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BOOSTER SYNCHROTRON

A. Introduction

At NAL, the proton beam is accelerated to the final energy in
three stages. fhe first stage ié a 203-MeV linac. The second is
an 8—GeV, fast cycling, booster synchrotron. fhe final stage &s
the 2000-m diameter main synchrotron. The entire system was des-
éribed in ihé NAL Design’Report.Al However, the booster design
has been changed substantially since publicafion of the Design
Report. This report has been compiled to provide a.description
of the bboster which was actually built.

The boosterAis an-alternating»érédient synchxotron with a
radius of 75.5 m. :ne.maénet ring éeutains 36 10 foot long
combined-function magnets, which both focus the beam and bend it
around the circular orbit. ‘The magnet lattice is divided into
24 identical periods. Each period contains four of the combined-
function magnets, and a 6-m loné straight éection»' The 16-rf
cavity resonatoré used to accelerate the beam are located in eight
of the 6-m straight =sections. Two of the 6-m straight sections
are used'for injection, and two are used for the extraction systemn.

The magnets are excited with a 15-Hz biased sine wave.v The
beamn from the 200~Mev linac is injected into the booster when the
magnetic field is near its minimum value of approximately 500 gauss
and is extracted near the maximum field of approﬁimately 7000 gauss.

The basic parameters of the booster are summarized in Table A-1.



~-2- TM~-405
0300
During the 33-msec period of rising magnetic field, the beam
goes around the booster ring about 16,000 times and is accelerated
to 8 GeV by the 16-rf cavity resonators. At 8 Gev, where B = 1,
the frequency.of the booster accelerating system is made equal
to the 53 MHz frequency of the main ring acceleration system in
order to permit synchronous transfer of the booster beam bunches
into the rf buckets in the main ring.
Since B = 0.57 at the injection energy of 200 MeV, the fre-
quency of the accelerating cavities must be lowered to 30 MHz
at injection and must track the increasing velocity of the protons
as they are accelerated. The cavities are tuned to the correct
resonant frequencj by. changing the current in bus bars linking
ferrite-loaded tuners which are part of the resonant structure.
The beam from the linac is bunched at ZOO.MHz. However, thé
momentum spread is large enough that it debunches in approximately
one turn around the booster. The beam is then adiabatically
rebunched at 30 MHz and captured in the 30 MHz rf buckets by
turning on the booster rf voltage in 16 steps over a period of
150 usec.
| The 8-GeV beam is extracted from the booster with a fast
kicker magnet system which produces a beam pulse whose length is
equal to the: circumference of .the boostexr. However, the circum-
ference of the main ring is 13.25 times larger. To £fill the main
ring with beam, the magnetic guide field in the main xing is held
constant at the injection field strength for 0.8 sec. at the

beginning of each main ring cycle. During this interxrval, up to
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13 pulses of beam from successive cytles of the booster are stacked

end to end in the main ring.

To reach the design intensity of 5 x 1013 protons per pulse

in the main synchrotron, the bodster must inject'l3 pulses of
3.8 x 1012 protons each at the beginning of each cycle of the
main ring. This corresponds to a beam current of 390 mA in the
booster at 8 GeV.

- At the injection energy of 200 MeV, the beam current required’
in the bdoster is 230 mA. Although beam currents of 230 mA are
within reach of_preéent—day linac tecﬁnology: operating,the linac
at a lower intensitybmay prové more satisfactory. ' To reduce the
peék éurrent demand in the linac, provision has. been made for
@Mlﬁfﬁurn,injettion- Beam‘fﬁjECted during éncqessivé turns
is stacked side by side in the bobster‘aperture. Allowing for
‘some beam loss during injection and xf capture, thé noﬁinalvpeak
beam current required from the linac ig reduced to 75 mA.

The booster magnet ring is located in a concrefe tunnel 8 ft.
‘high and 10 ft. wide, which is covered with 15 ft. of earth éhield—
ing.‘ The booster tunnel is on -the same level as the main fing
tunnel, and there.is a tunnel connscting the boogter tunnel to the
transfer hall where the beam is both injec¢ted into the main ring
and extracted from it. Provision is made for steering the S—Gev
beam into a beam dump located beneath the floor of this tunnel
vthus allowing operation of the booster while workmen are in the
main ring enclosure.

As shown in the layout of the injector complex in Fig. A-1,

the beam from the linac is injected into the -booster at a point
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180° around the ring from the extraction point. The level of the
linac tunnél is 13~1/2 ft, highexr than the booster tunnel. Beam
travels down into the booster tunnel from the linac tunnel through
a 2~l/2‘x 3 ft. ducf.
| The mégnets in the booster ring are mounted on 25-ft. long
box girders. Each girder supports two of the combined function
magnets as wéll as the vacuum pﬁmps and the chokes and capacitors
for the magnet powef circuit. As seen in'Fig. A-2, the magnets
are located against the inner wall of the tunnel with the utility
distribution systems‘behind_them.

Two equipment galleries are located above and to the inside .
of the tunnel; The‘galleries aré above the parts of the tunnel
which ﬁdusé rf cavitiesiof injection or extraction components.
The power suppliés for the rf systems, power supplies.for aux-—
iliary magnets, rough vaéuum pumps, and many of the centrol
system components are located in these galleries." -There is
sufficient shielding between the tunnel and the galle;ieé that
maintenénce work can be carried out in the galleries while the
booster is operating.

A utility yard outside each gallery provides space for high
voltage transforméfs and switch gear,‘the power supplies for
the ring magnét, énd the 25~kV dc power supplies for the rf

system.

Reference

Al. -Design Report, National Acceclerator Laboratory (1968).
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Table A-1
'BOOSTER PARAMETERS
Injection Energy 200 Mev
Extraction Energy 8 GeV
Average Radius 75.47 meters
Circumference Factor 1.7 meters
Peak Intensity 4.x 10'? proton/pulse
Cycling Rate 15 Hz
Injection Field 488 gauss
Extraction Field , 6.7 kilogauss

. ] . R i
Average Vacuum 5> 10 Torr
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B. Lattice and Orbits

1. Lattice

The lattice for the 96 combined function magnets in the booster
ring is divided into 24 identical periods. Each period contains
two horizontally focusing (F) magnets and two horizontallj defocus-
sing (D) magnets. The arrangement of these magnets in one period
of the lattice 'is shown in Figure B-1. There is no superperiod
structure in the booster. The injection and extraction equipment
and the rf accelerating cavities fit into the 6-m long straight
sections between the D magnets."Beam detectors and orbit correct-
ing magneté ére 1ocated at the downstream end of eachiof the
6—ﬁ‘lang mid-D straight sections aﬁd each of the i.Z—m long mid-F
straight seétions. Connéctions to the high Vécupm pumps are made
in the 0.5-m straight sections separating the F and D magnets.

The nominal betatron frequencies in the horizonﬁai and vertical
planes are vx = 6;7Vand Vy = 6.3, respectively. Thus, thefe are
no second or third-ordexr structure resonances adjacent to the
working diamond. ThereAis a fourth-order structure resonance
on the integral boundaxry atvv = 6, but no fourth-order sﬁructure
resonance within the diamond. The vertical and horizontal betatron
frequencies are made slightly different to prevent coupling betﬁeen
the radial and vertical oscillations. Multiple-turn injection
makes the horizontal emittance of the beam in the booster larger
than the vertical emittance, and coupling could cause the ﬁertical

amplitude to-grow larger than the vertical aperture.



-9- TM-405
0300

The ﬁransition energy occurs at Yy = 5.446. This is far enough
below the extraction energy that the large momentum spread and
small synchrotron frequéncy at'tranéition should not interfere with
synchronous bunch transfer to the main ring. The synchrotron fre-
quency v, = 0.075 at injection is low enough that couéling betWeen
the betatron and synchrotron oscillations is not expected to be a
pioblem.

The steel part of the magnets is made by stacking thin lamina;--
tions shaped as shown in Figure B-2. The major part of the focussing
is provided by the wedge shape of the gap between the poles. fhe
1aminationsAaie stackéd in such a way that magnets have the curvé—
ture of the beam path. However,.ail fhe 1amina£ions are'parallél
so that there is a smail amount of edge angle focussing at each
end of a magnet.

To produce the desired tunes, normalized field gradients
k = g% %g of 2.20 m T and -2.76 m L are required in the F'andlD
magnets, respectively. In addition, a.small sextupble;field
component was included iﬁ order to reduce the dependence of the
betatron frequencies on momentum.B1 The pqle tips wexre contoured
o produce field gradients on the median plane within 1% of the
design fields over .the specified "good field width" with the poles
as narrow as possible.B2 Measured normalized gradients are shown
in Pigure B-3.

After the final pole profiles had been chosen, it became
evident that there were residual erxrors in the- field shape

sufficient to cause radial and vertical tune shifts in excess



=10~ TM»405
0300

of $0.1 over the momentum width of the aperture. In order to cor-
rect for this defiéiency, special.énd shapes were consfructed-
to reduce the momentum dependence of the tune to less than
+0.1. The iesultant’effective gradient lengths fbr the F- and
thé D-hagnets are-shown in Figures B-4 and B-5, respectively.
Table B-II summarizes the results obtained from the field measure-

ments.

2. Aégrtures

| The betatron amplitude and the dispersion functionvthroughout
a perioa of the lattice are tabulated in Table B—I_and ére plotted
ip Figure B-1. The'épertures in the F aﬁd D magnets.are differeﬁt
in order to accomqudfe the different beam dimeﬁsiohs in the two
.kinds of magnets. The verticél'aéerture'is 1.64 in. in the centexr
of an F magnét and 2.25 in. 1in a D magnet. Horizontally, the
design value of thebggood fieid width" is 4.3 in. in an F magnet
and 3 in. in a D magnet.

The acceptance of the booster for a‘beam.which fills the design
horizbntal "good field width" and the vertical magnet aperture is
907 mm-mrad horizontally and 40w mm—mradhvertically., The emittance
6f the 203-MeV beam from the linac is appfoximately 107 mm-mrad.
Ideally the‘emitténce should damp according to pnl and réaCh 0.725%
‘mm-mrad at 8 GeV. The horizontal emittance is largexr when mﬁltiturn
injection is uéed. To increase the beam accepted by the booster
to 3 or 4 times the linac beam current,'the full 90ﬂ'mm?mrad hori-
zontal acceptanée is required. The corresponding emittance at 8 GeV

is 6.5% mm-mrad.
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The width and height of the beam are nearly equai in the 6-m
léng straight sections since the small value of BX nearlyvcompen~
sates for the larger horizontal emittance from multiturn injection.
The fast kicker magnets and the xf accelerating éavities, which are
located in the 6-m straight sections, have a circular aperture
2-1/4 inches in diameter. The circular apérture reduces the
horizontal acceptance below 30w mm—mrad for particles which are
not centered vertically.
The limiting aperture in the mid-F straight sections is a

circular pipe 4-1/2 inches in diameter.

3. Space -Charge

If the 407 vertical acceptance of the booster were fiiled
with beam, the boosterxr should'accpmmcdate 8 x 102 particles
before incoherent space charge effe¢£s depress the vertical beta-
tron frequency by Av = 1/4. The béém is injected into the booster
with a ve#tical emittanée of 10w mm-mrad, but at high intehsities,
it is expected that spacevchérgé will'blow.up the vertical emi£~
tance until it more nearly fills the available vertical aperture.

Space is available in‘the unused 6-m long'straight.sections
fér a cohe;ent oscillation damping system if it proves necessary.
If space charge préves to be é problem at transition, it is
planned to jump the tune with pulsed quadrupoles in the 1.2-m

straight sections.B3

References

Bl. S.C. Snowdon, NAL Report, FN-192 (1969).
B2. S.C. Snowdon, NAL Report, FN-180 (1969).

