this fact is that a + magnet, which defocuses
the beam in the horizontal direction, will focus the beam.in the vertical
direction, and conversely. Thus, + magnets in Figure 7 focus in the
vertical direction and - magnets defocus in the vertical direction.
Alternating gradient focusing is thus provided in both the horizontal
and vertical directions, and by providing the same amount of strong +
and - focusing around the ring,the net alternating gradient focusing
forces will be about the same in both the horizontal and vertical
directions, that is, there will be nearly the same number (8-3/4) of
betatron oscillations in one revolution both vertically and horizontally.

Magnet Steel

To insure that the various deflecting and focusing conditions be
fulfilled uniformly all around the ring and at all times during the
acceleration, the magnets must be magnetically as well as mechanically
accurate, :

- An Electrical Grade M-36 steel was chosen containing about 1.80% of
silicon and 0.037 carbon. Before the current is turned on for a pulse,
the remanent field at the aperture centerline is about 15 gauss due to
the remaining magnetization in the steel core from the previous pulse.
The value of this remanent field depends mainly on the coercive force
of the steel which averages around 0.77 oersted. As the pulse current
rises, the injection field value of 120 gauss should be reached simul-
taneously in all magnets. The increase above remanence depends mainly




on the gap size and shape but partly on the low field perméability of .
_the steel which averages about 740 at 100 gauss. {?'F
R

During the main part of the cycle up to 10,000 gauss‘and more, the
fields depend almost completely on the gap geometry because the permeability
of the steel is very high. By 11 or 12 kologauss the saturation of the '
steel becomes noticeable, especially since the flux density in the pole
tips near the closed part of the gap can exceed that at the aperture
centerline by 50% or more. The onset of saturation distorts the field
distribution, especially toward the closed side of the gap, and thus

'sets an upper limit to the proton energy that can be attained. An
average permeability approaching 140 at 18,000 gauss is attained by
the AGS steel, '

The stringent AGS demands for magnetic uniformity around the ring and
at all times during the rising pulse could not easily be met by commercially
produced steel even with the special care used for the 4,000 tons of AGS
‘steel. Two related problems are involved: (a) coercive force and low field
permeablllty show standard deviations of 10% to 15% from the mean, and (b)
both properties show an 'aging' deterioration of 60% or more as determined
by accelerated aging tests in which samples are subJected to 150°C for five
days. It is assumed that it will take at least 20 years for the same aging
to take place at room temperature. Fortunately the high field properties
show no appreciable aging.

[

The first line of defense against these large variations in the steel ‘
has been to shuffle or interleave the steel for each of the three magnet 2%
classes according to a careful plan so that the steel from a given billet éﬁ
and rolling mill coil will appear in all magnets of a given class at the
same relative position and for about the same number of laminations. This
- shuffling reduces the residual variations between magnets to less than
0.1%; even at injection, and will minimize them throughout the aging process
extending over several decades.

In addition to these measures to insure uniformity, a number of provi-
sions have been made for final trimming of the orbits in the machine. _
Figure 7 shows the position of pickup electrodes and quadrupole and 1
- sextupole magnets in each superperiod as well as the primary survey j

monuments. At each pickup electrode location, both the horizontal and

vertical position of the beam can be monitored electrically, enough in i
‘all to diagnose various harmonic distortions of the equilibrium orbits. t
On the basis of such information,the correcting multipole magnets and
certain low field air core windings located in two foot straight sections (
can be powered to hold the orbits near the center of the vacuum chamber {
during injection and acceleration and to compensate to a degree for field -
distortions due to magnet saturation near the end of acceleration.
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Magnet Positioning

The magnets were positioned on the ring with reference to the primary
survey monuments shown in Figure 7. Each primary monument is driven into
the underlying sand and is mechanically separate from the tunnel base and
ring piles. From each monument straight lines of sight are available with-
in the tunnel walls to the two adjacent monuments on either side. By means
of high precision survey techniques, distances between adjacent monuments
have been determined to a thousandth of an inch and triangle closures to
one third of a second. Periodic resurveys are carried out to monitor
stability and possible soil movements. The magnets were erected by using
a system of Invar length rods which fitted into hardened bushings on each
end of a magnet and which carried a target at the other end whose position
relative to a line of sight between adjacent monuments was measured with
line of sight telescopes. The magnets were then adjusted radially until
the out board target was on the line of sight plus or minus the known
magnetic correction for each magnet unit.




