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1. INTRODUCTION AND OVERVIEW

This report describes the design of the Tevatron I Project, which will
enable Fermilab to produce proton-antiproton collisions in the Tevatron
accelerator. Center-of-mass energies near 2 TeV, by far the highest
available anywhere in the world for high-energy physics research until at
least the decade of the 1990"s, will provide enormous opportunities for
exciting new physiecs. ’

After the energy, the most important parameter determining the utility
of a colliding-beam facility is the luminosity, or interaction rate per
unit cross section. The first goal of the Tevatron I project is to achieve
a peak luminosity of 103%m~ 2gec™! for proton-antiproton collisions at the
maximum energy in the Tevatron. I

The luminosity depends on the intensity and phase space density of the
interacting beams. The design luminosity of 10%%m~2sec™! can be achieved
with as few as 1.8 x 101! protons and 1.8 x 10! antiprotons of appropriate
phase space density. The number and phase-space density of antiprotons
produced by bombarding a dense target with one pulse of protons from the
Main Ring are too small by orders of magnitude to achieve the design
luminosity. Thus it is necessary to collect many pulses of antiprotons in
an accumulator ring and to increase their phase-space density, i. e. to
cool them, by roughly six orders of magnitude. To minimize user
frustration and maximize the average luminosity, the accumulation time
should be as short as possible, at least short compared to the luminosity
lifetime, which is expected to be larger than twenty hours. The second
goal of the project is to accumulate and c¢ool the required number of
antiprotons in five hours or 1less, starting with no antiprotons in the
Accumulator. :

The design presented here to meet these goals is based on the method
of stochastic cooling developed by van der Meer, Thorndahl, and coworkers.!
This method generates a non-uniform phase-space density distribution of the
accunmulated antiprotons, with only the high-density core useful for
colliding beams. Thus the source has been designed to accumulate a total
of 4.3 x 10'! antiprotons in 4 hours, of which typically 1.8 x 10!
antiprotons from the high-density core will be injected into the Tevatron.
Subsequent accumulation cycles starting with the antiprotons left from the
previous cycle will require considerably shorter times to achieve the
necessary core density.

The amount of cooling to be done depends on the phase-space density at
production. The higher the initial density, the easier it is to achieve
the final density. The yield of antiprotons per incident proton is
proportional to the product of the spatial solid angle and the momentum
spread accepted by the beam-transport system, and the 1initial phase-space
density can therefore be increased only by decreasing the spot size and
time spread of the antiprotons. The initial protons that produce the
antiprotons determine these parameters and it is therefore useful to reduce
the proton spot size and time spread.
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The proton rms spot size will be reduced to 0.38 mm by the use of
standard quadrupole lenses. Further reduction would provide little gain
because the apparent spot size dis wultimately dominated by the large
antiproton beam divergence and the finite length of the target.? The first
collection lens must match the large angular divergence of the antiproton
beam at the target into the small angular admittance that is characteristic
of a beam~transport system or a storage ring. This is achieved by using a
lithium 1lens of the type developed by the Institute of Nuclear Physics at
Novosibirsk.®

The time spread can be minimized by rf manipulation of the proton beam
in the Main Ring Jjust prior to extraction. The narrow time spread and
large energy spread of the resulting antiproton bunches can be transformed
into bunches with a much lower energy.spread by rf phase rotation in a
separate ring called the Debuncher. The rf phase-rotation system" makes it
possible to start with a large momentum spread from the target, thereby
increasing the antiproton flux. The reduced energy spread also greatly
simplifies the design of the magnets and cooling systems of the Accumulator
ring. -

The design thus uses two fixed energy rings, the Debuncher and the
Accumulator, located south of the Booster as shown in Fig. 1-1. The
Accumulator has the same circumference as the Booster; the Debuncher 1is
slightly larger. Both rings operate at a kinetic energy of 8 GeV, the
Booster energy. The sequence of operations leading to colliding beams
involves seven steps:

1. Proton Acceleration for Antiproton Production. Every two seconds,
one Booster batch containing 2 x 10°° protons in 82 rf bunches is
accelerated in the Main Ring to 120 GeV and held at that energy while -
the rf manipulation described in the next step is carried out.

2. Preparation of Protons for Targeting. The 53-MHz rf voltage 1is
lowered to cause each proton bunch to spread in time to 9 nsec. The
rf voltage is suddenly increased to 4 MV per ¢turn and each proton
bunch rotates_ by 90° in phase space in 1.3 msec to a short bunch of
less than a nanosecond in width, but with an energy spread of about
0.U4%. This train of short bunches is extracted from the Main Ring at
F17 as soon as the bunch rotation is completed.

3. Antiproton Production and Transport. The- short proton bunches
strike a tungsten target, producing a train of 82 equally short
antiproton bunches. The peak energy deposition in the target is the
same as that used successfully at CERN. 7 x 107 8.9 GeV/c antiprotons
are collected by the lithium lens and transported to the Debuncher.
The momentum spread of the beam is 3% and the transverse beam
emittances are 207 mm-mrad in each plane.

4. Bunch Rotation in the Debuncher. The antiprotons are injected into
53-MHz rf ©buckets in the Debuncher. The rf voltage is large enough




that the antiproton bunches rotate just as the proton bunches rotated
in the previous step. After a quarter of a synchrotron oseillation,
the narrow time structure and large momentum spread have been
transformed into a small momentum spread and a broad time structure.
The rf voltage is then rapidly lowered to match the. bucket to the
rotated bunch, and finally adiabatically 1lowered to reduce the
momentum spread to 0.2%.

5. Transverse Cooling in the Debuncher., After the rf "manipulations,
the horizontal and vertical transverse emittances are stochastically
cooled in the Debuncher from 207 mm-mrad to 7m mm-mrad during the
almost two seconds before the next antiprotons are to be injected.

6. Antiproton Accumulation and Cooling. The antiprotons are extracted
from the Debuncher  and injected into the Accumulator. Successive
batches are accumulated by rf stacking each batch at the edge of the
stack. Between injection cyecles, the stack is stochastically cooled
using a combination of longitudinal and transverse cooling systems
similar ‘to the types developed by CERN for the AA ring.5 A new batch
of antiprotons with a density of about 7 antiprotons per eV is
deposited at the stack tail every 2 sec. The fresh batch is moved by
the coherent force of the stochastic-cooling system away from the
injection channel and toward the center of the stack. The strength of
the coherent force diminishes exponentially as the particles move away
from the edge of the tail, causing the particle density to increase.
Diffusion forces resulting from the Schottky noise of the antiproton
stack and the thermal noise of the amplifiers cause the antiprotons to
migrate from the high-density region toward the low-density region.
As long as the coherent force is greater than the diffusion forces,
the stack builds up in intensity until it reaches the core region
where the coherent force is zero. Scme antiprotons are lost during
transfer and rf stacking and some diffuse away from the stack into the
chamber walls. Allowing for losses, 6 x 107 antiprotons are stacked
in each pulse. In 4 hours, the core will grow to a density of
1.0 x 10° antiprotons per eV. The total number of antiprotons in the
core will be 4.3 x 10'!., During this time the transverse cooling
systems will have reduced the horizontal and "‘vertical emittances to
27 mm-mrad.,

7. Filling the Tevatron. After accumulation is complete, antiproton
bunches of the desired intensity are individually extracted from the
core, transferred to the Main Ring, accelerated to 150 GeV and
injected into the Tevatron. The same number of proton bunches of
similar intensity are prepared in the Main Ring and injected into the
Tevatron. Whether it is better to inject the protons or antiprotons
first will be determined empirically. Both beams are then
simultaneously accelerated to the desired energy.

Sufficient antiprotons for a luminosity of 10%%cm~2sec™! can be produced in

4 hours by this sequence, even with reasonable losses in production,
cooling, and beam transfer. The project includes a Main Ring beam overpass



at BO to allow antiproton accumulation to proceed in parallel with
colliding beams in the Tevatron. The design. luminosity can .be achieved
without exceeding a beam-beam tune shift of 0.0018 per crossing. As the
Tevatron and the Antiproton Source become more reliable, longer collection
times will become practical, resulting in higher luminosity.

Beam accumulation techniques are developing rapidly and it seems
highly advisable to design an antiproton source that can accommodate future
improvements. Accordingly, the third goal of this design is to incorporate
flexibility for future improvements so that the Antiproton Source may
ultimately achieve a luminosity of 103'cm™2sec™!. The potential for
luminosity of the proposed source is exhibited in Table 1-I, which shows
the relationship between the number of accumulated antiprotons and the
luminosity.