B3. L.C. Teng, NAL Report, FN-207 (1970).
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Table B-II
xm™) D m pm  Ig(m
. B G
2.204 2.917 41.211 2.904
2.767 2.916  48.488  2.942
effective dipole length at 8 GeV
effective gradient length at 8 GeV
radius of curvature of beam trajectory at 8 GeVv
1 dn

avexrage normalized gradient §; a; from 4 GeV to 8 GeV
. o _
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C. Magnet System

1. Introduction

The booster synchrotron magnet system‘consists of 48 complete
modules. Each of these modules (Figure C~1) consists of a support
girdef which carries a pair of 10-ft. long magnets (one focussing
And one defocussing), a choke,.a bank.of capacitdrs, a high-vacuum
Vion pump; é concentric set of correqtioﬁ maghets,'and é beam posi-
tion and intensity'detéctbr. This whole system of components‘waév
preassembled, ¢énhected for power, cooling andbvacuum, and com;
pletely tested out as a Working unit prior to-installationAin
the sYnchrotron'ring. o of-these moaules (which are mirror
images 6f each othery), together with a 6-meter long straight
_Séétioh form one periddvof-the;laftice. The cbmplete synéhrotron
ring consists of 24 such periods.

There are three supports for the two girders in each period.

- One of the supports is located under the mid-F straight section
in the center of a period. The mid-F eﬁds of both girders are
pinned‘to this central suéport (A in Figure C-4). Another support
is located under thé other end of each girder. Each support is
moﬁnted on two jacks, which are used for ﬁerticai alignment of
the girders, and eéch support has an adjusting s¢féw for radial

alignment.

2. Combined Function Synchrotron Magnets

Magnet Requirements. . Each pair of magnets is placed in series

with a choke, across which is a capacitor bank. The total volume
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and cost of these latter components is proportional to the peak
energy stored in thé synchrotfon magnet. In order to achieve the
cdmpact‘modular design described above, it was necessary to keep
the magnet apertures to an absolute minimum consistent with the
design intensity requirements. Consequently, iﬁ was decided to
eliminate the inner vacuum chamber and enclose the gradient
magnets in a stainless steel skin. This concepf, first used by
R. R. Wilson at Cornell,cl has now been developed to permit,éloser
tolerances to be achieved and considerébly better radiation resis-
tance and vacuum properties.C2

To avoié excgssive eddy currents_in the magnets they are
aésembled from .025"-thick transformer steel lamihatidns. .They
‘arc bonded togeéher“with epoxy‘resiﬁ. Heat—curédﬁePOxf resin
casting compounds were found to be satisfactofy; both from the
point of view of low outgassing and high radiation stability.
However, tﬁe heating cycle required to cure these éompounds
increases the danger of mechanical distortion occurring.

The accuracy requirements of the magnet are that trueness in
the horizontal plahe be within .005" overall and local deviations
less than .001"/ft., and in the azimuthal direction thé dimensions:
must be maintained within .010". The vacuum requirement is S-X 10"7
Torr average pressure with a pumping speed of 600 &/sec for each
pair of magnefs. This impliesban average outgassing rate of less
than 3 x 107  Torr liter/cm?/sec. . The required stacking factor is
96% minimum; however, in practice about 98.5% was obtained. . This

makes for better magnetic characteristics, more structural rigidity,
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and less epoxy fill, thus less outgassing and less potential prob-

lems from radiation damage.

Mechanical Design. The magnet.is aesigned to form a rigid,
void-free monolithic structure .that requires no outer étructural
support beyond that provided by a thin stainless steel.container.
The magnets are 13“ x 18" in crosS*éecﬁion and lO'llong. They
are laminated using .025" thick M-22 silicon transformer steel,
which has an insulating phosphaté coating on both surfaces.
The.stampings have H-shaped apertures with the dimensions shown
bin Fig. C-2. The coils are mede of flat pancakes,.which-are
located off the midplane and thus are shielded from excessive -
radiétion. Each magnet is "éanned" in a stainless steel skin
which has a'mulfiple‘fﬁnction. First, it is used as a vacuum
impreéﬁation containerxr; second, i£ becomes an efficient structural
“box"‘to'support the magnet rigidly;‘and finally; it provides a
reliablé vacuum seal in the event of a.crack ih thé,epoxy insulation
system‘or a breakdown in the epoxy due to radiation damage.

The magnet consiéts of about 4400 laminations stacked on the
mean radiﬁg of curvature of the beam path. At each end, 90 lamina-
tions arxe shaped to produce the propexr magnetic g:adient length
across the apertufe. Outside the end—shaped laminations is a 1"~
thick stainless steel end frame at each end. These hold theAmagnet
together mechanically by means of two stainless steel keys which
run the lengthAof the magnet and are welded to the end frames.

The keys are tight-fitting in the laminations for mechanical support

of the laminations and for electrical groundingﬂ The laminations
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are not welded but are held in place by the epoxy bonding in addi-
tion to the end frame. Beyond the end frames are "poleless"
laminations to simply fill the volume around the coil ends. The
‘outer skins are 1/16“ stainless steel top and bottom, which are
spot weldéd to the end frames. The sidewalls are 1/8" thick and
are seam welded to the top and bottom skins and plug'welded to
the end fraﬁes. The énds of the magnet enclosure éré 1/32“
covers welded to the top, béttom, and sidewalls. One end inéor—
porates a bellows and both havé thin disc flanges which are
welded and are reweldable in the event of disassembly.

The coil conductors for each of tﬁe four pancakes pass through
ceramic/coéper vacuum feed~throughts brazed to a stainless steel
plate §o that the réiiaining electrical ahd water conncctions are
made on the outside of the magneﬁ} All Four water circuits are
connected in parallel. To reduce the peaklvoltaée to ground,
the four coil pancakes are connected electrically in a'croésed
serieé/parallel arrangement,>which avoids the possibility of
unbalanced flux linkage.

Choice of Materials. The stainless steel; the stacked steel

epoxy comnposite, and the copper coils have similar coefficients

of thermal expansion to minimize the possibility of bond‘failures

during the thermal cycles which occur both during fabrication

and operation. The coils are prestressed over the magnet pole

tips to further reduce this possibility. The stainless steel

components é;e grit blasted té improve bond strength. |
Radiation resistance studies revealed that Nadic methyl

. . c . C3
anhydride epoxy has superior radiation resistance. Vacuum
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studies and its use in the Vacuum chamber of the Princeton Penh
Acceleratox proved NMA to have excellent vacuum characterlctlcs c4
Other desirable characteristics are its good bond erength to copper,
steel, and stainless steel, its long working time for impregnation,
and its relatively low cure temperature.

All voids inside the magnet are filled with tightly packed
fiberglass or with preéast pieces made from a filled NMA epoxy.
Filiefs are uséd to avoid resin;rich regions which could déveloPII
cracks. Large corner blocks at the ends of the coils are precast
using tiny glaés beads as the filler-making possible an eﬁception~
ally high filler-to-epoxy ratio of 4:l.providiﬁg low outgassing
‘and high radiation resistance. During the final stage of impreg-
nation alumina powder is added to the epoxy to £ill any remaiﬁing'
voids.

To achieve the requirements of accuracy and high vacuum, the
fixture and fabrication technique have been designed to minimize
the émoﬁnt of exposed epéxy on £he inner vacuum side of the magnet,
eliminate the possibility of trapped'volumesvof gas, minimize the
heat loss dufing the cufing cycle and keep the remaining heét loss
uniform to ﬁinimize‘aistortion of the magnet. The magnets are
produced in a.prodpction line consisting of fi&e stages:CSfCG'

1. Coil fabrication

2. Magnét stacking

3. Welding of skins and installation of coils
4. Vacuum impregnation

5. Clean up, inspection, vacuum bake-out and testing
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' The coil is wound from .460" square copper conductor with a
.250" round hole. The F magnet has 12 turns per pancake {two
layers) and the D has 14 turns. Each magnet contains four pan-
cakes which are located two above and two below the midpiane.
This permits installation of the coils.through the magnet gap.
The turn insulation is a mica-glass epoxy system ;014“ thick.
The layers are separated by .025" of epoxy—giass laminaté and
the ground wrép is three layers of half-lapped f010" glass tape.
(See Fig. C-3.) The turn insulafion is cured after winding{
whereas impregnation of the glass cioth is accomplished as part
of the final impregnétion éf the complete magnét. VThe coéper.
conductor is obtained in 1éngths up ﬁo 156' so that each’pancake
contains only one joint.

.The magneﬁs_are stacked in accurate fixtures Which apply a
pressure of 50 psi on the lamination surface. The outside of
the magnet is'painted with room cure epoxy‘to hold'thé.magnet
during movement td the next stage.

The magne£ is then moved té.allow the addition of the top .
and bottom stainless-steel skins. Following this the fouf‘pan-
. cake coils are installed and held in position, *The end skins
and feedthrough plate are then added and the whole extérnal’skin
welded and vacuum tested. To minlmiie distortion and provide
good heat transfer the magnet assembly is supported by tightly
clamped heater plétens. The entire assembly is enclosed in a
rectangular vacuum tank which serves as effective insulation.

An inflatable silicone rubber bag is installed in the magnet

gap to prevent the epoxy from coating the edgeé of the laminations.
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- The magnet is evacuated to 20 microns and heated to 45° to 55° ¢
fbr outgaéging for 24 hours; Following this, preheatéd NMA epoxy
resin isiintrodﬁcgd under vacuum with the silicone bag still
deflated. Once the epoxy-resin completely £ills the magnét;
the bag is then piessurized to 30 psi above atmospheric pressure.
This ser%es to force resin between the laminations and inﬁo all
ﬁoids.‘ After béing held under pressure loﬁg enough to accomplish
this, the epoxy pressure is relieved and the bag is forced tightly -
against the inner vacuum surfaces. Tﬁis.technique has been founé
to leave the pole faces of the:magnet completely free of resin.
The resin is then pérﬁiélly cured by gradually raising the
témperature of  the magnet to 75° to 85° C and maintaining this
. for four héurs. This causes the epoxy to gel.  The heat reguired
for this phase is érovided by passing a dc current through the
coil. The temperature'of the coil exceesds that of theAmagnet
by 5% to 8° C, thus preparing it for prestressinq;‘ The coil
teﬁperature is controlled and monitored at this time.by running
wvater slowly through the doils. Thg temperature of the magnet
and coil is then elevated to the cure temperature ofvloo to 110° C.
by added heat frqm the heater piatens. It has been found that the
coil-to-magnet differential is ﬁaintained when doing this. The
magnet assembly is then allowed to cool slowly after which the
"silicone bag is removed.
The final stage cansisté of pﬁmping the magnet at an elevated
temperature-for two weeks to drive out any excess water vapor or

other volatile residues.
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3. Alignment of the NAL Booster Gradient Magnets

The boostei alignment was‘done in three steps:

1. Establish vertical- and radial-position mohuments.in'the
booster tunnel.

2. Align magnets vertically, and radially with respect to
girder.

3. Mo?e girdexrs into corxrrect radial position by sﬁrveying
_from the m&numents.

4. Use beam position measurements to refine the alignment.

Vertical Monuments. There are 24 vertical monuments équally
;spaced around the booster tunnel, one at the Qentgf of each lon

straight section. Each monument, which is anchored to the wall,

iocates an‘opt;cél tooling scale’which'iaads vortically. All
vertical sightings were éoﬁe Qith a WILD N-3 precision level.