BUBBLE CHAMBER HOUSE

LINEAR ACCELERATOR TUNNEL AREA

COCKCROFT-WALTON

. RETAINING
ION SOURCE -

WALL

DIRECTION
OF
PROTON BEAM

| ,’ SUPERPERIOD SHIELDING
ifi
il
1
1
il
(Y : TARGET ,
! 421.45" R BUILDING R
A\l
\
\
RN
W\, X DENOTES POSITIONS OF
Z7RF. ACCELERATION STATIONS
\\ \\ ' ‘
ORBIT § N
THROUGH AN
240 MAGNETS R ety -
SERVICE BUILDING
v {ADMINISTRATION, POWER, CONTROLS,
UNDERGROUND MAGNET TUNNEL ‘ LABORATORIES, MACHINE SHOP, ETC.)

FEET 0 100 200 400 600 800 1000
b | ] I { d | I ! | ]

Figure 3
Plan of Brookhaven A,G.S. as of 1960

| w ACCESS EXPERIMENTAL

R

Ao

O

i
J




33" |

12.500"

Figure 4
A.G.S. "Open'" Magnet Lamination

‘ W‘?ﬁtﬂ"’ﬁ

Figure 5
Assembled Closed Magnet with Coils in Place
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Figure 6
Conjunction of Linear Accelerator Tumnel and Main Ring
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3. Power System
Main Magnet Power Supply

Design Parameters

The main magnet power supply of the AGS was specified as an a~c flywheel
motor generator set supplying an ignitron power converter. This specification
was based on years of successful operation of the Cosmotron with the same type
of power supply. This type of power supply provides many advantages. The
output is direct current and the high voltage provides a reasonable rate of
rise of magnet flux and low enough d-c currents to keep the conductors of
reasonable size. The ignitrons are capable of both rectification and
inversion with very fast switching from one mode to the other. The flywheel
is the least expensive means of storing the magnet energy derived from the
decaying magnetic field. The a~c drive motor was specified as a wound rotor
since it was the simplest and best adapted for speed control required during
magnet pulsing. The a~c generator was proposed as a 12 phase synchronous
generator matching the 12 phase converter and thus eliminating any rectifier
transformers.

A summary of design parameter is given below:

No load voltage,volts 5000
Full load voltage, volts 4800
Peak current - pulse, amperes 6550
Time of rectifying pulse, seconds 1.2
Peak power - momentary, kilowatts 31,000
Repetition rate, pulses per minute 20
Energy stored in rotating parts, megajoules 210
Energy stored in flywheel, megajoules 147
Energy stored during rectifying pulse,megajoules 17.5
Energy loss - resistance, rectifying pulse, megajoules 3.8
Energy loss - resistance, invert (estimated), megajoules 3.7
Total energy loss - resistance, megajoules 7.5
Energy returned to power supply terminals, megajoules 10
Average power for resistance loss o

3 second repetition period, kilowatts 2500

To allow enough reserve capacity for possible changes in pulse
requirements, the specifications required a peak current of 7000 amperes
with a no-load: voltage of 6250 volts and a regulatlon of 30%.

In addition, the entire motor-generator-flywheel set was specified
to be mounted on one shaft. A study of the torsiomal oscillations of
the shaft was required. The number of bearings was specified as four and
the machines were to be self-cooled. A liquid rheostat was specified for
speed control and starting. A dynamic brake system also utilizes the
liquid rheostat for stopping. The initial inrush kva was to be limited
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to 3000 kva or less. All subsequent kva variations were to be limited to 5?”3

1500 kva per second.

Detailed Description

The nameplate data for this motor-generator set is as follows:
Manufacturer: Westinghouse Electric Corporation

Motor:  Wound rotor induction motor
5500 hp, 3 phase, 60 cycle, 13,800 volts
203 amperes, indoor, open-type, self-cooled
Class B insulation 50 C rise
Secondary volts = 3168, secondary amperes = 787
Speed = 846 rpm-

Generator: Salient-ple a-c generator
29,000 kva, 12 phase, 0.95 power factor
2800/2300 volts, 1305 amp. for pulse rating at 36,000 kva
Indoor, open-type, class B insulation, 80°C rise
Exc. volts = 260, exc. amperes 226.5/578, 846 rpm

Flywheel: Solid plate, aKfoot diameter, 30-%!' thick
98,500 1bs., = 784,000 1b.~-ft.