The peak luminosity and accumulation rate are limited not by the
~antiproton production rate but by the cooling systems of the Accumulator
Ring. Higher luminosities may be achieved through improvements in these
cooling systems. The present design uses less than a half of the total
number of particles collected in each accumulation cyecle to reach its-
design lumiﬁbsity of 10%%m=2sec™!. If future improvements can increase the
final density by a factor of three, it will be possible to approach a
luminosity of 103!em~2sec™!. The design of the rings therefore includes
provisions (aperture and straight-section space) for:

(1) Momentum precooling in the Debuncher,

(ii) Improved stochastic cooling in the Accumulator,

(i1ii) Improved Main Ring extraction for antiproton production.
(iv) Intermediate energy eléctron cooling in the Accumulator.

Other future improvements may include:

(v) A superquadrupole ¢to reduce beam size in the interaction

region. .
These features:are not part of the initial design because it 1is difficult
to foresee which improvements will be most feasible and cost-effective.
The most beneficial choices will be clear only after some experience in
operating the collider.

The design of each system are described in greater detail in the
following sections.




Table 1-I. LUMINOSITY PROGRESSION

N~ N, Ny Nep L
(10th) (101 (10tl) (103%m~2sec™?)
0.8 0.8 1 0.8 0.65

0.6 0.6 3 1.8 1.0 (design goal)
0.8 - 0.8 3 - 2.4 2.0

1.0 1.0 3 3.0 3.0

1.0 1.0 6 6.0 6.0

N. and N, are the numbers of antiprotons and protons per bunch, NB is the
n

gmber of Bunches, N, is the total number of antiprotons, B* = 1 m is the
value of B at the center of the interaction region, and L is the

luminosity.
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2. PROTON ACCELERATION AND EXTRACTION FOR ANTIPROTON PRODUCTION

The production of antiprotons is done by bombarding a target with
protons which have been accelerated to 120 GeV in the Main Ring. This
chapter describes the acceleration of protons in the Main Ring and their
subsequent extraction at F17.

2.1 Proton Acceleration

The accumulation cycle begins by accelerating a single Booster batch
of protons in the Main Ring to 120 GeV with the existing rf system. This
Booster batch consists of a string of 82 bunches spaced by 5.6 mj; its total
length is U457 m. A single batch fills 'less than one-thirteenth of the Main
Ring circumference. The Booster intensity record for 'a single bateh 1is
3.4 x 1012, For the purpose of this report, it is assumed that an intensity
2.0 1012 protons per Booster batch will be standard operating intensity
for P production. The minimum time needed to accelerate a single batch to
120 GeV in the Main Ring can be reduced to 1.87 seconds. A flat-top of
0.13 sec is added to provide time for the rf beam manipulation before
extraction. The cycle time is 2 seconds. The major beam properties are
given in Table 2-I.

A reasonable estimate for the normalized betatron emittance, based on
measurements,! is 244 mm-mrad. This value includes 95% of the beam. If

Oy denotes the rms beam size and - the lattice amplitude function, the
emigtance can be expressed in terms of these quantities as

2
0q,v
Bu,v

e,y = 67

The 1longitudinal phase-space area S of individual bunches in a booster
batch has been measured to be 0.3 eV-sec or 1less.? If the particle
distribution 1s biGaussian in these variables, this value includes 95% of
the beam. There ls-reason to believe this number could be reduced to
0.2 eV-sec in the future when Improvements are made to the Main Ring and
the Booster rf systems.

For energies well above the transition energy, a bunch area S half as
large” as the bucket area, and a bunch shape matched to the rf bucket, the

rms bunch length g and rms momentum spread 0y/p are

g = (142cm) —%: g./p = (0.0112) 5
JVE P JE3/Y




AEb = 320 MeVv

- 0.707 AE,

0.3 eV Sec

Fig. 2-1



| ~~-—-/ 7&&%&\@%

———lINNVA_|/
'1r~gmxu&am

!

,@z

Figure 2-2

Bunch broadening resulting from slow
reduction in rf voltage. Time progresses
downward and total debunching time is
100 msec. Final bunch length is near
9 nsec.

Figure 2-3

Rotation of mismatched bunch following
sudden increase in rf voltage to 1 MV,
Time progresses downward and traces are
separated by about 100 msec. The displaced
top trace is a mistrigger.

Figure 2-4

Bunch length pictures near the narrowest
bunch time. Traces are separated by one
machine turn, 20.9 pysec. The narrowest bunch
has length about 1 nsec. The beam pickup- is
a broadband transmission line pickup so
inverted reflections from the downstream end
of the pickup also appear. In this experiment
the maximum rf voltage available was 3.6 MV.
Narrower bunches can be obtained by using :
the full MV. A bunch with 957 full time width
of 1 nsec corresponds to a_physical length
(one standard deviation) of 7.5 cm.




The bunch area can be expressed in terms of these quantities as

O'e g
S = GTTBE J— _.P_ .
c p

The bucket area of a stationary bucket B and the phase osecillation period
TS are respectively

B = (0.34 eV-gsee) JVE Ts = {1msec) YE/V .

In all these equations E is in GeV, V in MV and S in eV-sec.

For a fixed antiproton momentum spread, the bunch area of the
antiprotons is minimized by making the time spread of the extracted proton
bunches as narrow as possible. At the end of acceleration when the rf
voltage is 4 MV the relevant beam parameters are TS = 5.6 mseec, O_ = 16 cm,

o,/p = 2.4 x 107" ©

The rf voltage is slowly reduced from 4 MV to 30 kV so that the bunch
motion remains matched to the rf bucket shape. At 30 kV, the beam
parameters are T_ = 65 msee, 0, = 56 em, and O./p = 6.8 x 107°. The
adiabatic reductfon of the rf voltage is accomplighed in 100 msec. At that
moment the synchrotron phase of the bunch extends to *90°.

The rf voltage is then raised abruptly to 4 MV within two revolutions
or 42 usec. The bunches are no longer matched to the buckets, so they start
to rotate as in Fig 2-1. After a quarter of a phase oscillation or 1.4
msec, the time spread of the beam has been reduced by more than an order of
magnitude. At that momeﬁt the beam parameters are TS = 5.6 msee, 0, = 5.0
em, and 0 _/p = 8.4 x 10 . After these operations are completed, a momentum
spread ofP0.4% contains 95% of the beam.

The results of recent bunch narrowing experiments in the Main Ring at
120 GeV (March 1982)2, are shown in Figs. 2-2, 2-3, and 2-4. In these
experiments the maximum rf voltage was limited to 3.6 MV. Shorter bunches
can be obtained by using the full available 4 MYV.

Measurements made in the Main Ring3 have shown that the available
momentum aperture is #0.27% for 90% .beam transmission at 120 GeV with
extraction equipment for the Tevatron in place. The loss of beam due to
the 0.4% momentum spread is expected to be small, since very little of the
beam will extend into the bad-field region’of the aperture. As soon as the
bunch rotation 1is complete, all 82 bunches are ejected at F17 into the
120-GeV transport line.

Table 2-T. MAIN RING BEAM PARAMETERS



Proton Beam Kinetic Energy @ Extraction 120 GeV
Relativistic Factors: B , 0.99997

. : Y 128.9318
B p, magnetic rigidity : 4035.506 kG-m
Momentum, P 120.9347 GeV/c
Number of Booster batches accelerated one
Number of Proton Bunches 82
Total number of protons per Batch : <2.0 x 1012
Main Ring Cycle Time 2.0 sec
Betatron Emittance, 95% of beam, (H and V) 0.27 mm-mrad
Longitudinal Emittance, 95% of beam at 120 GeV 0.3 eV-sec
RF harmonic number (h) 1113
RF Frequency € 120 GeV - 53.1035 Mhz
Revolution Period @ 120 GeV 20.96 usec
Booster Batch Time Length ) ) 1.56 usec
Transition Energy (Yt) - 18.75
Betatron tune number (H and V) 19.4
n = y?2 - yt-Z i -0.0028
Maximum RF voltage 4,0 MV
Average Radius 1000 m

2.2 Extraction at F17

Extraction of 120-GeV protons from the Main Ring for the production of
antiprotons takes place at location F17. Two Lambertson magnhets deflect
the extracted beam vertically by 32.2 mrad into the transport 1line, which
is located just above the Main Ring magnets. The geometry and expected
beam sizes at the Lambertsons are shown in Fig. 2-5 and 2-6. The
horizontal beam size at 120. GeV includes the contribution of the +0.2%
momentum spread of the tightly bunched proton beam. The large horizontal
size of the bunched beam uses most of the available Main Ring aperture to
the inside of the Ring at the extraction point. As seen in Figs. 2-5 and
2-6, the septum of each Lambertson will be located well within the Main
Ring aperture, preventing parasitic extraction at F17 during the 400-GeV
slow-extraction HEP program. The Lambertsons will be withdrawn from the
aperture during 400-GeV operation.

The relevant parameters of the Main Ring lattice are listed in Table
2-’II .

Table 2-IT. PROPERTIES OF SELECTED MAIN RING MINISTRAIGHTS

Horizontal-Plane Lattice Functions

Location B a Phase Space
(m) Relative Available
to F17 (in.)