A typical circuit of the booster fing, conéisting of 48 sighﬁings
(two on each monument) closed with an error of .010 inch. Shifts
as great as .050 inch in relative vertical,positions of the ménu—
ments occurred over periods of several months. "Monument #1, near
the injection point, is alwajs taken as fixed.

Radial Monuments. 24 radial monuments, one at each long

straight section center; form a 24-sidéd regular poiygonﬂqf
accurately knowh'dimgnsions. Each monument, which is anchored

£o the wall, consists of a mounting'baée for the KERNS DRM-2A
Theodolite. The repfoducibility of loéating the DEM-2A or an
optical target on a monument is better than .001 inch. Monuments
are all at the same height within 1/2 inch. They were set in

place radially using the DKM-2A and a Keuffel & Esser precision
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LLOVAR tape. The angle at each vertex of the 24-sided polygon was
measured to *1 second of arc and the length of each side to *.005
inch. A typical circuit of the 24 vertex angles (48 sightings)

closed with an erxrror of 5 seconds of arc.

Alignment of Magnets on the Girdexr. Each magnet has four

precisely located reference holes (sée Fig. C~4)., The median
plane of the.magnet is established from the bottom of'these

holes. First the»girder is leveied and set to the correct

height. Then the magnets are set verﬁically. Most mégnets are
not flat. Thé amount of twist is tyéically .020 inch or .030 inch
from side tc side. Each magnet'is aligned to give zexro average
roll.

As?shdwn in Fig. C-4, there are two reference points on éach
girdexr, points A and B. The magnets are set longitudinally by
measuring from point A with an accurately calibrated metal tube.

A typical erroxr in magnet length is .025 iﬁch. A magnet is always
set longitudinally with the center in the design position. A
stretched wire is used fér the radial positioning of hagnets relative
to the girder. The wire is located with respect to points A-and B.

A precisely calibrated fixture employing a micrémeter heqd is used
to position the magnet réference holes relative to the wire.
Precision in this adjustment is .001 inch. There is some interaction
.betWeen vertical and radial movements of a magnet so several iter-

ations of both alignment procedures is required.

.Moving the Girders into Position. After the magnets are aligned

vertically and radially relative to the girder, the girders are
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moved into the correct radial position. A sight line is estab-
lished between 2 wall monumeﬁts (Figure C-5) with the DRM-2A.
Offsets.fromvthis line to the magnet reference holes are méasured
using an optical tooling scale and an optical micrometer attach-
ment on thé DKM—2A, These.offsets are set to the design value
and the alignment ié complete. The girders are moved radially
with negligible effect on the vertical alignment.
At high field ‘the optical alignment resulted in rms deviations
of the closed orbit from the center of.the magnet’aéertures by
6.4 mm radially and more than 3.2 mm vertically. The original :
élosed~orbit exror at each of the beam detectors is shown in

Figure C-6 and Figure C-7.

Closed-Orbit Correction. The closad orbit errors have been
' subgeqﬁentiy reduéed by realignment_of the magnets, The realign-
ment was accomplished by computing a set of magnét disblacements
that would reduce the largest closed orbit errors in one plane.
The magnets ﬁere'then moved by the computed amount. The closed-
orbit errors were remeasﬁred, a new set 6f magnet dis§lacements
lwas'computed, and the magnets were moved again. After repeating
this process several times in each plane, the closed orbit devia-
tions were reduced to 2.0 mm radially and 1.6 mm vertically. The

remaining closed orbit errors at points around the ring are shown

in Figures C-6 and C-7.
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D. Magnet Power System

1. Resonant Circuit

The magnetic field, used to maintain the equilibrium orbit

of the booster synchrotron has the form:

B(t) = Bdc - Bac cos 2m £t

Aside from saturation effects in the magnets, the flux
density may be considered as a linear function of the magnet

current. With this assumption, the magnet power supply has to.

generate a current of the form:

I{t) = Idc - Iac cos 27 ft

For reasons of economy, a resonant system was chosen, in
which the synchrotron magneté-resonate with a distributed capac-
itor bank. A distributed choke sysﬁém is used fox dc current
bypass around the capacitor and fof~coupling between the different
resonant cells. There are a totai of 48 resonan£ cells, each cell
consisting of an F and a D magnet, a choke 'and a capacitpr bank.
The basic resonant circuit is shown in Figure D-1. All cell com-
ponents are physically mounted so that they form a module together
with their support structure.

The Choicé of 48‘series—connected resonant cells limits the
peak voltage .to ground to 700 volts. This is imﬁortant since
the coils are in high vacuum and the magnet terminals have to'be'
brought out through vacuum feed-throughs. The magnet parameters
are given in Table D-I, and the resonant cell paramegers are
listéd in Table D-II. Each cell has-a.ﬁrimmer éapacitor that is

used to tuné it to resonance. The measurcd resonance curve 1is
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shown in Figure D-2. The chokes have secondary windings, which
are coupled to the primary windings as in a transformer. The
choke seconaariés are all connected in parallel in order to
equalize the ac voltages acfoss the cells.

The main sysfem parameters are listed in Table D-IIXI. The
voltage, current and stored energy wave shapes are showﬁ in
Figure D-3.

The resonant system elements with their stray capacitors to
grqund form a transmission line. Power supply output ripple, 6r
other disturbances of the resonant system, may drive delay line
resonant modes.‘ In oxdex to reduce the transmiséion line mode
excaitation, the powerisuppliés have been designed as 12~phése»
supplies with a basic ripple frequency of 720 Hz. The loweét
mode is.suppfeésed by conhecting one point of thevmagnét ring to
ground thfough a 50009 résistor instead of groundiné it directly.
The resistance ofVSOOOQ is.large compared to the characteristic

impedance of the ring.

2. "~ Powexr Supply

The biased sine wave for the 'booster synchrotron magnets is
generated by prdgrammed solid state power Supplies. In contrast,
the earlier rapideyclingvmachines; such as the WINA, DESY, CEA,
Princeton Penn and Cornell machines, used two separate power supplies
to generate the dc and aé Eomponents for the magnet excitation.

A total of four powex supplies aré connected in series with
the complete booster synéhrdtron resonant circuit as shown iﬁ

Figure D-1. " Each power supply has to power twelve resonant cells
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in series. Distribqting the power supplieé around the ring reduces
the dc voltage to ground.

Two powver supplies are locatgd in each of the utility yards
near the booster Qalleries. They operate directly off the 13-kV
line; Each power supply consigts of two 3-phase thyristor recti-
fier bridges connected in series as shown in the schematic circuit
in Figure D-4. Each 13-kV transforme£ has two secdndary windings
which supply voltage to the two bridge circuits which are dis-—
placed in phase by 30°. Thus the ripple‘on the dc output has a
frequency of 720 Hz. The ripple is further reduced by an L-C
filter netWork'dn the‘output of each power supply. .Freé—wheeling
diodes across the powef supply output provide a discharge path fof
magnet circuit enexgy when poﬁex is turned off.

The firipg circuits control the firing angle of the thyristors
in such a Qay that the output voltage is proporticnél to the 0 to
5 volt input sighal'providéd by.the magnet regulator. The regulator
output, which controls the firing éircuits, is a 15-Hz biased
trapezoiaal wéve.which is 'synchronized to the 60~Hz power line.

Since the dc imﬁedance of the magnet circuit is lower than the
ac impedance, the voltage would swiﬁg negatively at the cufrent
minimum if the relation between the magnet current and the.véltage
wexre linear. Howevexr, if a sine wavé is applied to the fifing
circuits, the free-wheeling diodes distort the voltage wave form
as shown in Figure D-5, and the minimum magnetic field éahnét be
controlled accurately by the thyristor firing circuits. With the
" trapezoidal Qaveform, the firing circuits maintain éufficiént

control of the minimum current, and the Q of the magnet circuit
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is high enough that the magnet current follows a sine wave.

3..'Mbnitofing

Since tﬁere is no room for magnetic field monitoring apparatus
in the.aperture of ﬁhe synchrotxon ﬁagnets, a special magnet located
in the equipment gallery ﬁas beeﬁ provided‘for this purpose.- The -
coil of fhe referenée'magnét is connected in seriés with fhé syn-
éhrotron'ﬁagnets so that ité magnetic field tracks the magnetic
" field in the ring.

.Tﬁe rate of change of the magﬁetic.field, B, is detected with
a search coil 1o¢ated_in the gap of the reference magnet} As
shown inlrigure D;G, the integraﬁed émf génerated by fhelé coil
is sampled at the maximum.and ninimum of tﬁé magnetic field cycle,
“held, and read with digital.voltmeters‘

To eliminate tﬁé effect of’dfift in the integratdr, it is
 zeroed once every'cycie of the magnet with a clamp circuiﬁ. . The
integrétor is uﬁclamped at precisely the same field every cycle

by the signal from a peaking strip mounted in the gap of the
reference magnet;‘ The peaking strip is.a strip c¢f high permeabil-
ity metal surrounded by a coil which generates a pulse whén;the
maénetic field_goés through zero. Siﬂce the synchrotronvmagnets
are biased abdve zéro field throughout the cycle; a speciél dc
‘bias winding has beén added ﬁo the reference magnet. The dc

bias is set to make the field. in the reference magnet go through
zexo and produce a pulse ffom-the peaking strip approximately

2 msec before the minimum magnetic field. A dc offset voltage
from a series resisiorAin the bias circuit is summed with the

dutput of the integrator to provide the proper-biased sine wave
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to the sample and hold circuits. The waveforms associated with -
the monitoring circuits are shown in Figure D-7.
The maximum and minimum values of the integrator output were
also used by the original magnet currént regulator. However,

this regulator has been replaced by one which monitors the magnet

current with a transductor.

4. Magnet Current Regulator

The maximum and minimum values of the magnet current are set
by digital commands from the control room. A 15~Hz sguare wave
is generated by switching between these two levels. The square
wave is then filtered to produce‘the biased trapezoidal wave input
to the thyristor firing circuits for the four power supplies. The
switching is cohtrdlled_by'the booster clcck"ﬁhich is synchronized
with the 60-Hz power line.

The magnet regulator contains two loops: a loop to correct
for slow changes such as temperature variat;ons.in'the magnets
and a loop to compensate fast changes such as fluctuations in
the line voltage.Dl The fluctuations in the maximum current
from cycle to cycle must be held below AL/I = 10*4 to keep the

momentum of the beam steady enough for rf capture in the main

15 4

ring.} The tolerance on the minimum current is AI/I = 2 x 10
Figure D-8 is é schematic of the regulator circuit. The
error signals for slow regulation are derived by comparing the‘
command voltage settings for the maximum and minimum currents
with output of a transductor which measures the current in the

' magnet. The transductor output is sampled and held at both the

maximum and minimum currents which are determined when the emf
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generated by the B coil crosses through zero. The held levels are
subtracted from the.coriesponding commands to derive erroxr signals
for the maximum and minimum currents. The error sigﬁals are then’
summed with the cbrresponding command voltages to produce the two
input levels to the 15-Hz switch.

For fast regulation, a si,...1l proportional to the sum of the
~output voltages of the.foﬁr power supﬁlies is suﬁmedlwith-the
15-Hz trapezoidal wave output of the éurrent regulator, and the
combined signal is used to control the firing of the thyristors

in the main power supplies.