The wound rotor motor supplies the losses of the power supply and magnet {/\

system. With its adjustable secondary resistance, it is ideal for accelerationm, ¥
braking, and for limiting power swings when the set is pulsed. ,Since the 1
total flywheel-rotor system, which weighs 105 tons and has a WK? of 1,123,000
1b.-ft. , slows down only 3.5% on a pulse,only a small resistance need be

inserted.

The liquid rheostat consists of three cylindrical electrolyte cells
20 inches in diameter, each consisting of a fixed electrode at the bottom
and a moving electrode with a maximum permissible travel of 75 inches.
The electrodes are moved during starting and braking by a pilot motor.
During pulsing they are actuated by hydraulic cylinders. The control
during pulsing is by a hydraulic servo system. The 105 ton rotating
mass can be brought from 900 rpm to a full stop in one minute by dynamic
braking.

The generator is a special 12-phase salient pole machine of the same
type as those on the Cosmotron and Bevatron, and the same diameter but
shorter length than one of the Bevatron generators. The quadruple wye
winding was designed gspecially for use with two 6-phase double wye
rectifiers shifted 30 to give 12-phase ripple. All four neutrals must
be brought out of the machine. (The 16 terminals have a total of 24~
1250 MCM, 7.5 kv cables attached.) Since the winding carries rectifier
d-c¢ current, it was designed to keep the net d-c¢ current in each stator
slot zero, and also to keep the net d-c current linking the rotor shaft

Zero,
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It is desirable to minimize the harmonics in the output voltage of
the power supply because of harmonics in the magnet flux affecting the
particle beam. As a consequence the ignitrons are fired with "no delay"
on rectify to minimize these harmonics. The commutating angle should
also be a minimum. To accomplish this, the commutating reactance of the
generator must be held as low as possible. The commutating reactance
is a subtransient reactance involving only the phases undergoing
commutation at the same time. The considerations of commutating
reactance and of the d-c current in the generator winding, resulted
in a design of the winding as integral-slot, full pitch, and with two
of the wyes having reversed polarity with respect to the other two. A
low resistance copper amortisseur winding connected between poles also
reduces the commutating reactance. Unfortunately, the full pitch winding
allows the 5th and 7th harmonics in the voltage wave to be quite large.
However, by skewing the stator slots and. chordlng ‘the damper windings,
the slot harmonics are eliminated. :

- The regulation of d-c output voltage is a function of the mrg set
speed and the generator excitation. The generator excitation is supplied
by an electronic exciter under the control of an electronic voltage
regulator. The exciter is a. phase controlled six phase sealed-tank
mercury-arc rectifier rated at 100 kv continuous and 600 amperes peak
at 260 volts. The performance specification on pulse control required
that ‘the open-circuit voltage on the generator JUit prior to the start
‘of a pulse be adjustable and repeatable to within- 0.25%. The full load
- voltage was required to be reproducible to within - 1%. Finally, the
excitation equipment was required to have 107 reserve capacity above
the standard pulse, and a recovery time constant, after a. pulse, of 0.2

seconds.-.

‘The main rectifier consists of two banks of 12 each of Westinghouse
high voltage continuously pumped-type ignitron tanks, type 1PJ712 which
have an inside diameter of 15 inches. Each of the two assemblies has
its own vacuum and cooling water equipdient. The rating of the complete
rectifier is 7000 amperes with an open circuit voltage of 6250 volts.
Each phase has two tanks in parallel for protection in the event of a

mxsfire.

The electrical feeders which supply the equipment with 13,800, 480

~and 120-208 volt power are protected by air circuit breakers set for correct
thermal and short circuit protection. The control circuits operate from

the 120 volt station battery which has low voltage protection and a

warning bell. In case of power failure, the emergency generator will

supply some components, such as the battery charger and the mg set
lubrlcatlng sys tem.