(Modulo
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360°)
C48 Kicker 102.4 0.467 -90.11° (Existing)
F12 : 29.6 -0.573 -168.30° 0.0
F13 95.4 1.858 -135,74° 0.0
F14 28.4 -0.589 -99.29° 34.0
F15 (Bump 1) 97.3 1.839 -66.32° 42,5
F16 30.1 -0.624 -31.47° 42.0
F17 (Bump 2)
(Extraction) 99.7 1.939 0.00° 32.0
F18 (Bump 3) 28.9 -0.558 35.20° 52.0
F19 94,3 1.816 68.42° 0.0
- F21 28.9 -0.618 104.71° 28.0
F22 (Bump 4) 99.5 1.893 136.92° 27.5
F23 30.1 . -0.598 171.32° 35.0
F24 97.4 - 1.906 203.21° 0.0
F25 28.4 -0.567 239.23° 35.0
F26 95.2 1.810 272.60° 43.5

The kicker at location CU8 causes a -43 mm horizontal displacement at
F17, which is sufficient to c¢ross the Lambertson septum. The required
angular deflection at CU8 is obtained with a voltage of 60.0 kV, well
within the present operating range of the device. Given the Main Ring
lattice characteristics, the kieck at C-U48 results in an angular
displacement of +0.847 mrad at F17 as well as the horizontal displacement.
This residual angle can be cancelled with a 3° rotation of the first
Lambertson extraction magnet.

A local four-magnet orbit bump at F17 is used to position the closed
orbit during 8-GeV “injection in the center of the restricted aperture at
F17 and to move the orbit close to the Lambertson septa during 120-GeV
extraction. Four standard 35-in. long bump maghets are placed at F15, F17,
F18 and F22. The closed orbit at 120 GeV can be adjusted over a range of
37 mm at location Fi7.

Vertical extraction was chosen since it allows the extracted proton
beam to clear the Main Ring magnet, F17-1, Jjust downstream of the
Lambertsons with a minimum deflection. The return coil on the upstream end
of F17-1 has been modified to permit the beam pipe containing the extracted
120-GeV to be as close to the magnet steel as possible. The length of the
medium straight section at F17 1limits the maximum energy that can be
extracted to 120 GeV.

The Lambertson magnets are 204 in. long and are excited to. less than
13 kG at 120 GeV. The second Lambertson accommodates a vertical beam
translation of 5 in.
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3. ANTIPROTON PRODUCTION

3.1 Proton Transport from F17 to Target

The extraction energy for the protons to be used for antiproton
production was 80 GeV in an- earlier design. It was decided to raise this
energy to 120 GeV in order to increase antiproton production. The earliest
choice for a 120-GeV extracted beam was to upgrade the then-existing 80-GeV
line, which extended 1000 feet from F17 to F25 within the Main Ring Tunnel.
Although this design satisfied most of the project requirements, it
possessed a number of undesireable features. Its estimated power
consumption of 2 MW would place a heavy burden on the operating cost of the
Antiproton Source. The elements of the 80 GeV line were placed immediately
above the Main Ring magnets, below which the Energy Saver magnets have now
been installed. As a consequence, difficult operational problems would be
encountered wherever work had to be performed on the Main Ring or the
Energy Saver. It was necessary to dismantle the 80-GeV beam in many
locations in order to install the Energy Saver. The location of the
original p hall, which is very close to F25, limited the ability to vary
the proton targeting. The 80-GeV line had been put in the Main Ring tunnel
because the 400-GeV operating schedule in 1977 and 1978 did not allow the
several-month interruption that was believed to be needed to modify the
Main Ring Tunnel at F18 in order to build a more flexible beam. This
constraint 1is no longer revelant. For these reasons, a more efficient and
flexible beam design was developed. ’

The design of the new 120-GeV proton transport line was based on the
following requirements:

(1) It must leave the Main Ring tunnel as close as possible to
location F18.

(i1) The target elevation is to be 7.0 feet above Main Ring beam
height.

(ii1) It must transport a 120-GeV proton beam with a momentum spread
of *0.2%.

(iv) It must be possible to bypass the target and collection system
: in the reverse direction.

(v) It must transport the 8.9-GeV/c cooled antiproton beam with an
emittance of 2.07 mm-mrad.

(vi) It must produce a round proton beam spot at the target which
can be varied from 0.2 mm to 0.8 mm rms.

(vii) It must have zero dispersion at the target.




(viii) The power consumption must remain below 500 kW.

A layout of the beam is shown 1in Fig. 3-1 and 1its parameters are
tabulated in Table 3-I. In Fig. 3-2 we show the behavior of the
monoenergetic B, - , and through the system from extraction to the
target. The bedm con31 ts of 10 EPB dipoles excited to a field of 13 kG or
less and 14-3Q120 quadrupoles excited to a field gradient of 4.75 kG/in.
or 1less. Three of the dipoles, indicated by (R), are rotated by 45° to
achieve the necessary vertical and horizontal bends with the minimum number
of magnets. The Main Ring Tunnel must be widened over a distance of
roughly 18 m in order to accommodate the four EPB dipoles and one 3Q120,
The 1length of the beam is 174 m, of which 41 m is loacted in the Main Ring
Tunnel. The remainder of the beam elements are located in a new 115-m long
enclosure. The new enclosure and the Main Ring Tunnel are connected by an

18-m long pipe.

A Y4.5° bending magnet, which bends the reverse antiprotcon beam to the
left, is placed within the final focus section between PQ7B and PQ8A in
order to allow the target and antiproton collection lens to be bypassed
whenever cooled antiprotons are transported back to F17. The total power
consumption of the beam is estimated to be less than 390 kW. In Table 3-II
the gradients of +the four final focusing quadrupoles, which obtain the
required range of beam sizes, are listed.
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NAME DIST. TO
F17(m)
P-LAM1 2.74
P-LAM2 8.38
PB1 21.7
PB2 25.0
PBR1 28.4
PBRZ2 31.7
PQ1 35.1
PQ2 64.2
PBR3 67.5:
PB3 70.9
PBL 4.2
PB5 77.6
PQ3 80.9
pQ4 94.1
PQ5A 107.3
PQ5B 110.7
PBV1 123.7
PBV2 127.0
PQ6A 130.7
PQ6B 134.1
PQ7A 139.6
PQ7B 143.0
PQ8a 154.9
PQ8B 158.3
PQ9A 163.9
PQI9B 167.2
TARGET 174.1

Target Location in Site Coordinates

X
Y
A

1w inu

Table 3-I.

TYPE

Lamberston
Lambertson
EPB
EPB
EPB (R)
EPB (R)
3Q120
3Q120
EPB (R)
EPB
EPB
EPB
3Q120
3Q120
3Q120
3Q120
EPB
EPB
3Q120
3Q120
3Q120
3Q120
3Q120
3Q120
3Q120
3Q120

585.94 feet
-2064.26 feet
728.50 feet

FIELD
(T)

1.25
1.25
1.271
1.271
1.271
1.271

1.271
1.271
1.271
1.271

0.782
0.782

120-GEV TRANSPORT.ELEMENTS

GRADIENT
(T/m)

12.09
15.96
18.30
18.30

11.43
11.43
10.27
10.27
12.38
12.38

9.27

9.27

FUNCTION

Bend up

Bend up

Bend Left

Bend Left

Bend Left/Down
Bend Left/Down
Vertical Focusing
Vertical Focusing
Bend Right/Down
Bend Right

Bend Right

Bend Right

Horiz. Focusing
Vertical Focusing
Horiz. Focusing
Horiz. Focusing
Bend Down

Bend Down
Vertical Focusing
Vertical Focusing
Horiz. Focusing
Horiz. Focusing
Vertical Focusing
Vertical Focusing
Horiz. Focusing
Horiz. Focusing



Table 3-II. GRADIENT OF FINAL FOCUSING QUADRUPOLES
AS A FUNCTION OF BEAM SIZE AT THE TARGET, IN T/m.
(MAXIMUM GRADIENT 18T/m)

QUADRUPOLES
g* (m) o(mm) PQ6A/B PQT7A/B PQ8A/B PQ9A/B
1.17 0.20 -13.2 +10.3 -12.1 +13.2
4.69 0.”0 -1154 +10-3 “12.”’ + 903
18075 0079 --1003‘ + 907 - 9'8 + 200
4 3.2 Antiproton Yields and Targeting

The choice of the antiproton energy and that of the protons for their
production depend on the production cross sections and practical
considerations relative to the existing facilities at the Laboratory. This
section describes the present targeting scenario for the production of
antiprotong, based on the discussion of the three following topics:

1. details of ~the production cross sections obtained from existing
experimental data;

2. the choice of primary proton energy, antiproton momentum,
antiproton 1longitudinal acceptance and antiproton transverse
acceptance; and

3. limitations introduced by targeting and the antiproton collection
system.