Reference
Pl. A.R. Donaldson and R.A, Winje, Proceedings 1973 Particle

Accelerator Conf., San Francisco.
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MAGNET PARAMETERS

Excitation
Magnet current at extraction
Magnet currxent at injection

Peak current density in
magnet conductor

Peak ampere turns
Nomber of turns
Inductance at peak field
vdc resistance

Maximum ac voltage

dc voltage -

Peak stored energy

dc power loss

ac power loss

i1 = 548 - 475 cos 2mw 15t

1023 A

74 A

3148 A/sq in

D Magnet

¥ Magnet

28631 24541
28 24

10.2 mH 10.2 mH
15.2 mf 13.6 mﬂi
455 VvV 455 v
8.7V 7.5V
5.34 kJ 5.34 kJ
4.8 kW 4.1 kW
}3.6 kwA 3.2 kW
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Table D-II

RESONANT CELIL PARAMETERS

Number of resonant cells
Number of magnets per resonant cell
Number of chokes per resonant cell

Number of capacitor banks per
resonant cell

Magnet inductance per cell
Choke inductance per cell
Capacitance pér cell

Magnet dc resistance per cell
Choke dc resistance pex celi

Magnet effective ac resistance
per cell ' ’

Choke effective ac resistance
per cell

Choke Q

Peak voltage per cell
Maximum voltage to ground
'Magnet péak stored energy
Choke peak stored enerxrgy
Capacitor peak stored energy
Magnet ac power loss

Choke ac power . loss
Capacitor ac powver loss
Magnet dc power loss

Choke dg powex loss

TM~405
0300

48

1F, 1D

1

1

20.4 ﬁH_
40 mH
8341 uF
29.5 mQ
25 mf

60.3 mfN

24 mi

40

826 V
710 V
10.68 kJ
12.5 kJ-
3.6 kJ
6.8 kW
2.75 kW
1.0 kw
8.9 kW
7.5 kW
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.Table D-III

TOTAL SYSTEM PARAMETERS

Total magnet stored energy

Total choke stored energy
Tofal‘cépacitor stored energy

ac power losses

dc power losses

Number of distributed power supplies
Power supply peak voltage
Power supply peék current
Total dc resistance of ring

Power supply filtex
Capacitance (5 x 480 uF)

Inductance

TM-405
0300

512 kJ
600 kJ
173 kJ
510 kW
720 kW

. :

8S0 Vv
1023 aﬁps

2.6

2400 uF
1 mH
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E. Corrxection Magnets

1. Introduction

The errors in.the'magnet structure can be divided into two
categories. These are dc errors, such as remanent field effects
and stray.fields which remain constant dufing the cycle, and ac
errors which can be assumed to bé porportionai to the proton beam
,momenturmn. The secénd categoxy'résults from variations in efféc—
tiVe'length, magnet tilts and misalignments, etc.‘ The ac erroré
will be corrected by réalignment of the magnets.

Fof closed-orbit corrections, tuning at injection, and
suppression of horizontal-vertical coupling, a correction-magnet
assembly consisting of a horizontal and a vertical dipole; a
.quadrupole, and a skew guadrupole is placed in each shortrand
each long straight sec¢tion. The.correction elements provide
dc compensation for the low-field errors. An air.core design
has been used in order to preserve the future possibility of

pﬁlsing them to higher field level.

2. Dipoles for Closed-Orbit Correction

The dipoles are designed to introduce a bend of 1.4 cm
in 10 m (the diétance separating successive trim magnets) at
injeétion. This requires a bending length of 3000 gauss-cm.
The dipoles are individually controlled. The low field closed
orbit can be corrected with localized orbit displacements
- produced by dipoles in three successive mid-D straight sections

or three successive mid-F straight sections. . The currents in
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the three correcting dipole magnets are set in the proper ratio
to produce the localized orbit displacement by the control
computer, and the amplitude of the bump is controlled by a single

knob.

3. Quadrupoles for Tuning at Injection

The design requirement here is to‘provide for tune shifts of
.6 at injectionfi This amount of shif£ can be obtainéd by a
gradient of 8.9 g/cm (fB'dR = 220 gauss) in the quadrupoles in
the long straight sections and 5.6 g/cm (/B'd% = 138 gauss) in
the guadrupoles in the short straight sections.

For multiturn injection it is desirable to lower the radial
tuﬁe as clgse as possible to the stopband at Vo = 6.5. There is
a possibility of beam deterioration from space cha
since the vertical tune may be reduced below 6.5 at injection

and the half integral stop band at v

Bt

6.5 crossed later during
the‘cycle. Therefore, removing the thirteenth azimuthal harmonic
of gradient errors may become important. Separate control of all
48 trim quadrupoles proviaes the greatest flexibility.in proaucing

any harmonic and phase that might be desired.

4. Skew Quadruvoles

Twistiné of the magnetic median plane, stray fields, and
azimuthal fields lead to coupling of the horizontal and vertical
oscillations. The coupled motion will be unstable if
v o+ vy = integer (sum resonance). As mentioned earliér, both
the horizontal and the vertical tﬁng may be in the vicinity of

6.5 at injection, in which case v, * vy = 137
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The hdrizontal field component which is present in a twisted
magnet can be compensated for by skew quadrﬁpoles so that there
is no netihorizontal field component present when averaged around
the rihg. It would require 24 skew gquadrupoles (33 cm long)
with a gradignt.of 2.4 g/cm to cancel the effect of all the F
and D magﬁets being rotated 5 mrads assuming that the horizontal
fields‘ﬁhus produced were in the same sense. This rather adverse
situation is ﬁnlikely, of course, but it becomes somewhat‘imprac—
tical to construct quadrupoles with gradients ﬁuch smaller than
this;. The thirteenth azimuthél harmonic should, ih’fact, be
provided by the skew quadrupoles Wlth variable phase to canpe*
thls coupling resonance.

The OlfJQlPHCG resonaice whlch occurs when vx =V does.not
syroduce an. unotdble orblL, but vhcn thele is magnet twist preseﬁt,
the vertical and horizont a1 oscn]ldtlons will none the less be
coupléd. This has been observed to lead to some disturbing
effects when trying to tune the beam at other installations.

To coxrect this, the zeroth harmonic is ali that is nécessary

in the skew quadrupolés.

‘5. Mechanical Design

Each correctidn'magnet assembly consists of a horizontal
dipole, a vertical dipole, a guadrupole, and a skew quadrupole.El
The magnets are all air core. The coils for all four magnets are
nested concentrically.arbund é 4—1/2~inéh beam pipe as shown in
Figure E-1. The'parameters'for the correcting magnets are listed
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In manufacturing the magnets, oval-shaped goils of insulated
vwire were wound in flat layeré. The layers were then rolled to
the proper. radius and bonded together with radiation—resistént
epoxy. Individual coils (four for each gquadrupole and two for
2ach dipole) were mounted on the vacuum pipe after the pipe was

installed in the tunnel and vacuum-tested. The coil assemblies

are supported by brackets attached to the ring magnet support

girders.

6. Power Sunplieé

A powér supply for half the correcting magnets in the boostér
.is located in each of the equipment galleries. The <urrent to
each individual magnet is controlled by a separate regulatoxr.

PR T N -y
controlled individually,

)

Thus the current in the magnets ca:

V!

-,
Jox

P

(

or the control computer can be used to control them in any grouping
desired and maintain any desired xratio of currents between the

magnets in a group.

7. Sextupoles

Sextupole-correcting magnétS’were not included in the original
‘désign. Recently, however, twelve air-core sexfupole magnets
of the type uscd in the main ring have been installed to‘eliminate
beam losses which.were obsexrved to occur just béfore trénsition
when the intensity is above 1.5 x 101! particles/puise.Ez, A group
of four sextupole magnets is loéated in each of three 6-m long

straight sections,. which are located symmctrically in the lattice.

They are operated de, and the maximum strength of each magnet is
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SB"d% = 9.15 kG/m. -All twelve magnets can change the chromaticity
Av_ /v ;

P = 3p/p
The sextupoles are all connected in series and are driven from

by 1.4 at 200 MeV, but half this much is sufficient.

a single dc power supply.'

8. Higher—Order-Corrections

Resonances of order 25 can generaily be-ignored. Fourth-order
sum resonances could give trouble undei certain conditidns althoﬁéh
no such resonance has béen pinpointéd to date in the existing
machines as caﬁsing trouble. Therxe is a fourth-order sum resonance
rightbthroﬁgh the bodster.operating point. This woéuld be driven
by the 24th azimuthal harmonic exror. The correction for such
an effect would be thained by octupole magnetéf As has been
the case at other installationé; this and othex neafby hi§h~order
resonances are not éxpected to appear with any serious conseguences,
however, there is spacé available in long stréight.sections should

they be necessary.

References

El. R. Juhala, International Symposium on Magnet Technology,
Brookhaven National Laboratory (1972).
B2. E.L. Hubbard, R.E. Peters, and A.G. Ruggiero, 1973 Particle

Accelerator Conf., San Francisco.



Inner Outer Wire Tarns/ Total . /BAL or

Magnet Radius Radius Size Section Resistance Current /B'dsL

cm cm § A _

Quadrupole 5.87 6.22 18 RD 259 14,1 1.01 220 g -

Skew Quadrupole 7.14 7.40 20 RD 118 1L.1 27a 24 g
Inner Dipole 7.62 ° 10.0 13 8Q . 496 4.03 3.24a 3000 g-cm
Outer Dipole 10.16 12.57 ;l S0 455 2.32 5.6 a 3000 g~cﬁ

Sextupole 7.0 0.1 40 15 kG/m
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FIGURE E-1

. cross-scctional view of a typical assembly of four t;im magnets.
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F. Vacuum System

1. Introduction

Gas scattering should not be significant in the booster for
pressures below 2 X 1070 Torx, and there has been no difficulty
in operating the booster at 1011 protons/pulse with pressures as

high as 5 x 107 °

Torr at several places in the ring. However,
sufficient pumping speed has been providéd to reach 5 x 10"7 Torr
in order to avoid coherentﬁbeam oscillation phenomena at high
intensities. This pressure is reachédvﬁy pumping each pair of
magnets with a 600 1/sec sputter-ion pump. A 160 1/secc tﬁrbo~
molecular pump is useé to rough the fo@r magnets in each period

to 5 ;~:-10m6 Torr before starting the ion pumps.

>Maqnet Vacuum

The magnets in the booster synchrotron are excited with a biased
fifteen-cycle alternating current. If a continuvous metal vacuum
.chambexr were mounted in the magnet aperture, eddy currents would
limit the wall thickness to about 0.005 inch. & metal chamber with
walls this thin would require ribs or some other supporting mechan-
‘ism to prevent it from collapsing. Ceramic vacuum chambers would
héVC been very expensive and detracted considerably from the beamn
aperture. Thesec cOﬁsiderations led to the design of aAmagnet that
does not require a separate vacuum chamber.C2 Leaving out the
'interﬁal vacuum chamber appreciably reduqed the energy stoféd in
the magnetic field and led to substantial savings in thé cost of

the plant and the resonant power supply system.
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The coils and steel laminations for the H-frame booster magnets
are enclosed inside a vacuum tight, - stainless steel skin similar to

the one used at Cornell.cl

At NAL, the'eptire éssembly is bonded

together into a single monolithic structure by vacuum impregnation
of the magnet using the stainless steel skin as the impregnation
"fixture." After impregnation, the edges of the laminations, the
bonding epoxy, and the coils together form the effective walls of
the vacuum chamber. The outer stainless envelope ﬁrovides proteé—
tion agains£ leaks through the stack of laminations.

The interior surfaces of the magﬁets are paintea with a con-
ductive coating of graphiﬁe to remove any charged particles thet
might accumulate. After impregnation and painting, the magnets
‘wexe outgassed by baking theﬁ under vacuum at about 150° F for
nearly tﬁo weeks, before integrating‘them into the final vacﬁum

. systemn.