If the power supply is in operation, the protective relays may
operate the partial shut~down lock-out relay or the complete shut-down
lock-out relay. The following faults will cause a partial shut-down:

Emergency crash button

Main rectifier over-temperature
Exciter rectifier over-temperature
Exciter 'breaker over-current

Main rectifier low water pressure
Exciter rectifier low water pressure
Firing tube grid bias under voltage
Generator field failure or under voltage
Vacuum protective relay

Main rectifier over-current
Generator over-voltage

Main rectifier arc through

The following faults will cause a completé shut-down:

Emergency crash button

Ground on d-c circuit

Bearing over-temperature

Low oil pressure

Motor over-current

Motor phase unbalance and low voltage
Battery low voltage

A partial shut-down shorts the magnet and removes generator field
excitation. A complete shut-down in addition to the above, removes power
from the drive motor. In addition, if the complete shut-down is caused
by bearing trouble, the dynamic brake is automatically applied.

To limit fault current in case of an accidental ground, the power
supply is grounded through a 100 ohm grounding resistor.

Other large components necessary for the operation of the main magnet
power supply are the series inductor and the interphase transformers (IPT).

The interphase transformer critical load resistor draws 20 amperes from
the power supply. This value is large enough to fully excite the interphase
transformers so that the ignitron banks act as double wye banks rather than
six-phase diametric banks. Each phase then conducts current for 120 degrees.
The resistor bank is rated 25 amperes at 6000 .volts.

The series inductor was designed to reduce the rate of rise of the
magnet flux density from 13,000 gauss per second to about 3000 gauss
per second during the first 100 milliseconds of the pulse. The reasons

for this reduction in rate of rise of field were :
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1. Reduction of field distortion by reducing eddy currents in
the magnet steel, magnet coils, and vacuum chamber,

2. Reduction in azimuthal distortion of the field due to
transients in the application of voltage pulse,

3. Increase in the time to reach and complete injection,
thus making timing control circuits less critical.

In addition, the series inductor serves as a ripple filter at the beginning
of the pulse. At the end of the pulse when the inductor is saturated and
has a voltage drop of about 90 volts, it still has 10-15 millihenries of
inductance. It can then be used as part of the electronic ripple filter
for high fields.

The series inductor consists of a large laminated square U-shaped
core with a top yoke separated by an air gap of about 3/16 of an inch
on each side. There are two coils on eacéh side of the core; each of
these four coils is composed of 30 turns. The copper conductor is
1-3/4" x 1-19/32" with a 1/2" water hole in the center. The core
weighs 67 tons while the coils weigh about 13 tons.

The foundation for the motor-generator-flywheel set was studied
in considerable detail because of the large and continuous pounding at
the feet of the generator stator. Due to the complete reversal of torque
as the generator changes from generator action to motor action when the
ignitrons change from rectify to invert, the foundation and anchor bolts
are subjected to an impact load every three seconds.

The foundation must furnish the m-g set with a level, non-settling
base so that the proper aligmment of the bearings and stators can be
maintained. It must resist any overturning moment of the torque reversal
or possible short circuit condition without any damage to itself. It also
must aid in damping out any vibrations which the pulsing of the m~g set
might transmit through the ground which might disturb the magnet ring.

The possibility of mounting the entire 488,000 pound m~g set on an
even greater mass of concrete and then shock mounting the entire structure
was considered. Such a scheme was used on the m-g set at the CERN
alternating gradient synchrotron at Geneva, Switzerland. However, even
though this synchrotron is only slightly smaller than Brookhaven's, the
m-g set it uses is considerably less in weight since its speed is 3000
rpm, compared to Brookhaven's 900 rpm. The generator, which supplies
rectifier transformers, is three phase, and much smaller in diameter.