3.2.1 Antiproton Production Cross Sections. The available experimental
data on the cross sections for the production of antiprotons have been
described by a phenomenological formula that includes the dependence on the
incident proton energy, the antiproton momentum and the target nucleus.®
. For example, the yields of antiprotons from a tungsten target collected
within a laboratory angle of 60 mrad foér various proton energies are shown
in Fig. 3-3. It can be seen that there is a plateau at 120 GeV for the
production of antiprotons between 8 and 13 GeV/c.

3.2.2 Proton Energy. The yield of antiprotons per unit wvolume of phase
space per unit time changes very slowly with proton energy above 150 GeV,
when the Main Ring cycle time is taken into consideration. Although some
gain 1in yileld could be obtained by going to a higher energy, a proton
energy of 120 GeV was chosen because it is the maximum energy that can be
extracted from a medium straight section such as F17. F17 provides a
convenient location for the Antiproton Source. The choice was also
influenced by the rapid increase in operating cost as the energy of the
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Main Ring is increased. The energy of 120 GeV is also compatible with the
Colliding Beams Detector overpass. The overpass, which is described in
Chapter 7, will limit the maximum energy of the Main Ring to 200 GeV.

3.2.3 Antiproton Momentum. The optimum antiproton momentum is 10.0 GeV/c
for an incident proton energy of 120 GeV. The yield is more than 909 of
the optimum yield throughout the range from 7.5 GeV/c to 13.0 GeV/e. Since
the normal injection momentum of the Main Ring, 8.89 GeV/e, is within this
range of momenta, it is a reasonable choice. It has the advantage of
permitting the transfer of antiprotons directly from the Accumulator to the
Main Ring. In addition, it opens the possibility of utilizing protons
directly from the Booster as an alternative source of particles during
commissioning of the source.

3.2.4 Antiproton Longitudinal Acceptance. Stochastic cooling performance
depends critically on the flux of P’s injected into the Accumulator and on
the particle density per unit of energy spread.” This density, which is
inversely proportional to the longitudinal emittance of the antiprotons, is
determined in part by the time spread of the P°s at production, as
discussed in Chapter 2.

In the Debuncher, a total momentum spread of approximately 3% can be
reduced to a momentum spread that can be accommodated by the Accumulator.
Although a larger momentum spread will result in a larger flux the
Accumulator is not able to cool the larger flux. The P collection and
transport system is designed to accept 4% total momentum spread. The
momentum spread of the P°s transported to the Debuncher will be adjusted by
collimation in the beam transport.

3.2.5 Antiproton Transverse Acceptance. The calculation of expected
antiproton yields depend crucially on the collection system downstream of
the target. A comparison of different collection systems has been
performedz, taking into account the large momentum spread of the antiproton
beam, The advantages of a device such as the lithium lens that was
developed at the INP in Novosibirsk® are clear. It has a very short foecal
length and it focuses in both transverse planes. Based on the INP
experience, the parameters of the lithium lens collector were chosen to be:
Radius = 1 ¢m, Gradient = 1000 T/m, Length = 15 cm. Within the present
technology developed at Novosibirsk, a repetition rate of 1 Hz is feasible.
The lens has a focal distance of 14.5 ocm. The short focal distance
requires the use of a dense target.

Antiprotons yields have been calculated with a Monte Carlo pr'ogr'am1

that- includes the phenomenological description of the production cross
section, the development of hadronic showers in the target and P production
by secondaries, multiple scattering and absorption. The result of these
calculations is shown in Fig. 3-U4 for two different rms proton beam spot

sizes, OX = Oy = 0.038 cm and Gx:0y=0'22 cm., The number of antiprotons
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increases approximately linearly with the transverse acceptance above 207
mm-mrad for 0=0.038 cm. For the smaller beam size, the departure from
linearity above 207 mm-mrad is caused by the lithium lens radius and its
gradient. The optimum target length is approximately 5 cm.

3.2.6 Targeting Limitations. Decreasing the proton beam size at the target
increases the transverse phase-space density of the produced antiprotons,
resulting in a larger yield within a given acceptance. The diameter of the
proton beam cannot be reduced arbritarily since the energy deposided by the
beam per unit volume increases as the beam area decreases, causing - the
target to overheat. -

The subject of high energy density deposition in targets was the
subject of a Fermilab Wdrkshop®. It was generally agreed that metal targets
can sustain energy density deposition up to 200 Joules gum~ before the
apparently onset of shock waves that could result in the destruction of the
target. Calculations indicate that the CERN Antiproton Accumulator target
sustains a maximum energy deposition of approximately 185 Joules/gm for
tungsten. Both copper and rhenium (instead of tungsten) have been used at
CERN for some time with no failures. The energy density deposited by a
120-GeV proton beam in tungsten has been calculated using the program
MAXIM“. The maximum energy density deposited within a 5-cm long target is
shown in Fig. 3-5 versus the rms size of the proton beam, o¢. Within the
errors of the calculation, it varies as 0-2. Also shown is the maximum
number of protons per pulse vs rms beam size, under the condition that the
maximum allowable energy density is 200 Joules/gm.

Table 3-I1I shows the expected number of antiprotons per pulse as a
function of beam size and maximum permissible proton intensity.

A feasibility study was carried out® on sweeping the proton beam
across the target to decrease the energy density deposited in the material.
The antiproton acceptance must be simultaneously swept to track the proton
beam spot. If the sweeping covers several proton-beam diameters, it is
possible to target 3 x 1012 protons on beam spots corresponding to 8 < 3 m,
which will give an increased number of antiprotons accepted per proton.
The design of the target area makes it possible to incorporate a
beam-sweeping system in the future.
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Table 3-ITI. NUMBER OF ANTIPROTONS PER PULSE

+ . . -t =
g% (m) 0y=0y (cm) Np Max. p/P P/pulse
1.55 0.023 6.0x10%?! 5.1x1073 3.1x107
3.07 0.032 1.2x1012 4,3x1073 5.2x107
4,62 0.039 1.8x1032 3.7x107% 6.7x107
8.00 0.052- 3.0x1012 2.5x107° 7.5%107
Notes: + B* is for the proton beam at the center of the target

(BX=B¥=B*)°
+ The yield in B/proton is for 3% M/p and 207 mm-mrad.

3.3 Antiﬁfoton Target System Components

The principal components of the target system are the target itself
and the antiproton collection device. This section discusses the design
and limitations of these two components. =

3.3.1 Antiproton Production Target The computer code MAXIM* has been used
to calculate radial and longitudinal energy density distributions in a
stationary tungsten target for an rms beam size of 0.038 em. The results
are plotted in Fig. 3-6. The temperature rise of tungsten corresponding to
an energy deposition in Joules/gm may be estimated from the enthalpy
reserve curve given in Fig. 3-7. As is shown in Fig. 3-6 it is anticipated
that 1local peak energy densities will be approximately 200 Joules/gm for
the present design parameters 0=.038 cm and X102 protons per pulse. To
decrease the number of thermal and stress cycles in the volume of material
struck by the beam, the target will be rotated continuously, exposing a new
volume of material to each beam pulse. Two possible configurations are
shown in Figs. 3-8 and 3-9. During the target development stage the wedges
shown in Fig. 3-8 will contain different materials to allow for comparative
testing. Provision is also being made to test statiocnary targets of the
CERN design.

The target must have a high density and high melting point. A
compilation of mechanical properties for different materials was performed.
A figure of merit to compare the mechanical properties 1s given by the
yield stress divided by the coefficient of thermal expansion and the
modulus of elasticity. On this basis rhenium, tungsten and
tungsten-rhenium alloys are in increasing order for this figure of merit.
The coefficient of heat conductivity could also be included in the figure
of merit without significantly altering the choice of material.

The high-temperature behavior of tungsten-rhenium alloys shows
considerable increase of yield stresses with respeet to.tungsten, but
little change in the coefficient of thermal expansion or the modulus -of
elasticity. Tungsten-rhenium alloys are utilized in industry for
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high-temperature applications such as incandescent-lamp wire and targets
for high-power x-ray ¢tubes. A significant amount of experience with the
technology for their fabrication exists. Tungsten has been used for all D
yield calculations, although a number of target configurations will be
tested during the R & D phase of the target-station development. A summary
of the target parameters is given in Table 3-IV,.

Table 3-IV. TARGET PARAMETERS

Target Material Tungsten/Tungsten Alloys
Length 5 cm
120 GeV protons/pulse 2.0x1012
Total Beam Energy ; 3.46x10* Joules
Repetition Rate 0.5 Hz
Beam Pulse Duration 1.6x107% sec
Energy Deposited/proton 1.26 GeV (1.81x107!?% Joules)
Energy Deposited/pulse " 346 Joules
Power Deposited , 173 Watts
Average Temperature 100°C
Beam Size(o_-0_) 0.038 cm
Peak Energy Deflsity/proton 13.4 GeV/cm?®
Peak Energy Density/pulse 200.0 Joules/gm
Peak Temperature Rise <1500.0°C
CERN
Peak Energy Density* >185 Joules/gm
Peak Temperature Rise 1500°C
Average Temperature 800°C

*This rhenium targét has been used for some time with no failures.

