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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
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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.
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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.
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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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(4) Quadrupole roll — as much as 0.1 mrad. This produces a skew quadrupole
field that will be corrected by skew correctors i1n the correction elements.
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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
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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




Page 3-8

& o vranm

NO/ILDPXIOD
LM ZGr7L
WD 7OV A

(%)

FNEONES TIOD —

Design Manual

uo1909s

DSty 77722/ |/ L

ssog ‘poufew ajodiq 1 ¢ aun3iy

e

h
pu

— |

I~

S7/0D Il
ONIIVIM 0D 5 T/OD o7&

(2) 1102 INtONV

AALALLAR DR

AR R R R SAANN

!
il

AR RARLNY

M.
I

(&) Sxtrls 5/L

il
WOILEDOT7 2 DO7E
~— Nw LBO0dA?S

7Y F1L

October 4, 1988

Page Rev. 1




Page 3-4

Design Manual

(2) $H2071Q 2/, ana

LDOTANNOD
SCOAD l\

"MalA dojy ‘jeufeui ajodi( °z-¢ aandy,|

(L) SHD0 TA0D N

SAV3T MOD LaANDYW

AV3als Q3aM

AINTd AN3T
SS3TINWLS

October 4, 1988

Page Rev. 1




Destgn Manual Page 3-5

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
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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
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