A vibrograph study of the Cosmotron power supply under full load
pulsing showed that the vibrations were completely damped out at a
distance of 75 feet from the m~g set. The design principle for the
AGS foundation therefore was to make it solid, massive, and set it
firmly on undisturbed earth.
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The pulsing type of duty necessary to alternately store and withdraw
energy from the synchrotron magnet causes torsional stress in the shaft of
the m~g set as the torque reverses in a few milliseconds. The possibility
of an ignitron arc-back would also cause similar stresses although they are
not repetitive. However, Cosmotron experience has shown that arc-backs are
extremely rare. The AGS ignitrons being identical should perform as well as
Cosmotron experience would indicate. The repetitive nature of the pulsing
torque reversal allows the possibility of resonant build-up of oscillation
from one pulse to the next. The manufacturer made a study of shaft
oscillations. The generator rotor, flywheel, motor rotor, and shaft are
a three mass=-two spring system. The results of sudden torsion forces
produces oscillations with two natural frequencies. In the case of the
Cosmotron, the motor was small enough to be neglected. The torsional
oscillations can be reduced by two methods. The first and most effective is
to invert one ignitron bank first, thus reversing the torque of only one
half of the generator winding. The second ignitron bank is inverted at a
time later by one half cycle of the natural shaft frequency. In the
Cosmotron, where only one shaft section and one natural frequency was
involved, this was done easily. On the AGS machine, with two natural
modes of vibration, a computer study was made to determine the optimum
time of delay. In addition to the two-step change over, a viscous type
vibration damper is attached to the shaft., The vibration damper implements
the two step change over during the ''flat-top" mode of operation of the
magnet cycle. (Instead of a sharp peak of current,the highest value will
be held constant to form a "flat-top'".) As a result, the second ignitron
bank is inverted later and does not produce the cancelling torque pulse
in time to reduce large initial oscillations. The vibration damper
performs this function under these operating conditions.

The m~g sets on the Brookhaven synchrotrons will always be used
on pulsing loads. As it does not take very long to build up millions
of pulses, the shock to the shaft is always a grave concern. The recent
interest on the part of manufacturers and public utilities in the brittle
fracture of turbo-alternator shafts was noted. Since the original
specifications did not call for ultrasonic testing of the shafts, Brook-
haven requested the manufacturer to conduct a reflectoscope study of the
Cosmotron and AGS shafts. The results indicated both machines were in
excellent condition.

Significant Dates

A

a. Specifications completed - Avgust 1, 1956

b. Order PS-19 placed - March 18, 1957 E
c. Westinghouse equipment delivered October 31, 1958 3
d. M-G set pulsed for first time August 20, 1959 ‘ ;
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Correcting Iens Power Supplies
Design Parameters

a. The motor-generator set shall consist of one motor and four
generators on a single base.

b. The motor shall be a wound rotor induction motor of 300 hp
440 volts, 3 phase, 60 cycles.

c. The generators shall supply pulsed currents as required by
the quadrupole and sextupole magnets.

d. The rate of rise of current for the quadrupole generators
was specified as 5,000 amperes per second and 2,000 amperes
per second for the sextupoles.

€. The motor-generator set shall have enough enertia that during
a pulse the speed change shall not be more than 5%.

£. The generators shall have double field windings such that
either winding can be used to excite the generator to either
polarity. The field winding shall be made in six sections
which may be connected in series, parallel or combination of
series parallel.

g. The poles, pole shoes, interpoles, and yokes of each generator
shall be laminated.

Description of Components

The design of the AGS main magnet provides the best compromise to
give the widest constant field gradient between the poles of the magnet.
However, at high fields the pole tips saturate, reducing the useable
width of constant gradient. The multipole magnets are used to correct
this. They are also used to obtain controlled bumps in the proton
orbit to deflect the beam locally onto a target.

The multipole magnet power supply system is servoed such that the
current in the magnets is constrained to follow a program which has
been adjusted to match the cycling of the main magnet and to provide
the required corrections. The components consist of a program generator
with adjustments to provide a wide variety of functions such as one or
two current slopes with or without flat top and with continuous control
of amplitude and dissection. The program generator is connected to an
error amplifier which drives two field exciters for bidirectional control.

 The field exciters are connected to two separate fields in the generator,

the output of which feeds the load. 1In series with the generator output
and the load, a current shunt is connected to provide a current signal
which is fed back to the input of the error amplifier, and is compared
to the output of the program generator. The resultant amplified error
signal drives the generator to follow the selected program.
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All of the equipment except for the motor-generator set was designed
and fabricated by AGS personnel. Some redesign was necessary to meet
new requirements and to improve system accuracy and stability. The
apparatus performs adequately and its flexibility makes new changes
and requirements easy to incorporate.

The quadrupole and sextupole m~g set consists of a motor-generator=-
flywheel set of one 300 hp wound rotor motor, two 500 kw d-c generators,
two 300 kw d-c generators, and a 3,750 pound flywheel. The components
are mounted on a common base, coupled together and run at a nominal
1200 rpm. The motor is started by a 5-step grid resistor rotor controller.
The m~g set was installed in the AGS power room in an enclosed area under
the RF balcony. Since the loads supplied by the generators were pulsed,
the heat load in the enclosure was small, about 115 kw, and could be
accommodated by 33 tons of air conditioning.