3.3.2 Antiproton Collection - the Lithium Lens A study has been made of
the relative merits of P collection schemes that utilize a lithium lens, a
pulsed quadrupole multiplet, or a Tonventional quadrupole triplet.? Since
it was found that the lithium lens is far more efficient for the collection
of P“s, this section concentrates on the iens. The other options which are
discussed will be pursued if the lens development lags.

The basic physical principle of the lithium lens is that a uniformly
distributed electric current in a cylindrical conductor produces an
azimuthal magnetic field with a constant radial gradient. Charged beam
particles traversing the length of such a conductor experience a force that
focuses them toward the axis. Lithium is an appropriate material for such
a focusing device because it 1s the least dense solid.conductor, thereby
minimizing P absorption and multiple scattering.? The lens under
development wuses a 15-cm long lithium ceylinder of radius 1 cm and requires
a current of 0.5 MA to produce the desired gradient of 1000 T/m. Joule
heating caused by direct current in the lithium is prohibitively large, so



a 0.6 msec full-width unipolar sine-like pulse of amplitude 0.5 MA will be
applied every two seconds. Each pulse will generate about 6000 Joules of
heat and the problem of removing this heat dominates the mechanical design
of the lens. It is desirable to keep the average temperature well below
the 180°C melting point of lithium because the 1.5% volume expansion that
occurs upon melting could sorten the lifetime of the lens. The magnetic
- induction H created by the pulsed current does not have a constant radial
gradient, due to the skin effect. Fig. 3-10 shows the variation of H/H
during one pulse.’ ‘ max

Energy deposition in a lithium lens located 14.5 cm (one focal length)
downstream of a 5-cm tungsten target was calculated using the program
MAXIM. Contributions from secondaries emerging from the target as well as
from non-interacting 120 GeV protons were included. The heating due to the
beam was found to' be small compared to Joule heating.®

In case the lithium-lens development lags, linear and non-linear horns
of the types developed for the CERN AA ring could be utilized. To optimize
the P rate, they require significantly longer targets. _Preliminary results
indicate that horns would not provide as good a collection efficiency as
the proposed lithium lens at our P energy. The larger currents required
for the 8.89 GeV/ec Pp’s, as compared with 3.5 GeV/c at CERN, may make the
horn construction very difficult. Another option would be ¢to install a
5Q36 triplet.? This would limit the B production system to small momentum
spreads and emittances, but could be useful in the early stages of running.

3.4 Target Hall

The antiproton production target, proton beam dump and the lithium
lens for antiproton collection will be located in a vault downstream of the
final quadrupole focusing system in the 120-GeV proton 1line. The
dimensions of this vault are planned to be 7 ft by 33 ft with the floor
located at 17 £t below grade, as shown in Fig. 3-11a and 3-11b.

The upstream end of the hall 1is separated from the proton-beam
transport tunnel by 3 ft of steel shielding. Further shielding is placed
around the external walls of the vault in the earth. Below the vault two
separate impermeable membranes are used to collect irradiated ground water.
Shielding configurations that limit the irradiations of the soil and the
above-ground fluxes to permissible values have been designed to allow
operation at an intensity of 10!3® protons per second.

Downstream of the upstream end of the shield, within the target vault,
a 3 ft high by 8 ft long and 2 ft wide volume of space is available for
components. The spdce between this volume and the conerete walls and
floors of the vault is filled with steel shielding. Access to the target
station components is accomplished by raising one of a set of so0lid steel
elevators into the Target Service Building. E§Ch elevator segment extends
10 in. along the beam direction and 24 in. transverse to the beam. Each
is 7 ft long in the vertical direction. The components are suspended from
the bottom of the elevator. The 7 ft length makes it possible to place
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electronics and control systems dimmediately above each elevator segment
without danger of radiation damage. An additional 3 ft of concrete is
required to keep the above-ground radiation 1levels within the Target
Service Building below the maximum permissible level. - Within the Target
Service Building and surrounding the vault, a shielded area incorporating
thick windows will be used to exchange elevator segments remotely. Work
will be performed on components with remote manipulators. The manipulators
will be used to exchange targets routinely. Access to the electronics at
the top of the elevator segments will be possible when beam is not being
delivered to the target station.

The last component in the beam before the dump is a pulsed magnet to
bend the p°s to the right by 3°, in order to separate them from the
protons. The dump 1s a water-cooled graphite core 6 ft long surrounded by
a steel jacket which fills the inside of the vault. The steel extends for
22 feet along the proton beam. The construction is similar to the dump
developed for the Tevatron abort system.

3.5 Antiproton Transport to Debuncher

The antiproton transport line ~is shown symboliecally in Fig. 3-12.
This beam 1line can transport an 8-GeV beam with 207 mm-mm transverse
emittance and |Ap/p| < 4,0%. The match to the Debuncher i1s accomplished
with an integrated efficiency of 80% over the 4.0% passband in Ap/p.
Indpendent controls for emittance defiinition in both x and y planes and
Ap/p selection are possible using collimators. The detailed design can be
found in Reference 9.

The "source" for the beam 1line 1s the center of the 5.0 em P
production target. For the purpose of the transport calculations we have
assumed a circular spot and a B* of 2.25 cm. The 1lithum 1lens collector
then performs point to parallel optics for negatives with a momentum of 8.9
GeV/c (8 GeV D). The beam 1line consists of five basic sections: (i)
cleanup, (ii) long transport, (iii) left bend, (iv) long transport, and (v)
injector. Section (i) uses a pulsed C magnet to bend the 8 GeV § 3° 1left,
and two quadrupole doublets and another 3° bend left in order to complete
the achromatic transformation. Charge, central momentum and vertical
emittance e are selected within this section using collimators. The long
transport sedtions (ii) and (iv) consist of 90° FODO quadrupole cells -and
matching quadrupole lenses. The periodic structure has a cell length of
88.8147 feet with B /B in = 45.93m/7.98m. The left bend (iii) which
deflects the antlproton by 36.54°, consists using of six dipoles.
Horizontal emittance (e) selection is performed at the entrance and exit

of this section where § nearly 80 m. The fine Ap/p selection is
performed in the center of %he lgft bend section where BF 5.0m and a
maximum in the dispersion n = 2.62m 1is obtained. The first-order
momentum resolving power is 1.37 for €, = 20T mm-mr and Ap/p = 1.0%4 and

2.62 for €, = 5T mm-mr. The injector (v) 1is an achromatic vertical
translation endlng at the downstream end -of the 2.0 m long Lambertson

septum. The beam is deflected downward by U8 inches using 2.658° bends.
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The components for the beam line are listed in Table 3-V and shown in
Fig. 1-1-

TABLE 3-Y XY¥YZ SITE COORDINATES OF BEAM
TRANSPORT ELEMENTS

NAME LENGTH FIELD X Y yA
(IN) (KG KG/M) (FT) (FT) (FT)
TARGET 585.943 .-2064.261 T732.500
LITHIUM LENS 5.9055 9760.6 585.217 -2063.593
C-MAGNET 11.811 51.78 581.937 -2060.618
IQ1 27.60 154.81 561.186  -2043.488
IQ2 27.60 -130.54 557.883 -2040.759
IQ3 27.60 -130.54 552.253 =2036.112
IQY 27.60 154.81 548.949  -2033.383
IB1 75.00 8.16 527.082 -2015.544
IQ5 27.60 155.54 515.241  ~2006.769
IQ6 27.60 -155.54 510.815 -2003..489
IQ7 27.60 45.01 481.532 -1981.791
- IQ8 27.60 ~  -45.01 445,852 -1955,354
IQ9 27.60 45,01 , 410.172 -1928.916
IQ10 27.60 -145.01 374,492  -1902.479
IQ11 27.60 45.01 338.811  -1876.041
IQ12 27.60 -45.01 303.131 -1849.604
Q13 27.60 45.01 267.451 -1823.166
IQ14 27.60 -15.01 247.465 -1808.356
IQ15 27.60 15.24 215.307 -1784.529
IQ16 20.80 -90.56 185.257 -1762.262
IQ17 32.00 90.56 179.901 -1758.292
IB2 98.42 12.61 171.457  =1752.576
IQ18 20.80 -78.10 166.507 -1749.666
IB3 98.42 12.61 155.773 =1743.861
IBY 98.42 12.61 144,491 -1739.232
IQ19 20.80 78.10 139.031  -1737.429
IQ20 20.80 78.10 132.637 =1735.319
IB5 98.42 12.61 120.912  -1731.907
IB6 98.42 12.61 108.908 -1729.761
IQ21 T 20.80 -78.10 103.198  -1729.152
IB7 98.42 12.61 91.026 -1728.292
IQ22 32.00 85.46 86.359 -1728.292
IQ23 18.00 -85.46 80.859 -1728.292
IQ24 27.60 13.92 41,059 -1728.292
IQ25 22.50 -46.82 -1.684 -1728.292
IQ26 27.60 46.82 -38.689 -1728.293
Q27 " 27.60 - -U46.82 -82.014 -1728.293
1Q28 27.60 147.76 -119.731 -1728.,293
Q29 - - 32.00 -160.34 -126.397 -1728.293 732.500
IBV1 “75.00 7.25 -135.145 -1728.283 732.355
1Q30 732,00 - =159.94 -161.620 -1728.192 731.127
IQ31 27.60 119.56 -167.561 =1728.171 730.850
IQ32 27.60 119.56 -184.960 -1728.111 730.043