3. Vacuum Joints

As the system will be in the high radiation environment,
weldéd joints‘haVe been'used wherevexr possible. Sheet-metal
disc type flanges which can be cut and rewclded several times‘
are used at the magnet ends. A semi-automatic cutting tool has
been developed for a quick; chip~free cutting operation of‘the
flanges. The more frequently opened joints, such as on top of
pumps and near gate valves, are of quicdeisconnect type. -indium
coéted metal C-rings are used in all demountable joints close to

the beam lines. However, for seals considerable distance away from
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beam lines, and for initial temporary operation, polyurethene
O-rings, which are interchangeable with the C-rings, are extensively
9

used. Polyurethenc is expected to withstand 10~ rads before being

damaged by radiation.

4. Vacuum Pumping System

The entire booster vacuum chamber is divided into eight sectors,
sepérated by bellows-sealed gate valves. Any SeétOr can be evacuated
or let to air pressure independent bf the rest of the booster ring.

The booster sysfem_is further subdivided into 24 periods, each
consisting of 4 magnets mounted in pairs on two Suppbrt girdérs.

A schematic diagram of the vacuunm system for one period is shown
in Figure F-1l. Each pexriod is provided with one turbomoleéular
pump located in the‘spacé betwéen the two girders. A sputter-icn
pump is located centrally on each girder between thé,two magnets.
Additional ion pumps are located in straight sections containing

rf, injection, or extraction equipment.

High wvacuum pumpinq is provided by the SpUtter—ion purps which
have a nominal pumping speed of 600 l/sec at the normal voltage
éf 4.75 kV. Half of th¢ pump elements are diffe;ential'elements
with one tantalum cathode for stable pumping of inert gasés. ‘Each
pump has an indépendent power supply capable of dual rated voltage
operation at 4.75 kV and 8 kV. This feature permits enhancement
of the.pumping speed by about 30% at 1 :’{J.O_6 Torr. A provision
is made in the éonstruction of the pump for insextion of a water-
coolcd sublimation pump at a later date for short-term cnhancement

of the pumping speed. However, this has not been necessary.
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Intermcdiate stage pumping is accomplished by 160 1/sec Welch
vturbomolecula; Pumps. The system is pumped down from 200 p to
about 5 x 107> Torr with the turbos before starting the ion‘pumps.
Besides intermediate pumping, the turbomolecular pumps also provide
additional high-vacuum pumping when needed. Thé turbomolecular
pumps can be isolated from the magnet vacuum system with 3"_bellows—
sealed gate valves when they are not in use. The turbo mount 1is
designed td swing out for a quick removal of the pump to facilitate
 i£s maintenance in radiation environment. A 55° F. LCW water facil-
ity in the booster is used to cool the turbos. All of the turbo-
molecular pumps in each-sector.afe coﬁﬂected to a common 2-inch
forevacuum line. The forevacuum line for each sector is connected
to one of the four roughing stations located permanently at each
corner of the two equipment galleries‘above the magnet énclosure.

Each roughing station consists of a 157-CFM Roots-blbwer, backed

by an 88~CFM oil-sealed rotary mechanical pump. The Roots blower
is inéerlocked to start automatically when the system is pumped
down to about 2 Torr by the mechanical pump. The roughing pumps
up in the galleries can be connected either directly to tﬁe high
vacuum chamber down in the tunnel by 3-inch diameter pipes or to
the forelinesf Drf N, is introduced through the roughing pipes to
bleed up any sector of the magnet system or a sector of foreline.
The system roughs a sector of the magnet system down to about 200 H

in approximately 15 minutes.

5. Performance Data

The booster vacuum system has been in operation with the entire

accelerator under vacuum since December 20, 1970. After 1-1/2
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months of operation, many sectors reached an average pressure of

less than 1.2 x 10~G

Toryx with.6 to 8 x 10—-7 Torr in some regions.
‘During the initial operation, various sectors of the Qacuum system,
inevitably, had to be: let up to dry N2 freguently to install or
troubleshoot some machine components. After a year of operation,
the average pressure around the ring was 5 x 10'~7 Torr. The
above-mentioned bressure has been obtained with the sputtex-—-ion
pump power supplies operating at a nominal 4.75 kV.

The bump~down ﬁime haS‘considerably-improved since the.system
was initially put into operation. After the system had been in
operation for 1-1/2 months, any sectoxr could be pumﬁed down from
étmosphere (after exposing to dry N, for 15 minutes) to a maximum

: =4
» R 3 . . -2 . . . .
opéralting pressure of 1 x 10 Torxy Iin apoui 5 hours. A typical

pump-down time of a sector is plotted in Figure 2. After a year

- -
of operation, a pressure of 5 x 10 ° Torr could be reached in 2
to 3 hours. It takes substantially longer if the System has been

open for a day or more.

Reference

PR

¥l. E.L. Hubbard, W.B. Hanson,'rand U. Patel, IBEY Trans. on Nuclear

Sci., Vol. NS-18, No. 3, p. 654 (1971).
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G. Beam-Position Monitors

A beam-position monitor is located in each 6-inch long straight
section and.each 1.2 m straight section in the booster ring. The
monitbré are rectangular ferrite core transformers with windings
on each of the. sides as shown in'Figure'G-l. They have a fréquency
response of from 4 kHz to >100 mHz with a sensitivity of 100 uv/ma.
The beam aperture in the cores in the 6~m long mid-D straight sec-
tions is 3 x 3 inches, and the aperture in the cores in ﬁhe mid-F
straigﬁt sections is 2 x5 inches. Interaction betWeen horizontal
and vertical position measurements is negiigible ové: the a?erture
of the booster. The 1owarequenéy response required to give good
fidelity on coasting beam reguires 10-turn windings. In order to
achieve a flat response through 100 mHz, each winding is bifilar and
center tapped to give a balanced system. "Curirents through opposite
~pairs of windings are monitored both in phase and differentially
as sﬁown in Figure G-2 to provide a SUM output, a horizontal differ-
ence output, and a vertical difference output.. The detectors are
mounted inside the vécuum chamber, and the signals are brought
‘through vacuum~tight feedthfough'insulators.

Each output is connected with a relay to one of three cables
which run around the ring and up to the gallery to amplifiers.

Any output signal caﬁ'be selected by closing its relay and mbﬁitored
with an amplifier to provide video information. The beam-position
transformers can also be used with the detector circuit shown in
Figure G-3 which proviaes dc voltages proportional to sum, vertical
difference, and horizontal differcnce. This system lcoks:at a gap

in the beam and thus operates at the revolutioch- frequency of the
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booster. The dc signals are digitized and read by the control com;
puter. In the computer, the difference signals are normalized by
dividing thém by the sum signal in order to give position data which
is independent of_the beam curxrent. The,calibration of the normal-
ized position outpﬁts is given in Table G-I. The computer can
automatically select each detector.in sequence and display the

position of the closed orbit vs. the location in the ring.

Table G-I

CALIBRATION OF NORMALIZED POSITION SIGNALS

- Aperture
LV An Lin. = in.)
6m 3 2 o o / .i 2 8 {3 S 3 . 3 3 -
Long St. s PUm/an. % Sum/in. x
-1l.2m .

=3 1 [-% : =
Short St. 30% Sum/in. 23% Sum/in. 2 x5
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H. Radio-Frecguency Acceleration System

1. Introduction

The proton beam in the booster synchrotron is accelerated by
16 ferrite-tuned cavity resonators. Each cavity is driven by a
100 kW xf pover amplifier which receives its dc powei from a series
tube modulator. Figure H-1 is a schematic diagram showing the
major components of the acceleration system. The major paraneters
of the system are listed in Table H-I.

The 16 cévities are grcuped in pai;s. Each pai}Ais mounted.on
a girder in one of the 6-m long straight sections in the booster
magnet lattice as shown in Fig. A;l.v The rf power amplifiers and
the ferrite tuners are mounted on the rf cavitiés in the tunnel.
The low level rflcomponents}‘the tuner bias supplies, the modﬁlatérs
for the power amplifiers, and the contrcel circuits are located in
the egquipment galleries above. The 25-kV dc powexr supplies for
the anodes of the rf power tubes are located outdoors in the
utility yards.

The final freguency at 8 GeV is approximately 52.8 mHz and is
precisly matched to the rf frequency of iheimain synchrotron in
order to permit synthonous transfer of the booster beam bunches
into the main ring rf buckets. This final frequency is the 84th
harmonic of the ievolution frequency of the 8-GeV beam around the
"75.5-m radius booster ring. The frequency at injection into the
booster, when v/c = 0.57, is 30.3 mHz. During accelcration, thef
frequency musf follow the change in velocity of the protons.' An

approximate rf frequency program is generated by a function generator.
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Corrections to the frequency program are made by a slow fecedback
loop which keeps the beam at the cofrrect radial positioﬁ in the
aperture and»by a fast feedback loop which damps the phase oscilla-
tioné. As the rf frequency changes, the cavities-are tuned to
resonance by varying the current in bus Ears which linkvferrite
‘rings in the.tuners.
Thé rf voltage program during the acceleration cycle of the.
booster has two phases. - The first is the beam capﬁure phaéé.
The 200-MeV beam from the linac debunqhes comgletely in approxi-
ﬁately one revolution. Adiabatic capture of the beam is then
accomplisﬁed'by turning on the voltage in 16 stepé,'one fox each‘
cavity. . In about 150 usec, the voltage steps frdm zerb to é final
value of 100 kV per turn. At the end of this phase, the beam has
been capturedeith'negligible dilution in a stable phase aréa
("bucket"). ﬁhbse nomentum width is about twice that of the beam

from the linac.Hl

The reasonvfo; a stepWiée turn-on rather than
é linear rf rise is fhat the rapid steé rise crosses the multi-
pactoring voltage range of the cavity qguickly, preventing the
buildup of a secondary electron cascade.

The second is the acceleration phase of the voltage program.
This phase lésts 33 msec (1/30 second). Under conditions of con-
" stant bucket area and sinusoidal energy gain vériation, the necessary
voltage rises to a maximum of 810 KV per turn just before thé middle
of the acceleration period and drops monotonicélly to a lower valué

at the end. The time variations of .the-voltage and other acceler-

ation parameters are shown in Figure H-2. The voltage program is
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based on an injected momentum spread Ap/p from the linac of

0.8 x 1073, (During the present operation the momentum spread

is not this small. Therefore, some improvement in becam can bhe

expected if, for example, a linac beam debuncher were operating.)
At design intensity, the average beam current at 8 GeV is

0.3% A, corresponding to 3.8 x 1012

protons circulating in the
booster. To minimize phase and amplitude fluctuations of the
cavity accelerating fields undexr beamr loading, a wide-band feed-

back loop is planned.H2 This feedback ioop is not installed at

the present time.

2. RFE Cavities

Figure H-3 is a cut-away drawing of a booster rf cavityv with
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cavity contains a drift tube whose elecltrical length is 140°. There

s an acceleralting gap at each end. The drift tube is a tapered

R

copper structure with a 2-1/4" i.d. beam pipe in'the center. An
alumina insulator near each end of the drift tube provides a
Vacuum~tight rf window. Only the beam pipe inside the drifit tube
and the accelerating gaps at the ends of the cavity are ﬁndér
vacuum. The central part of the cavity and the tuners are at
atmospheric pressure. The rf parameters of the cavities are

listed in Table H-II, and the power reguirements at various times

in the cyCle are shown in Figure H-4.

3. YFerrite Tuners

Threce tuncers are attached to cach cavity. The tunhcrs are

coaxial transmission line structures with -shorted ends. The
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center conductor of each tuner is connected to the center of the
drift tube in the accelerating cavity, and the tuners are part of
the'resonatiné structure. fhere ;re 28 toroidal ferrite cores
mounted in the xf field between the inner and outér conductor of
the tuner.H3 Ten-turn bias windings (not shown in Figure H-3) pass
through the center conductor of each tuner and link the ferrite
cores. The reactance of the tuners and;_éonsequently, the resonant
freqﬁency of the cavity structure are controlled by varying the
current through the bias windings. The relationship between the
bias current and the resonant freguency is shown in Figure‘H—S.
Other parameters of the tuners are listed in Table H-IT.