Significant Dates

a. Specifications completed March 5, 1959
b. Purchase Order placed May 11, 1959
¢. Witnessed factory test September 16, 1959
d. First run of m~g set at BNL December 16, 1959
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4., Vacuum System

General Description

The vacuum system of the Brookhaven AGS is in reality two separate
systems. The main ring system is one entity and the linac system is
another. While they both use the same type of pumps, the design para-
meters and problems are entirely separate.

In discussing the ring vacuum system, it will be necessary to
discuss the chamber first and then the pumping devices. There are
three types of chambers; those that fit into the main magnet gaps,
those that fit the five-foot straight sections and those that fit the
ten-foot straight sections. In addition, there are 144 expansion joints
located more or less symmetrically around the ring to allow for curvature
and expansion and contraction.

Vacuum ghamger

The main magnet vacuum.chambers are roughly ten feet long flanged
tubes, O-ring grooved, bolted construction. Their cross section shape
is quasi-elliptical being 7-in.. by 3-1/4-in. in dimension. The chamber
material is Inconel~x. This material was chosen because of its high
resistivity and consequent smaller eddy current loss and perturbation
of the beam. The resistivity of Inconel-x is 120 microhms centimeters
while stainless steel has a resistivity of only 80 microhms centimeters.
The chamber wall thickness was chosen as .078-in. as an optimization of
rigidity and aperture loss. The closed aperture magnets required that
those vacuum chambers be slipped into position azimuthally rather than
radially as with the open magnet sections. A split flange and collar
accommodates this feature.

The five-foot straight sections are round stainless steel tubes.
Stainless can be used here since these sections are not in the main
magnetic field. These sections serve a dual purpose, the pickup elec-
trodes are mounted inside and the section itself fits into either a
quadrupole or sextupole magnet. Vacuum tight feedthroughs must be
brought out of the flanges radially to accommodate the pickup electrode
signals. These round chambers are custom rolled to produce a maximum
I.D. aperture for the pickup electrode and a minimum O.D., for fitting
inside the correcting magnet.

There are several types of ten-foot straight section vacuum chambers.

One type is used to accommodate the rf cavity. The cavity accelerating
" gaps are formed by ceramic rings appropriately soldered to the vacuum
chamber sections. The ceramics were first coated with a molymanganese
by the manufacturer. The actual bracing was done under vacuum using

BT solder but not titanium hydride flux. Other ten-foot straight
sections are target boxes. These are usually rectangular boxes 10-~ft.

)
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long by 12-ft. square cross section. Various types of target operating
devices are placed in these boxes and in order to bring the beam out,
thin windows are installed on the sides of the box. These windows, of
either aluminum or Mylar, run from .003-in. to .008~1in.

Pumping Systems

The entire ring, some 2,600-ft. of vacuum chamber,was divided into
12 superperiods for reasons of beam dynamics. This division was also
provident for vacuum design. Sectionalizing valves were placed at 12
places, roughly symmetrically around the ring. With few exceptions,
therefore, the vacuum pumping system for one superperiod is very much
like that for any other. A superperiod is approximately 220-ft. long
and contains four high vacuum pumping stations at 55-ft. intervals.
The required design pressure was 1 x 10°° torr at the pumps with a
maximum of 2 x 107° torr around the ring. ‘

At first, conventional diffusion pumps were considered, four per
superperiod for a total of forty-eight. However, during the years of
1956-1957 a new high vacuum pumping concept was developed into a com -
mercial product. This was the getter-ion pump which used no boiling
oil or mercury. Basically the pump has two pumping actioms. First,
titanium, a very reactive metal is evaporated dnto the water cooled
walls of the pump. Here, fresh, clean titanium combines chemically”
to form titanium hydride, oxide, nitride and carbide. ‘Combining gases
are the common constituents of air and are, therefore, effectively
removed from the vacuum chamber. Once formed, these compounds are
quite stable and the gases do not re-evolve. Argon is found in air
in about a 1% concentration and titanium will not combine with argon.