IQ33 32.00 -159.94 -191.268 -1728.090 729.750
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I-LAMBERTSON  78.74 6.88 -221.477  -1727.986 728.500
DEBUNCHER RING

Fig. 3-12 shows the evolution of the monoenergetic B_ and B_ envelope
functions and the beam dispersions N_ and N_ through Xhe tpagspopt line
from the target to the downstream end of”the infection Lambertson. We have
studied the match to the debuncher lattice as a function of Ap/p by
evaluating the transmission efficiency as a function of p with a
Monte-Carlo calculation. We find the useful efficienty drops to near 50%
at Ap/p = *2.0%. The integrated transport efficiency is greater than 80%
over the full momentum spread of U4%. The 1loss 1is due to chromatic
aberration effects in the transport line which cause an effective emittance

growth.
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4. DEBUNCHER RING

4.1 Purpose of the Debuncher

The primary purpose of the Debuncher is to reduce the large momentum
spread of the 8-GeV p beam at production to 0.2% or less prior to injection
into the Accumulator. This reduction is done by rf bunch rotation and
adiabatic debunching after the P beam is.injected into stationary 53-MHz
buckets in the Debuncher. The debunching time is only slightly longer than
10 msec, and there are therefore nearly two seconds available for cooling
before the beam is transferred to the Accumulator. Stochastic cooling of
betatron amplitudes was found to be feasible, and a betatron cocoling system
to reduce the emittance by a factor 3 in both planes in 2 sec 1s 1included
in. the design. Table U4-I gives parameters of the Debuncher.

Table 4-I. THE DEBUNCHER RING

Kinetic Energy 8.0 GeV
n=vyt-v? -0.0047

Ye 12.6
Average Radius 83.1m

RF Frequency 53.1035 MHz
Maximum RF Voltage 5 MV

Number of p-bunches injected 80

Harmonic Number 93

Beam Gap for Injection Kicker 230 nsec
Momentum Aperture, Ap/p 4%

Betatron Acceptance, h and v
Betatron Tunes, h and v
Natural Chromaticity, h and v
Periodicity

2071 mm-mrad
14.28
=22

3, each with

mirror symmetry

Max B-values, regular cells 19 m
) long straight sections 39 m .
Max Dispersion Value 1.0 m
Phase Advance Regular Cells, h 120°
v 110°

4.2 Rotation and Debunching!

In order to evaluate the effectiveness of the debunching process and
thus to determine the momentum spread of DP’s that can be accepted at
production, extensive computer simulations of the rotation and debunching
sequences have been carried out. The following features have been
included:
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(i) The antiproton bunches, at the moment they have been generated
at the target, have the same longitudinal distribution as the
proton bunches, that is, an rms bunch length of 5 cm.

(ii) The P“s traverse a dispersionless drift of 100 to 400 m between
the target and the first rf cavity. The rf voltage is
generated by a single cavity.

(1i1i) Two values of n were used. A value of -0.002 was used with an
rf voltage of 2 MV and a value of -0.004 was used with an rf
voltage of 4 MV. The results do not depend very much on the
value of n although the case of n=-0.002 is somewhat worse.

(iv) The bunches were allowed to rotate for 35 turns while the
voltage was kept constant. The rotation was about 45°.

(v) The voltage was then dropped to 98 kV in 35 turns (or 56 yusec)
: to form a bucket matched in shape to the beam bunch, which had
evolved into a grossly distorted S-shape that extended- over -
#90° in synchrotron phase. '

(vi) The voltage was slowly reduced to 5 kV or less.

A debunching time of 12 msec was chosen, since longer times did not
significantly reduce the momentum spread while shorter times did increase
the momentum spread. The final momentum spread is not sensitive to the
other details of the time dependence of the rf voltage except during the
early stage of rotation. The rf voltage program for the rotation and
debunching operations 1s shown in Fig. U4-1 for the case of n=-0.004 and
Ap/p=4%. Figures 4-2 through 4-5 show the beam shape at the end of some of
the steps for Ap/p=3%. If the debunching could be done without dilution,
95% of the beam would be contained within a momentum spread of 0.11%.
Computer simulations show that the debunched momentum spread is 0.2%. The
factor of two dilution has several causes. It 1is caused 1in part by
nonlinearities of phase oscillations of particles captured within rf bucket
and in part by the variations of Y—z of the particles and the momentum
compaction factor vy, =2 with energy. These variations and the presence of
sextupole corrections in the ring lattice were taken into account in the
simulations.

.Calculations were done with smaller initial momentum spreads. The
initial rf voltage of 4 MV and the final rf voltage of 5 kV were kept fixed
for these calculations. These results, which are shown in Fig. 4-6,
establish that the final momentum spread can be reduced significantly if
the initial momentum spread is reduced by a relatively small amount. These
calculations show that the debunched beam momentum spread is 0.2% if the
bunched beam momentum spread is limited to 3%. The momentum spread of the
P beam will be 1limited to 3% by collimation prior to injection into the
Debuncher., The Débuncher itself has a momentum aperture of over U4%. It
may be possible to reduce the debunched beam momentum spread further if the
rf voltage can be reduced adiabatically to a value much 1less than 5 kV.
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The final momentum spread was not changed when a higher-harmonic rf voltage
was added!. Harmonies of twice and three timés the fundamental frequency
were added in the simulations.

After the 53 MHz rf is turned off, a broad-band, low-frequency rf
system is turned on to preserve the gap in the otherwise debunched beam. A
200-nsec gap is needed if the beam 1s to be transferred to the smaller
Accumulator without 1loss. The rf system to make this gap is described in
Section 4.5.2.

4.3 The Debuncher Ring Lattice

A The rf voltage needed for bunch rotation is proportional to |n|. If
|n| is less than 0.002, the variation of |n| with momentum will degrade the
final momentum spread. On the other hand, a larger value of |n| helps the
betatron cooling and is needed if momentum precooling is to be done in the
future. As a compromise n was chosen to be =0.0047. This choice makes Yr
close to 12. Choosing Y, above the operating energy is desirable because
it leads to strong focusing, which in turn leads to magnets with small
apertures. The Debuncher Ring is made of 24 FODO regular cells, each of
which is-about 9 m long. Long straight sections with zero dispersion have
been 1included to accommodate pickups and kickers for stochastic cooling.
These sections also provide the space for rf cavities and
injection-extraction magnets.

A threefold symmetry for the lattice was chosen because it closely
matches the Accumulator Ring, which has threefold symmetry. This allows a
reasonably convenient arrangement of straight sections with common
equipment galleries. Figure U4-7 shows the overall Debuncher lattice.
Figure 4-8 summarizes the parameters for a single cell. Locations around
the ring are keyed with standardized code numbers. Figure U4-9 describes
the dispersion-killer section. The packing factor, the ratio of bending
length to circumference, is 21.3%.

The three long straight section are symmetric about the center and are
made of three low-beta insertions, each about 16 m long. The low-beta
values are 6-7 m in both planes, created with triplets on both sides. One
half of a long straight section is shown in Fig. 4-10. The purpose for the
low-beta is to maintain the beam size in both horizontal fand vertical
direction within 20 mm for stochastic cooling. This is also the purpose of
zero dispersion.

Each regular cell consists of a focusing quadrupole, a defocusing
quadrupole, two dipoles and a correction package. The correction packages
consist only of two families of sextupoles.

Steering dipoles will be located only in the long straight sections to -
steer the beams through the pickup and kicker systems for stochastic
cooling. We do not expect much closed orbit distortion in the rest of the
ring. We plan to compensate for any such distortion by moving quadrupoles.
Steering dipole specifications are given in Table 4-II.
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Table 4-IT.

Maximum closed orbit dist.
Deflection
Effective Length
Maximum Field

Gap

Ampere-turns

Current Density
Current

Turns

Resistivity

Voltage -
Thermal Loss

Total Number

STEERING DIPOLES

Horizontal

+5
0.4
0.30
440
40
1400
1.0
10
140
0.2
2.0
20
24

Vertical

+3 mm

0.16 mrad
0.30 m

160 G

80 mm

1020 A-turns
1.0 A/mm?

10 A

102 turns/mag
0.15 Ohm/mag

1.5 V/mag
15 W/mag
24

The basic function of the sextupoles is to flatten the chromaticity in
both planes so that the variation in tune across the aperture is less than

0.03.
region of
in Table U4-III.
Fig. 4=11.