The tuner bias current for each cavity is supplied by a thyristor
xectifier circuit. A Eomputer controllea core m;mory'curve gener—
ator produces two waveforms for controlling therthyristor'firingA
and a shugﬁ transistor bank regulator.ﬂ4 Each waveform is used
to program the resonant frequency of eight of the cavities. Differ-
ences between individual cavities ané differenceé between the
programmed resonant frequency and the rf drive frequency are
corrected by a feedback loop for each cavity which strives to minimize

the phase difference between the rf drive and the cavity fields.

4. RF Power Amplifiers

The 100~kW rf power amplifier is mounted on top the cavity
resonator as shown in Figure H-3. The anode circuit of the 100-kW
power tube is an integral part of the resonant stiucthre; The xf
connection from the anode of the PA to the drift tube in the cavity

was made through twelve 250 pI 3Q¥kV blocking'capacitors. Heating
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caused by parasitic modes in the array of 12 blocking capacitors
linited the booster operation to an avérage rate of 1 cycle/sec.
In oxdex to.o§erate the booster for 13 cycles every main-ring
cycle, these blocking capaciters have been replacéd with a single
1000 p¥, distributed blocking capacitor with alumiﬁa dielectric.
The gt lead comes through the field-free region inside the inner
conductor of a tuner and up through the inside of the drift tube
to the anode of‘the power tube. A cross-section of the amplifier
is showﬁ in Figure H-6.
| The 100-kW rf output is achieved with a casccde power stage
using an Eimac ¥567 (4C%100,000E) tetrode.HS The ﬂriver sectiop
of the cascode stagé Consists’of 14 Eimac 4CW800F tetrodes connected
in parallel To provide = qn§+a$1évfrequencv response in the range
from 30 to 53 MHz, a lossy powdered iron inductoxr has been inserted
between the two halves of the caécade stage. The 2-watt input to
the power amplifier is amplified to 100 watts by ‘a 6-tube distributed
amplifier which drives the cascbde stagé.: The gain of the power
amplifier is flat over the operating band from 30 to SSFMHzn

:Sincc the accelerating voltageAand the cavity input:impedance
S vary over the booster cycle, the power output of ‘the amplifier is
programmed. The anode voltage>of the output power tube in each
amplifier is controlled by a 25-kV seriés tube modulator using a
¥567. The rf‘current.gain of the cascode stage is varied by modulat-
ing the current through the 14 cascode‘drivcr‘tubes. A waveform for
all the dc anode voltages and a waveform for the cascode bias of

all the amplifiers are gencrated by the core memory curve generator.
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Two 30-kV rectifiers operating directly off the 13.8 kV power
line supply the dc voltage to the modulators.  Each rectifier unit

supplies 8 modulators.

5. Booster Low-Level RF System

| The low-level rf system (LLRF) provides the correct"pﬁase
relation between the circulating beam bunches and the accelerating
‘cavity gap voltage. This phasé angle is continuoﬁsly adjusted to
maintain'the required rate of energy gain. The frequency program
to achieve this is shown in Figure H-7.

The 2-watt signal from the low-level systen has.a conétant
‘amplitude throughoutvthe cyclé;A It is split two ways, one signal
going to the West Gallery and one sighal to the East Gallexy.
There the signals are each split eight ways ang theﬁ amplified
to provide 2 watts of drive for each of the 16 po?er amplifiers
in the tﬁnnel, The fan—oﬁt system provides the proper phase
shift between the low-level system ané.each of the powvex aﬁplifiers.
In the LLRF, the freguency source is a voltage controlled

oscillator (VCO). It is programmed to an approximation of the
ideal frequency with a digital.waveform generator—--Figure H-8.
Values of frand the times at which they start are stored in a’
digital memory.‘ Wﬁen the memory cycle is initiated, thé values
are read out.at the appropriate times .and converted to a voltage
level to form an approximation to the f curve of Figure H-9.
This cuxrve is intecgrated by a precision integrator in which the
initial condition or startigg freqﬁenc? (fO) is set through the
digital control system. The integrator remains clamped except

during the acceleration cycle when it provides the appropriate
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bias to the VCO to generate a first-order approximation of the
desired frequency. A second input to the VCO permits fine tuning
of the freguency by the beam feedback loops.

A second frequency program generated by the VCO sweeps 10 IMHz
above the freguency used for acceleration. It is used as the
“local oscillator® in both radial and phase-measuring systems
whiqh employ the superhetero&yne principle to maintain the high
signal-to-noise ratio inherent in a swept narrow band detector.
ﬁdth output channels are amplified to produce an output of
2] *1d4B into 50 ohms.

Two coaﬁial beam current transformers are used to measure
the beam~cavity phase. Theée transformexrs use ten Ceramic
Magnetics NM~66 ferrite rings Lo achieve a bandwidth of ¢ Xhz
to 300 MHz and a sensitivity of 4~mV}mA.

The position transformers used for beam steering are a ferrite
picture frame configuration with ong coaxial tu;n‘bn éach side.
Currents thfough both turns are compared both in phase and
diffeientiall§ with commercial current transformers to provide
signals precportiocnal to current and current times position on 500
odfput. The beam current output (2) has a sensitivity of 5 mV/ma
and the differential output (A) is 10% of the sum per cm. The
output is independent of vertical posiiion ovexr the useful aper-
ture of the machine.

In the phasc-measuring system both the rf signal representing
" the gép voltage and the output from the beam current transformers

are mixed with the 40-63 MOz “local oscillator" output from the
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VCO to produce two 10 MHz outputs which have amplitudes propor-

£ional to the swept inputs and maintain the same phase relationship

‘as their swept counterparts. Both voltages are limited to provide

constant amplitude signals whose phase differencé is proportional

to the beam-cavity phase. A dc voltage proportional tovthié

phase difference is produqed by a conventicnal 4-diode phase

detector. The system provideé a linear measure of phase from

-0 to 7 to within #2° and is insensitive to beam current chénges.

The measﬁrement of radial position'réquires the accurate

. measurcements of the rf voltages from the pqsition transférmer

and the normalization of those measurémentsf Signal detection

is carried out in mﬁch the same way as in the phase measuremeni
with only & few variatioﬁs (see Figure H-lO). As .efore,'béth
swept inpu{s (L and A) are éonverted to ld MHz>signals. The I
is split. into two channels, Qne of which is limited to sexrve as
a réference which drives two 4-diode mixers.as synchronouvs detectors.
This configuration provides linear and polarity—sensitivé‘detection
for the 2 and A inputs. An implicit analog divider provides the
reguired VAX‘= A/L. The system has a sensitivity of 1 V/cm ahd
provides reliable information to better than 1 mm. Position read-
out remains indepéndent of intensity over a 30~1 range of beém
current. Sensitivity is rédﬁced at higher currents by means of
external éttenuators.

In the beam-control sysﬁem, only one dc coupled loop is used--

radial position (see Figure H-1l). A-high-pass filter with a

cutoff of 300 Hz in the phdse loop removes the dc component of ¢é.
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This is done to make the position independent of cavity voltage
except for variations within the passband of the phase loop. In
this ferm the loop serves to damp coherent phaseAmotion.(even
throggh transition). The dc component of ¢s is established by
radial feedback only. The beam can be steered during the acceler-
ation cycle by comparing the positionivoltage to ‘that of a model
produced by the digital, stored-program waveform generator.
The error between actual position and the model shifts the fre- -
guency to bring ¢s to the value required to maintain the desired
radius. Loop gains are programmed throughout the acceleretion
cycle by the stored-program function generator. The sign of the

radial position error is changed at transition.

6. Synchronization with the Main Ring

When the beam is transferred from the booster to the main ring,
the rf beam bunches from the booster are captured in empty station-
ary rf buckets in the main ring.HG' To synchronize the two xf
systems, the main ring rf signal is transmitted to.the rhase lock
unit in the boosrer low-level rf system. The phase lock circuit
monitors the instantaneous phase difference between the main ring
rfleignal and the rf beam bunchesvin the booster. The booster
frequency programeis tuned to make the booster frequency equal
to the main ring frequency about 1 msee before extraction.

As the booster frequency approaches the main ring freqﬁency,
the gain of the booster radial position feedback loop ie programmed

to 0, and the phase lock circuit is enabled. The phase-lock circuit
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generates a mﬁdel signal whose initial value is porportional to
the phase difference at the time phase lock is initiated. " Before
transfer, the model signal decayé to 0 in a predetermined way.
The difference between’ the model signal and the actual phase
difference provides an error 51gnal which is used to rcauce the
phase difference to 0 by adjusting the booster frequency. This
process produces a constant relative phase differeﬁce bepween'
the booster beam and the main ring buckets from cyclé to cycle
of the booster.' A phase shifter in the line froﬁ the main ring
to the boostér is adjusted to center the beam bunches in the
main ring buckeﬁs.
The main ring xf frequency is fixed at 52.813 MHz while

successive batches of beam from the booster are transferred to .

the main ring. The revolution freguency o©of the beam circulating

0]

in the main ring must be equal to the rf frequeﬁcy'divided by
lllé to keep the beam centered in the stationary rf buckets. The
correct revolution freguency is mainfained by feeding a signal
from the main ring radial position detector back to the main

ring magnet regulator and trimming the magnetic field to hold
the correct radial position.

The loﬁgitudinal phasé space is matched with a maih ring xE _
voltage of 1500 kV‘ana a booster rf voltage at transfer of 305 kV.H7
Howeyer, with the booster rf voltage this_low, beam is sometimes
lost from the buckets during the phase locking process, ahﬂ the
sy§tem ié u§ually operated with higher rf voltages in the boostexr

at extraction.
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Transfer of the beam from successive 15-Hz booster cycles mus£
be timed in such a way that the beam is stacked end to end around
the circumference of the main ring. During the stacking process,.
the beam circulating in the main ring is held in'stationary rf
buckets. To keep track of the beam injected into the main rihg
on previous cycles, a marker pulse is generated every 1113 cycles
of the main ring rf accelerating ﬁoltage. This pulse marks the
time of succeséive revolutions of the beam éirculating around the’
main riﬂé since-lllB is the harmonic number of the main ring.
The booster gxtfaction system aﬁd the main ring injecﬁion
system are triggered by the first revolution marker pulse after
a pulse from fhe boéster timing systemn inaicates fhat the bocster
hezm haa reached +he exiraction énerdQ, Thus, the booster extrac-
tion'timé jitters from cycle to cycle by up to 21 usec, the time
of one revolution of the beam around the main ring.
After each transfer of beam'to_the main ring, the marker is
- delayed 1.6 usec, the time of one revolution around the booster.
Thus, injection of beam from the next booster cycle starts just
after beam from the préviousvcycle basses through the main }ihg
inflector. Since the main ring rf voltage is turned on before
transfer of the first booster batch, the revolution marke: ini-
tiates the traﬁsfer’of the first batcﬂ in the same way as the

latexr ones.
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Table H-I

PARLKMETERS O TINJECTOR-SYNCHROTRON ACCELERATING STRUCTURE

Total Number of Cavities 16

Cavity Length 2.4 m
Total Léngth of Accelerating Structure 38.4 m
Total Peak Power.Delivered to Beam 265 kW
Total Peak Ferrite Losses 830 kW
Total Weight of Ferrite 6,720 1b.
Injection Frequency 30.067 Miz
Ejection Freguency . 52.812 MHQ