So another pumping mechanism must be used. This is done by emission of
electrons from a hot filament, acceleration of these electrons through

a grid and consequent ionization of argon atoms and other atoms as well.
These ions so formed are positively charged and are driven by the positive
grid voltage into the walls of the pump. The combination of both pumping
processes produce a clean~dry vacuum, something that most accelerators

up to now have not had. Another important feature of these new pumps

is that they do not require a continuously operating fore~vacuum, thus
dispensing with the noisy, oil-sealed mechanical pumps. The getter-

ion pumps require a rough vacuum to get started but then the mechanical
pumps may be shut off and wheeled away. Brookhaven pioneered the use

of getter-ion pumps in place of diffusion pumps and every major
accelerator since then has incorporated this new concept in its design.

The rough pump system is also a ng development in concept. Most
mechanical pumps do not pump below 10 torr. During the design study
of the AGS, a new mechanical pump was introduced commercially. This
was a vacuum adaptation of the Roots type lobe pump used in blower
systems for many years. Brookhaven decided to use them for roughing
out purposes and they have proven out excellently. These pumps
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consistently pump to 10 > torr with the aid of a freom or liquid nitrogen
baffle and they have become the workhorse of the entire complex. These
Roots type pumps use no oil for sealing the high vacuum stage and thus
produce a clean dry rough vacuum in order to start the getter-ion pumps
discussed above. Most of the beam separator vacuum systems used in
experimental beam work now use the Roots type pump exclusively because

of its ability to handle a large throughput of gas at high pressure
(about 10”3 torr) and still produce a clean-dry surface.

The linear accelerator presents a contrast in vacuum design to the
ring. The ring is a long thin tube with very poor conductance, low
volume and small surface area. The linac on the other hand is a long,
large diameter tank, large volume, large conductance and large surface
area. The linac is 110~ft. long roughly 3-ft. in diameter. It is a
steel shell copper clad on the inside.
copper suspended inside. This copper has an initial outgassing rate of
8 x 109 torr liters/sec/cm” in contrast to the inconel-x of the ring
which has an outgassing rate of 1 x 107

there are about 2 x 10

It contains 128 drift tubes of

torr liters/sec/cm“. Since

square centimeters of copper exposed to vacuum

in the linac, the total gas load is 2 x 100 x 8 x 1079 = 16 x 1073 torr
liters/sec. The design pressure desired was 1 x 1078 torr so we required

a pugping speed of 16,000 liters/sec. This is supplied by twenty getter-ionm

pumps of 1,500 liters/sec. each.

of linac tank. This makes 22 holes.

However, each of these must pump through
an rf orifice which cuts the pumping speed in half. Thus we end up with a
total of 15,000 liters/sec. There are two pumping ports for each ten feet

Twenty of these holes are for the

high vacuum pumps and two are for the roughing system. The roughing system
consists of two sets of Roots type blowers backed by a small mechanical
oil-sealed pump. The mechanical pumps are rated at 130 cubic feet per
minute each. They are capable of reducing the pressure in the linac to

At this point the two small blowers
start. These have a rating of 1,600 cubic feet per minute and reduce the
pressure in the tank to 10 millimeters in 5 minutes more. Then the two
huge blowers start. They are rated at 6,000 cubic feet per minute and

pump the tank to 5 x 107”2 torr in eighteen minutes more. So, in thirty-
five minutes the tank can be roughed out to the pressure at which the

80 millimeters in twelve minutes.

high vacuum pumps can be started.

- 42 -

{x

[—— | .

St oemant




Figure 9
Main Vacuum Chamber

Figure 10
Evapor~Ion Pump and Control Console in Position in A.G.S. Ring
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5. RE System

General Description

The proton beam in the AGS is accelerated to its final energy of 30 billion
electron volts (Bev) by means of a radio frequency accelerating system. The
particles are injected into the machine at an energy of 50 million electron
volts (Mev) at which time they are traveling at one-third the velodcity of
light. At 30 Bev they are essentially moving with light velocity, necessi- N
tating an accelerating system which can stay in synchronism with the particles ‘
as their revolution frequency varies by a factor of three.