Figure U4-12 shows

gives

Sextupoles 50 cm long are located next to
significant dispersion.

each quadrupole

in a

The sextupole specifications are given

The variation of u:1/YT2 with momenturd

~is displayed in
the variations of the betatron tunes and
Fig. 4-13 the variations of the maximum values of 8 and a_,
the lattice functions across one-half period.
tune diagram with the range of tunes for a momentum spread of

Figure U4-14

Figurg 4-.15 shows the

+2.2%. The

heavy dot at the center is the tune of the beam after 'the rotation and beam

debunching.

Table 4-ITI.

Number

Strength for zero chromaticity B"/Bp

Bore Radius
Estimated Effective Length
Maximum Field, B"
Ampere-turns
Current
Turns
Conductor Size
Current Density
Resistance
Voltage Drop
Thermal Loss
Power Supply
Current
Voltage
.Power

SEXTUPOLE MAGNETS

sD

30

-2.2 m2

50.0 mm

0.50 m

131 T/m?

2170 AT/pole
100 A

22 Turns/pole

0.120 ohm/mag
12 V/mag
1.2 kiW/mag

100 A
360 V
36 kW
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Vacuum pumps will be distributed around the ring every few tens of
meters. The lifetime for an 8.9-GeV/c beam is calculated to be few hours
when the average vacuum pressure is 10~% Torr. This vacuum can be achieved
without .baking the chamber, so no provisions for baking are included in the
design. The vacuum pipe will be carefully ¢treated and cleaned during
contruction and the vacuum i1s expected to be close to 10~% Torr.
Beam-position monitors are located next to each quadrupole.

4.4 Beam Injection and Extraction

4.4.1 Injection. The beam enters the Debuncher in the vertical plane at an
angle of 50 mrad to the closed orbit. A Lambertson magnet located in a
zero-dispersion region deflects the beam.vertically onto an orbit parallel
to the vreference orbit rand. porizonﬁélly displaced by 40 mm at the
downstream end of the magnet.. A kicker in a zero-dispersion location 60°
in betatron phase away from the Lambertson kicks the beam onto the
reference orbit. A schematic layout of these components is shown 1in
Fig. 4-16. Figure U4-17 shows the envelope of the circulating and injected
beam in the injection region. The injection channel has been designed to
accommodate a beam with momentum spread of 4% and transverse emittances of
207 mm-mrad.

The Lambertson magnet specifications are:

Length 2,0 m

Bending Angle 50 mrad

Bending Radius 42,4 m

Magnetic Field 6.9 kG _
Aperture 4 em (h) x 17 em (v)

Effective thickness 1 cm
The magnet is located in the upstream low-beta insertion.

The kicker specifications are:

Length 3.4 m -

Magnetic Field 525G

Fall-off Time 150-200 nsec )
Aperture 5cm (h) x5 em (v)

4.4.2 Debuncher to Accumulator Transfer

The beam transfer between the Debuncher and the Accumulator i1is a
horizonatal ¢transfer taking place in the 10 straight section. Extraction
from the Debuncher is accomplished with a 525 Gauss, 11 foot 1long kicker
between quadrupoles D6QT and D6Q6, followed by a 8 kGauss, 12.5 foot long
pulsed septum placed after D6QU. The Dbeam is then transported ¢to the
Accumulator through a string of two dipoles and six quadrupoles. At the
Accumulator, the beam is injected onto_a path displaced from the centeral
momentum by . Ap/p=+0.775% with an 11 kGauss, 12.5 foot long pulsed septum
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placed between A1B3 and A1S3. Finally the beam is kicked onto the proper
orbit in the Accumulator with a 500-Gauss, 7 foot long shuttered kicker
placed in the A20 straight section, as shown in Figs. 4-=7 and 5-29. A plot
of the lattice functions of the transfer line is shown in Fig. 4-18 and the
list of elements is given in Table 4-IV.

Table 4-IV BEAM TRANSFER DEBUNCHER TO ACCUMULATOR

Element Length Field
Debuncher kicker 3.3528m 524.81 Gauss
Septum TS1 3.8100 7.78 kGauss
Drift 3.3236

Quad TQ1 0.4572 T8.78 kG/m
Drift B 0.9624

Dipole TB1*® . 3.0480 -12.34 kG
Drift " 1.8515

Quad TQ2 0.5283 82.02 kG/m
Drift 3.5377 . ]

Quad TQ3 0.5715 -86.84 kG/m
Drift 4.6976

Quad QY 1.2903 +47.02 kG/m
Drift 1.2265

Quad TQ5 1.2903 -59.13 kG/m
Drift 1.6596

Quad TQ6 0.5715 72.89 kG/m
Drift 5.6385

Dipole TB2 3.8100 15.90 kG
Drift 5.3563

Septum TS2 3.8100 -10.25 kG

Accumulator Kicker 2.1336 500.00 Gauss

4.5 Radio Frequency Systems

4,.5.1 Antiproton Debuncher RF, The design criteria for the antiproton
debuncher rf are: -

(1) Voltage gain per turn >U4.7 MV.

. (11) " Maximum pulse length 100 Msec (duty factor 5 X 107°).
(1ii) BRF voltage pulse fall time from 4.7 MV to 100 kV 30 Msec.
(iv)  Pulse repetition rate 0.5 Hz.

(v) Minimum voltage gain per turn <5 kV.

(vi) Adiabatic reduction of voltage from 100 kV to <5 kV in a time
"of 5 to 20 msec under program control.
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A representative rf voltage waveform was shown in Fig. 4-1, The
design 1is simplified by the fact that the beam intensity will not exceed
1019 particles when the rf voltage is on. Of the particles that emerge
from the production target when it 1s struck by 2x1012 120-GeV protons,
approximately 2x10!% are within the acceptance of the beam transport and
the Debuncher. Some 90% of these particles are mesons, of which 50% decay
before reaching the injection straight section. After each successive
turn, 63% of the remaining mesons decay. The remainder of the particles
that reach the center of the injection straight section consist of muons,
principally from pion decay, and electrons produced in showers in the
target. The electrons lose 30 MeV per turn through synchrotron radiation
and spiral out of the vacuum chamber within 20 turns.

The large rf voltage, low beam loading and small duty factor favor an
accelerating cavity with a very high Q, hence-a high shunt ilmpedance, which
_ requires very little rf drive power. rButﬂthe short fall time of the rf
voltage pulse 1is not obtained easily with a high-Q structure. Moreover, .
the physical size of high Q structures operating in the 53-MHz region would
require much larger enclosures than are under consideration.

A compromise structure, which contains an intermediate c¢ylinder that
reduces both the Q and the physical size, is shown in Figure 4-19a. Figure
4-19b shows a SUPERFISH plot of the electric fields within one-quarter of
the structure. The entire volume of each cavity will be evacuated, with rf
power coupled through two small ceramic windows at the top. The plate
through which rf power 1s introduced serves as a bedplate for the
high-power driver amplifiers, which are mounted directly on top of the
cavity and are completed enclosed. Thus high-power rf transmission lines
are not needed and rf leakage 1is 1less 1likely. This may be important
because rf noise could adversely affect stochastic cooling. Each cavity is
driven by two relatively small 10-kW triodes operating in a cathode-driven
grounded-grid configuration. In this configuration, the -tubes are capable
of delivering very large peak rf currents during the short pulse. Because
the pulse is short and the duty factor is 1low, the average anode
dissipation is only a few hundred watts.

The rf voltage is reduced quickly by reversing the phase of the
power-amplifier ~ excitation and raising the excitation amplitude to a very
high level. The high peak-power capability of the tubes is used to "drive"
the cavities off, even though the cavity time-constant is longer than the
required turn-off time of 50 usec. -

The peak rf voltage which each cavity can develop has been calculated
to be larger than 650 kV. Eight of these 1.8-m long cavities provide -the
required 5 MV. Six cavities can be installed in the downstream low-beta
16-m long insertion after the injection kicker and two more cavities can be
installed in the following 4.8 m long drift.

In order to reduce the rf voltage down to 5 kV or 1less during the
adiabatic-debunching part of the rf program, six of the cavities are turned
off and two of the cavities are held at 50 kV and their relative phases
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each changed by 90° in opposite directions. The resultant rf voltage
gradually reaches a small value. This is done to avoid instabilities at
low rf voltage that might arise from multipactoring.

In order to provide the structural rigidity necessary for complete

evacuation and to reduce material costs, the cavities will be constructed
from aluminum.