Harmonic Number h 84 (1113 in Main Ring)
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Table H~-II
INDIVIDUAL INJECTOR-SYNCHROTRON CAVITY PARAMETERS
Ferrite Tuners--Total for 3 tuners/cavity
Fexrite Density ' 5 gm/cm3
Ferrite Weight for 3 tuners N 420 1bs.
Weight of 1 Tunexr, complete , 590 lbs.
- Resistance of Bias Circuit at dc;'23°c 3.8 milliohms

at cavity

Maximum H 30 ka/m
Minimum H 4.5 kA/m
Ferxite up Injection 7.2
Ferrite ﬁA Ejection 1.5

RF Parameters

Cavity Peak Voltage (across 2 gaps/cavity) 54 kV

Axial Field Strength in Gap : . 0.36 mV/m
Cavity RF Current (at current maximum) 1300 A
Cavity Zo (tapers from 802 at a gap to 600

202 at center) '
H ¢ (at location of ferrite) 850 A/m

RF Stored Energy/Cavity at Maximum Voltage 0.03 J
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I. 200-MeV Beam Transfer System

1. Introduction

The 203-MeV proton beam from the linac can be steered into
éither of two beam lineé.Il One beam line leads to the system
for measuring the emittance and the momentum spread of the linac
beam; The othef beam line transports the beam from the linac to
the infle¢tor of the booster synchrotron. A layout of the area
occupied by the two systems is shown in Figure I-1.
| The beam line leading to the equipment for analyzing the
linac beam proceeds straight ahead from the end of the linac
to a 40° spectrometer magnet. The momentum spread is detexmined
| by bending the beam with the 40° magnet and meésuring the beam .
p"bfile at the image. fThe beam used for emittance measuremeﬁts
proceeds in a straight line thxrough a hole in the yoke of the
spectrometet magnet. The emittancé is determined by three beam
pxofile measurements along this line. Beam dumpé'are located
at the ends of both the emitténce and momentum analysis systems.'

- An enlarged view of the area used for analysis 6f the-linac beam
. is shown in Figuie.I—Z. .

The beam to be injected into the booster synchrotron is bent
immediately after leaving thé linac by a pulsed electrostatic
deflector and é septum magnet. ‘The beam leaves the linac analysis
arca and proceeds to the booster tunnel, which is af'a lower level,
through a narrow duct 40 feet long. With this arrangement, installa-
£ibn and maintenance wqu can be done in the booster tunnel while
the linac is operéting and the beam is stopped in one of the beam

dumps located at the end of the analysis aréa. The beam proceccds
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along the booster tunnel near the outside wall for 70 feet before
being injected into the synchrotron. Provision is made for either

single turn or multiturn injection into the booster.

2. Chopper

Most of the deflection‘which separates the beam line going
to the bcoster from the beam line goiﬁg straight ahead to the
linac analysis area is produced by a §.7° septum magnet. The
beam is-switched from one side of the 0.2-inch thick septum
to the other by a pulsed electrostatic kicker located just after
the last cavity of the linac.

‘To reduce the voltage required on ‘the plates of the kicker:
in ordes tp switch the beam frqﬁ ona siae of the septum to the
othef, the beam is focused'in the horizontal phase plane to a
0.5-cm wide waist at the leading edge of +*he septuﬁ. Since
there is room for only oné quadrupoié magnet between theAlaét
cavity of the'linéc énd the‘septum; this focusing must be'done
with guadrupole magnets inside the drift tubes of fhe'linac.
Therefore, independent adjustment of the strengths of the last
- four gquadrupoles in the 1inac,ﬁas been provided. The.position.
of the>septum is adjusted remotely so that the 0.5-cm wide.beam
skims past the_outﬁide edge of the septum when the kickex voltage
is off. The focusing and steering of éhé beam at the leading. edge
of the septum are monitored with the bean profile detector W-1,

| . The pulsed clectrestatic kicker is designed £§ select the
segment of éhc linac beam pulse with the best gqguality and scnd
it to the booster synéhrotron whilc the remainder of the linac

—

beam pulse goes into onc of the hecam dumps at the end of the
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linac analysis area. The length of the beam segment selected can
be adjusted from 1 ﬁsec to 100 uégc. For the nominal.4-turn
injectioﬁ.planned for the bqostér;’an,ll-useé segﬁent will be
sent to tﬁe booster. Shorter pulsés aré avéiléble for booster
tune-up and diggnostic work. |

‘The chopper kicker consists of two 56-1/8—in9h long plates
separated by 1 inch. ‘Both plates are charged to 75 XV in between
liﬁac pulses. The leading ﬁart of thé linac pulse goes straight
ahead to.a beam dum§ beyond the linac analysis area. To deflect,
the beam to the booster, one plate is crobared with a thyratron‘
in 100 nsec. At the end of the booster injection ihtervél, the
other plate is crobared, and the femainder of the bcean goés ta
the beam dump.

The 3~%G field in‘the.septum magnét.is produced by a 106,000 A
current pulée in a single turn coil. The 3/16—inéh thick septum
is welded to the laminated poles, and the cﬁrrent_is confiﬁed
to the septum by the insulation between the laminations.lz - The
magnet itself is éléctrically insulated from the vacuum box:, and
the return conductor is insulated from the laminations. The radius
of curvature of the septum and.the stack of laminations is larger
than the rédius of curvature of the b;am in the maghet to allow,
the clearance td-inqrease towardAthe output end of the magnet. The
laminations are normal to the beam at éhe input end, but there is
8.8° edge angle focusing at the output ehd.k The fringing field
a£\thevinput end was reduced to 0.2% by extending the coil and

steel beyond the connection between the septum and the inner
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conductor. The current pulse is a half sine wave which is 416

usec long. The parameters of the magnet are listed in Table I-1I.

3. Linac Beam Analysis Svystem

Emittance Measurement. To avoid dispersion, the emittance

measurements are made in the straight-ahead beam line. The bean
is focused to a waist inside the straight—through pipe in the
yoke of the momen tum analysis magnet by quadrupole magnets Q2
‘and Q3. . The emittance of the beam is determined by measurements
of the beanm profile at thrée locations. Since the central measure-
ment is made near a waist, a favorable cendition fof an "accurate
emittance determination is obtained..>

The beam profiles are measured by intercepting a small frac—
tién of the beam on a 0.00l-inch diazmeter wire which is stepped

across the beam aperture.14

The Wiré is moved in steps, one step
in each interval betweeﬁ beam pulsés. Thus, several beéﬁ pulses
are required to obtain one complete beam profile; and the beam
propérties must be stable from pulse to pulse. The wire profile
scanners labeled W-2, W-3, and W-4 in Figure I-2 are used for the
:emittance measurements. The values of the beam current intercepted
by the wires are stofed in the linac control computer. The emit-
tance is caicﬁlated by the computer and displayed on the linac

control conso.le.IS

Momentum Analvsis. The 40° spectrometer magnet was built to

measurc the energy sprecad in the beam from the linac. It has also

sroved useful for monitoring in the mean encrgy of the becam. An
p gy
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accurate absolute calibration has not been attempted.

The pole faces of the spectrometer magnet are flat and parallel
to each other. The ends of the poles were shimmed to make I(B/p)dé
along beam trajectories constant to within 0.05% inside the good
field width of 10 cm. Vertical focusing is provided by quaarupole
01.

The small horizontal waist at the entrance to the chopper
septum magnet:serves.as the object for the spectrometer. The
width of the beam at the object point .is monitored with the
wire profile scanner W-1. Instéad of defining the emittance
with slits in the customary way, it is measured with the pfofile
detectors in the straight-tarough beam line. This eliminates
the problém of residﬁal radioactivity on the slits. The momentum
spread is determined by measuring the width of:the beamn at thé
image plaﬁe of the spectrometer with the wire profile detector M.
The guadrupoles Q2 and 03 are turned off during the measurements.
The dispersion at the image plane is'3 mm per 0.1% in Ap/p, and
tﬁe calculated resolution is 0.1% for the design linac emittance
of‘8 7 mm-mrad. In practice, the emittance is seldom maaéured,
and an emittance of zero is used in reducing the momentum 5préad
.measurementé.

" Beam Dumps. The beam dumps are buried in the dirt outside

' the yoom used for analysis of the linac beam. They are re-entrant
steel castings approximately 3 feet in diameter. The beamAénters
through a hole aiong the axis. It is stopped on one side wall of
the -hole, which slbpcs at aﬁ angle of 3° with respect.to the boam

. . J ,
direction in order to spread out the ‘area that the beam hits.
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The steel castings serve as the vacuum chambers for the dumps
which are open into the beam pipes’ in the analysis system. They
provide fast neutron shieldiﬁg and shielding for the residual
radioactivitg.' Slow neutron shielding is providéd by a layer
of céncrete about 1-1/2 feet thick which was cast in place'around
the steel casting. Additional shielding is provided by earth f£ill
over the top and sides of the beam dumps.

The heat generated inside the duﬁpé is conducted ﬁhrough the
steel éﬁd concrete to the earth'where'it is dissipated. it is
estimatéd that the l15-ton, 9-ft. long steel casting for the beam
dump at the end of the momentum analysis line will'dissipate from
3 to 10 kW. The ste?l casting for the dump at-the end df.the
. emittance line is only 6 fect lonag, and the dissipation is expected
to be in the range of 0.3 to 1 kW. 'The>maximum temperaturebrise
during a beam pulse is expected’to'bg less than 10° C provided

the beam diameter is at least 4 cm.

4. Transport to the Booster

In order to make the beam line to the booster achromatic, the
bend which separates this beam line from the linac analysis line .
was divided into two parts. The chopper kicker and septum magnet
are the first part of the bend and the 5.9° horizontal kending
- magnet makes the second part. Momentum recombination is done with
Q6. Vertical focusing for this part of the system is provided_
by Q1.

Since this arrangement does not provide any means of adjusting

the éccoptance of the transport linc,.fhc emittance of the linac
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must be matched to the acceptance of the transport line by tuning’
the quadrupolés in the linac;' In .practice, it has proved difficult
to achieve and maintain the regquired matchiné wﬁile simultaneously
keeping tﬁe narrow waist regquired at the éeptum magnet. Mofe satis~-
factory operation has been obtained by abandoning the achromatic
conditions and tuning Ql and Q6 to improve the emittance ﬁatching.

As shown in the elevation view in the loweripart of Figure I-1,
'two'12.8° vertical bending magnets produce the Vertical tfénslation
reguired to get the beam from the linac level down to the lével of
the booster synchrdtron{ Quadrupoles Q9 to Q12 are used to make
the vertical translation achromatic and to provide focusing in
Athié part of the beam line. ?he guadrupole magneils Q7 and Q8 ére
used. for matching between the bending system in the linac aﬁalysis
area and the vertical translation.

.To_inérease the drift distance available for .debunching the
beam gces along the outer wall of.the booster tunnel for 18 m
before being bent across the tunnel to the inflector. The.tétal
drift distance from the linac to a debuncher located 5ust.ahead
of Q016 would be 45 m.

The beam islinﬁected from the outside of the closed orbit
by‘a 0.7° electrostatic iﬁflector.- The inflection bend is iﬁcreased
to 9° by a septumrmagnet. The quadrupole magnets 020, Q21 and Q22
together with the inflection bend and the 24.6° bending magnet at
the outside of the tunnel form a system which can be tuned either
to be achromatic or to give dispersion matching. The guadrupole

magnets Q13 to Q19 are used to match the beam to the transverse
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acceptance of the booster and to provide focusing in the long drift
space. The parameters of the_magne£s in the transport system are
listed in Table I-II.