The frequency range covered is 1.40 mc/sec to 4.5 mc/sec. A low level
rf system detects the correct frequency from the beam itself, corrects the
phase so that the particles are accelerated properly and in turn drives a
central driver amplifier. This unit is an eight stage broad band video
amplifier capable of delivering an output of 80 Kw. This driver feeds
twelve accelerating stations, each consisting of a 25 Kw push-pull amplifier
‘and a tuned, ferrite loaded, accelerating cavity. The cavity is kept continu-
ously tuned by means of a saturating current used to vary the ferrite permeability.
The saturating supply utilizes a transistor amplifier capable of delivering and i
controlling 1000 amperes. It is a portion of a closed tuning loop which ensures
that the load on the final amplifier is kept at resonance. Due to the frequency
change by a factor of three to one, it was necessary to develop a means to
correct for the incremental phase shift inherent in the thousands of feet of
coaxial cable required for the system, In addition, amplifiers had to be 1
built which would automatically tune to a desired varying frequency in the fT‘Xﬂ
output of a mixer circuit where the sum frequency, difference frequency, and ; e
one of the input frequencies were all relatively close together.

The linear accelerator injector supplies protons to the AGS with an energy
of 50 Mev. At this energy, the particles are traveling at ome third the
velocity of light (1/3C) The time required for one revolution in the 1/2 !
mile circumference is about 8 i sec, corresponding to a fundamental rotation §
frequency of approximately 120 Ke/sec. 30 Bev protons travel essentially at :
the velocity of light, resulting in a final fundamental rotational frequency
of about 360 Kes. , : g

‘Energy is imparted to the protons by means of a radio-frequency voltage.

If we consider a proton approaching a pair of rings, energized by a de . !
- potential, the proton would be accelerated between the rings but decelerated o
when approaching the positive ring and also when leaving the negative ring,

a net effect of zero. Using an rf cavity, however, the proton can approach !
an acceleratlng gap in field free space and receive only a net accelerationm. ‘

Phase Stability

The mechanism of acceleration using an rf voltage is successful because of i
a phenomenon known as phase stability. Consider the sine wave shown in Figure 6.
Let us assume the proton passes an accelerating gap at point 0y, which we will
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designate ''stable phase angle'. It receives an energy increase equal to

E sin 0,. If for any reason the particle gains too much energy, two things
happen: first, it goes faster requiring less time for ome revolution; second,
it will move in a path of a larger radius because of the decreased restraint
of the magnetic field and require more time for one revolution. These two
effects are in opposite directions but when the protons are moving at much
less than light velocity, the first effect predominates due to the small
radial excursions of the beam. The proton, which now requires less time

for a revolution, reaches the accelerating gap earlier at 05, thus receiving
an energy increase E sin O9<E sin 0j. The opposite phenomenon occurs for

a particle which finds itself with less energy tham normal. It now goes
slower, arrives later and receives an energy increase E sin 04 Esin 0y.

The result of these motions is an oscillation of the particles about a stable
phase point 0; usually chosen as 300, The dynamics of the entire machine

is such as to cause the amplitude of these phase oscillations to decrease

- as the particles are accelerated.

Phase Transition

As the particles approach the velocity of light the first effect mentioned
above decreases in importance and the radial effect, although small, pre-
dominates. The region where the two effects compensate each other is called
phase transition and occurs in this machine at 7 Bev. At transition there is
no phase stability but above this point the stable phase angle becomes 04-

The reason for this is just the converse of the situation below transition.
Now, a particle with too much energy arrives later at 05 and receives a
smaller "kick". The accelerating system must therefore be able to jump

the phase of ‘the accelerating voltage 120° from 01 to O4 at the appropriate
point in the cycle. . )

Selection of Operating Frequency

It is necessary that the rf accelerating voltage have the correct phase
and amplitude when the proton passes the accelerating gap. The frequency of
this voltage must be integrally related to the fundamental revolution fre-
quency of 120-360 KRcs. Referring to Figure 11, it does not matter how many
cycles of rf are between two successive transits of the accelerating gap,
provided the phase and amplitude are correct during transit. The slope
of the wave is greater, however, at higher harmonics which yields a greater
restoring force for particles which deviate from the stable phase position.
This provides more rapid damping of the phase oscillationms.

In addition to the better damping characteristics, a choice of a higher
harmonic of revolution frequency can be made to simplify the electronic
problem to bring the frequency range into the video band, harmonics ranging
from the eighth through the fifteenth could be selected. The AGS has a
built-in numerology based on twelve uniform sections, and thus to best fit
into this system, a twelfth harmonic acceleration was chosen, covering
the frequency range from 1.40-4.46 mc/s.
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