The beam intensity is monitored at several points along tﬁe
transport syétem with current transformers. Multiwire beam profile
monitors at eight locations along the transport line are used to
check the steering and focusing conditions. Ailr core trim magnets
similarvto the dipole correction magnets in the'booster ring are

used to corxect steering errors.

5. Space Charce Lffects

The defailed deéign calculations ﬁor the transport system
‘have been done with the SLAC cémputer pﬁogram Transport and do
not kake space charge effec intO”aQéoﬁnt 16 Es+iﬁateé for
100 mA beam currents 1ndxchcd that Lranqverse space chargo
forces will increase the beam size by a factor of approximately
4/3 if the low intensity tuning of the system is not chanéed.
Space charge will also aﬁfect the achrématic properties of the
system.

A version of Transport which includes the effects of space
-charge is now available.I7 It indicates that space charge effects'
are small for the 20 mA linac beams now iﬁ ﬁse. At higher inten—
sities it prov1dcs a gu1ue to retuning the transport line to
compensate for space chalge It should be p0591blc to reduce

the transverse d1m0n51ons of a high intensity beam by increas 1ng

the strengtn of the quadrupoles.
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Calculations for a 100-mA-beam bunched at 200 MHz indicated
that the width in phase of the bunches will increase from é neminal
value of apbroximatély #8° at the end of the linac to approximately
#20° after a 50-m drift. At the same time, the mbmentuﬁ spread
increases by a facﬁor of two from the nominal value of 0.1% at the
end of the linac.t®
| The longitudinal spreading of the rf bunches helps to reduce
space charge effects in the booéter synchxrotron. However, the
increase in momentum spread increases the rf vbltage regquired in
the synchrqtron accelerating cévities in order to trap the bean.
For this réason,.the design of the transport system includes pro-
vision for the future installa#ion of a debuncher to redﬁce the
‘momentum spread. The calculated phase width of the bunches and
the dependence of the eneréy deviation on phase indicate that a
conventional first harmonic debuncher should be satisfactoiy,
Space charge forces will change the-momentum spreaé_véry little

as the beam drifts beyond 50 m.

6. Injection into the Booster

Inflection. Figure I-3 is a layout of the injection area in

the‘booster,19

The beam is injected 2 feet downstream from the
center of the 6-m 1§pg straight section. The final.infleciicn is
an>0.7° dc electrostatic deflector with ‘an 0.002 inch_Ta wire
septum. It bends the ihcoming'beam parallel to the closed orbit
in "the booster. The septum is located 1-1/8 inch‘outSide the

closed orbit. Here the half width of the circulating beam is 0.93

inch. Therefore, it should be possible to control the closed orbit
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sé that none of the circulatiﬁg beam hits the septum. The septum
of the electrostatic inflector is made as thin as possible to
minimize the radial phase space obscured by it during multiturn
injection. The infiector deflects the incoming beam far enough
that it clears the 0.20 inch septuﬁ in the mégnet upsfream from.
it. The 3 k@G, puléed septum magnet bends the incominé'beam 8.3°
so that it misses the synchrotron magnet.at the upstream end of
the ;njegtion straight section. The septum magnet 1is idéntical
to the one used in the chopper (Table I-I). However, it is
" oriented with the frinée field shielding at the output end where
the circulating beam skims close'to the septum.

Multiturn Injection. For multiturn injection, the closed

orbit is displaced outward by twe pairs of bump magnets. One

pair is located at each end of the injection straight sectioh.

At the start of injedtion the orbit displacement is 1-1/8 inches,
and the closed orbit is at the same radius as the inflector septuh.
As injéction proceeds, the displacementldecays.at a rate of half

a beam width per turn, and the radial position of the injected
beam with respect to.the closed orbit increases. The first parti-
cles injected have a coherent betatron oscillation amplitude equal
to half the width of the beam. The betatron amplitude increéses
as injection proceeds until the horizontal acceptance of the boostcr‘
is filled. Three to four turns of a beam with the nominal liﬁac
emittance of 97 mm-mrad fit into the nominal 907 mm-mrad acceptance
of the booster magnets. It should be possible to inject 2 to 2-1/2

turns into a radial acceptance arca of 547 nm-mrad.
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Losses from beam hitting the inflector septum after one turn
around the booster are reduced by Iowering the horizontal betatron
frequency v, as close to 6-1/2 as is permitted by the half integral
stopband. At present, Vo, is shifted to 6,55 duriﬁg injection with
the dc quadrupole'correction magnets. |
EBach pair of bump magnets is constructed as a unit with a
single one—tufn coil exciting both magnets of the pair.v By feeding
the coil in the center, equal and opposite fields are produced in
the two magnets. The parameters of the'bﬁmp magnets are listed
in Table I~III. Injection starts at 2.75 kG, halfway down the.
decay of the 20,000-A half sine wave current pulse appliéé to
each magnet.
Mﬁch weaker bump magnets Could be used if ﬁﬁey were placed
1/4 betatron'wave length from the inflector. However, the long
straight séctions on the upstream side are .filled with xrf éavities,
and part of the injection o%bit would be outside the "“good fielé
width" of the booster magnets.

Single Turn Injection. The same electrostatic inflector and.

septum nmagnet are used for single~turn injection, but the closed
orbit bﬁmp is not used. The incoming beam enters: the first'period
of the b00$tér magnet displaced outward from.the closed orbit and
parallel to it. It'crosses the central orbit a quarter of a beta-
tron wavelength downstream in the next 6-m long straight section.
Here the beam is bent 7 mrad by a fast kicker magnet to point it
along the closed orbit. After beam has been injected for the -
2.8-uscc period of one revolﬁtion around the booster; the kicker

magnet is turned off in 50 nsec. This'magnet consists of two
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80-gauss,- 44-inch long, delay-line type magnet sections identical
to those used for extracting the beam from the booster.

With the-inflector in design location, 1-1/8 inches from the
central orbit, the center of the ‘incoming beam goes within 1/8
~inches of the.edge qfvthe good magnetic field region in the first
F magnet in the booster ring, and some of it is gcraped off on the
beam pipe in the mid-F straight sec;ion[ During the eariy operation
of the booster, the inflector was moved.inward to a location 0.825

inch outside the central orbit. The half width of the beanm is 0.36.

inch at this point.
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Table I-I
Parameters
Pulsed Septum Magnets
Effective bending length 40.95 inches
Cap 1-1/2 inches
Width of aperture 2 inches
Lamination thickness 0.014 inch
Septum thickness 3/16 inch
Width of half sine wave current pulse 416 usec
Inductance 1.7 uH
Radius of curvature of septum 351 inches
Chopper Inflector
(s1) (52)
Bend Angle ‘B.8° g.3°
Peak current 9600 A 8100 A
Peak voltage 2123 116 Vv

Peak Mag field 3.17 kG _ 3.00 kG



Label

MH1

MV
M2

MH2

Table

I-IIL

A. Parameters of Bending Magnets in 200-MeV Transport System

Bend Angle

dec.

5.9
12.3

25.8

Gap
(Insice _ .
E£f. Length = Vacuum Chamber) Magnetic Field Voltage
cn inch : kG
49.5 2 4.5 10
38.0 2-1/2 12.6 67
56.7 - 1-5/8 ~16.3 27

Parameters of Q

Aperture

nadrupole Magnets

3-1/4 inch

Effective Length 30 cm

Maximum Current

Magnetic Field

50 A

Gradient 17.9 gauss/cm/A

" Current

A

00€0
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Table I-III

. Parameters

Multiturn Injection Bump Magnets

Length

Gap

Width of Aperture

Spacing‘between Magnets in one ﬁair
‘Peak magnetic field

Width of haif sine wave'pulse

Peak current

Inductance

Magnetic field for 1-1/8" orbit
" displacement

Bend angle for 1-1/8" oxrbit
displacemnent

Lamination thickness

M-405
0300

18 inches

2.46 inch

1-1/8 inch

4.0 kG

47 usec

20,000 A

.75 nH

2.75 kG

59 mrad

'0.004 inch
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J. EIExtraction

The beém is extracted vertically from the booster with a full
aperture fast kicker magnet located in one of the 8-m long straight
sections and a pulsed septum magnetic in the‘nexf 6-m straight
section.Jl Smailer deflecting fields are required for vertical
extraction than for horizontal extraction because of the ﬁagnet
geometry and.the'large vertical betatron amplitude function in
the 6-m. long stfaight sections. The displacement of the beam is
very near its maximum at the septum since the vertical betatron
phase shift is 93° from the centex of‘the kicker magnet to the
lip of the septum. A 1.1 mrad kick is required to Produée the
23-me vertical displacament needed to clear the -septum.

The faet Kicker magnet is divided intc four cections each
44 inches long. Each section is a 50-ohm transmission line-type
magnet and is terminated with a 50-ohm lood. The vacuum chamber
is a ceramic tube with‘a nominal inside diaheter'of 2—1/4 inches.J2
The current pulse is produced by discharging a 70-kV pulse line
into each section_vith a deuterium thyratron switch. The param-
eters of a section of kicker magnet are'given in Table J-I.

The rise time of the field is 25 nsec, which is greater than
the time between rf‘beam bunches at S.Gev. Thus, one beam bunch
passes thrdugh'the'magnet while_its field is rising. This bunch
receives only part of the required deflection and hits the extrac-
tion scptum. To reduce the residual iadioactivity on“tﬁe septum,
it is planned to kick out onc bunch of beam at low encrgy and
synchronize the firing of the kicker with passage of -the empty

bucket through it.
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Thevextraction seplum magnet deflects the beam vertically
44 mrad, which is sufficient for the beam to c1ea£ the downstream
booster magnet. A cross section of the septum.magnet is shown
in Figure J-1, and the parameters of the magnet.are listed in
Tabie J-II. The magnetic core_is made of 4-mil tape wound
silicon steel. The gap was machined after’ the core waé mounted
in the aluminum shell and impregnated with epoxy. A vertical
bending magnet of similar construction is used to‘bend the beam
horizontally again aftér it ig clear of the booster. The two
magnets are powered in series with a 460 usec, halfvsine wave
curxent pulse from a capacitor discharge—tjpe power supply.J3
Since the septﬁm hangs éown inside the magnet aperturé
at the point in the lattice where By<has its maximum value,
it reduces the vertical acceptance of the booster. To_uée 2ll
of the reﬁaining aperture for injection, the closed orbit is
. bumped downward at this point with the.dc dipole corrxecting
magnets. With thé septum 15 mm above center, the vertical accep-
‘tance is 237 mm-mrad, and there is .sufficient aperturé in the
septum magnet to extract a beam with the cbrrespondihg emittance

after the beam size has been reduced by acceleration to 8 GeV.
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Table J-I

Parameters of One Section of Fast Ricker Magnet

Length of section 44 inches
Maxinum magnetic field 90 géuss
Characteristic impedance 50 ohms
Rise time 25 usec

Aperture of ceramic vacuum chamber

nominal 2-1/4 inch dia
minimum clear ‘ 2 inch

Maximum pulse line voltage 75 xV

Maximum pulse current . 700 A

Switch (EEV thyratron) : Type CX1168
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Tabie J-II

Extraction Septum Magnet Parameters

Magnet length
Gap
Peak magnetic field

Septum thickness
' Copperx
Iron shield

Fringe field

Peak Cu:fent

Capacitor bank voltage .

Wia?h of half sine wéve pulse

Inductance

60Ain¢hes
1.1 inch x 1.1 inch

8.8 kG

0.060 inch
0.030 inch

3 gauss
20,000 A

1250 Vv

460

1.t

0
?

psec

1l
'.L

T
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