4.5.2 Gép-?reserving RF. Because the  Debuncher circumference 1s larger

than that of the Accumulator, antiprotons will be lost in the transfer to
the Accumulator unless there “is a gap in the Debuncher beam. Given the
difference in circumference between the two rings and the need to allow for
the fall time of the injection kicker, a gap greater than 200 nsec is

.needed.

An adequate gap can be created in the beam by a "barrier bucket" that
excludes particles from 1its interior. It is created by a voltage that
traces out a single complete sinusoidal oscillation for one-quarter of the
rf period and then becomes zero for the remaining three-quarters of the
period. A sketch of this waveform is shown 1in Fig. 4-20. The voltage
waveform repeats itself every turn. The phase of the voltage is chosen so
that it establishes an wunstable fixed point between two back-to-back
half-bucket separatrices. If the bucket height exceeds the beam energy
spread, the beam will be forced away from the unstable fixed point by a
distance determined by the ratio of the bucket height to the energy spread.
The rf voltage is chosen so that the beam is excluded from a region between
+q/2 radians in the "barrier bucket". This will create a gap of 221 nsec,
as shown in Fig. 4=20. The peak amplitude required is 460 V. The Fourier
series expansion of such a voltage waveform is given by

-]
V() = 460 2B sing B/8  in (ny b)
m hZ - n2 °©
n=1

where ,=2nf=3. 59x108® rad/sec .and h=4. At frequencies above the 31
harmonlc (17.7 MHz) the required amplitudes are reduced by more than three
orders of magnitude. Amplifiers with a bandwidth between 0.1 and 30 MHz
which are capable of delivering 300 W 1in a ©50-ohm load are readily
available. The required rf system can be broken into .150-V wunits, each
consisting of a ceramic gap loaded with a 50-ohm resistor and surrounded by
a shielding enclosure containing about ten large MnZn ferrite rings. The
average power delivered to this system is very small. Since the physical
size of each unit i1s dictated by the volume of ferrite required, each- unit
is 0.5 m in length.

An additional bonus associated with 1installation of the "barrier
bucket" rf system is that it can be used in fhe "normal" h=4 mode to
accelerate or decelerate 8 GeV protons across the ring aperture in tune-up
testing of closed orbits and stochastic-cocoling systems.



<¢——— ROTATION PERIOD T, >

v (t) /\\/
" /' DEBUNCHER RING
To OPERATING BELOW

4 TRANSITION .

- BARRIER BUCKET SEPARATRIX

PHASE = =€ \</
SPACE \ /
FLOW ) -

EQUIVALENT / ' \

CURRENT
PULSE

Fig. 4-20




4.6 Magnet and Power Supply Systems

The Debuncher magnet ring consists of 24 regular cells, 6 dispersion-
killing wunits and 9 special low-beta insertions in the straight sections.
‘'There are two different-length dipoles that have the same profile. There
are five different 1length quadrupoles, all having the same profile., All
quadrupoles have the same profile as the small Accumulator quadrupole.

A beam with a 4% momentum spread and an emittance of 207 mm-mrad
requires a good-field aperture of 75 mm (h) by 40 mm (v) in the dipoles and
80 mm by 50 mm in all quads. The good-field region of the dipole has been
designed to be 100 m x 60 mm. The sagitta of the beam is 22 mm and the
long dipoles are therefore curved to match the orbit. The properties of
these magnets are tabulated in Table 4-V.

The magnet ring is powered by five separate power supply buses, ‘one
for the dipole and one each for the regular focusing and defbcusing
quadrupoles. The two different kinds of triplets in the 1long straight
sections are powered separately. The estimated power consumption of the
ring is 2 MW.

Rikie
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Table 4-V. -DEBUNCHER MAGNETS

Dipoles Number Are length Strength Gap Goodfield width

B 54 1.9050m 1.68T 60mm 100mm
B, 12 0.695323m 1.68T
Quadrupoles
~ Gradient . Poletip Radius

QF 30 .8128M 14T/m 44 . Smm
QD 33 .8128 W T/m . "
Q1 12 .7010 " "
Q2 6 - 1.28778 oo "
Q3 6 0.5283 " z : "
QU (*) 6 1.0278 "
Q5 12 0.4572 " "

(*) All the quadrupoles have a length and an aperture identical to the
small quads for the Accumulator Ring. .  This magnet has a different length;
identical magnets are used in beam-transport lines. :

4,7 Betatron Cooling

4,7.1 Design Goal. The goal of the stochastic cooling in the Debuncher
is to cool the beam emittance from 20T mm-mrad to 77 mm-mrad in both the
horizontal and vertical planes. An emittance of 7% mm-mrad is the assumed
beam size which can reliably be transferred into the 10T mm-mrad acceptance
Accumulator ring with negligible beam loss. In addition to cooling the
beam to fit into the Accumulator, it is desirable to make- the beam injected
into the Accumulator as small as possible. In the Accumulator the momentum
stacking is done in part by a pickup that senses a particle’s momentum by
observing its position in a region of high dispersion. Betatron
oscillations add undesired noise to this process”®.

4.7.2 Design Considerations. The betatron-cooling system is conceptually
simple. It consists of a pickup that senses the positions and therefore
the Dbetatron amplitudes of the particles. The signal is amplified and
applied to a kicker an odd multiple of 90° away in betatron phase. At the
kicker, the position displacement that was sensed has been converted into
an angular displacement. This: - angular displacement is decreased by a
correcting kick, which thus decreases the betatron amplitude. As is well
known, “the cooling of a single particle is hampered by the presence of the
other particles, which appear as a noise signal which heats the particle.
For a properly de31¢ned system, the net effect over many turns 1is that
cooling 1s achieved.
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The process of betatron cooling is conventionally described by the
equation? .

4T (ogeg2Meu))a, | (4.1)
at 2N

where A is the betatron amplitude, W the amplifier bandwidth, N the number
of particles, g the system gain, M the mixing factor and U the ratio of
noise to signal power. The mixing factor M is given by

m = 220N : ~ (4.2)
oW - :

where (f) is the density of particles (number per Hz), f is the revolution
frequency, £ is the revolution frequency (0.578 MHz) of the central
momentum, and ) 1s a constant of order unity (A=1ln2 if the gain is
independent of frequency). ) .

Stochastice cooling'during the 2-sec Debuncher cycle is difficult for
several reasons. The first reason is that the mixing factor M is large
compared to 1. M is inversely proportional to p, where

M _ AP (4.3)

Faa

The choice of the value of p was a compromise between the rf requirement
for the bunch rotation (which favors a small ﬂ) and stochastic cooling
(which favors a large p). The choice of n= -0.0047 leads to a mixing factor
M of about 10 for the particles near the central momentum of the Debuncher,
assuming a Debuncher momentum distribution which is parabolic with a full
width of Ap/p=0.3%.

A second problem is that the noise-to-signal ratio U tends to be
large. The techniques to make U small are: 1) increase the beam signal as
much as possible by using a large number of high-impedance pickups and 2)
decrease the noise temperature by cooling the pickup terminating resistors
and the preamplifiers. The pickup system has been assumed to be 1loop
couplers’ as described in 5.4.1. The parameters of the pickup and
preamplifier system are given in Table 4-VI.

Table 4-VI. BETATRON COOLING SYSTEM PARAMETERS

Pickup Characteristic Impedance (Z ) 75
Sensitivity (or coupling factor)(L ) 1.6
Number of Pickups np 192
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Maximum g at pickup B 10 m
Terminating resistor gemperature ¢ 80K
Amplifier equivalent noise temperggure GA 80K

A technical problem* occurs when one tries to use a large number of
pickups in a region of low B. The betatron phase advance becomes
appreciable over the pickup array and there is a partial cancellation of
signal. For example, in a straight section 10 m long with a minimum beta
at the center of 5 m, a pickup array centered in the straight section would
give the best signal-to-noise ratio if the array length were limited to 8
m., At this length, the effectiveness of the array is 0.85 of what it would
be 1if the betatron oscillation could be turned off. For this reason, both
pickups and kickers have been divided into two sections 180° apart in
betatron oscillation. With this division, the betatron oscillation dilutes
the sensitivity by 0.05. This effect has already been taken into account
in the sensitivity factor quoted in Table 4-VI. .

The criterion for the thermal noise to be negllglble is U<<M. With the
parameters of Table U4-VI,

2K ,(gn+08,)h2
U= 23 1: A (4.4)
d°Z e fonpNBpt

= 1.2 (initially)

where K,=1.38x10"2% joules/°K, f =1/T=revolution frequency, e=average beam
gize=87 mm-mrad initially. Howéver, as the beam is cooled to
€=0.87 mm-mrad, U will grow to 12, the same value as M, the mixing factor.
Thus cooling will initially proceed not limited by thermal noise, but as
the beam cools, the effect of the Schottky and thermal noise become
comparable (note that the cooling equation (4.1) is written in a deceptive
form because-it does not explieitly show the dependence of U on E).

A practical problem that occurs in fastostoch@stic cooling 1s that the
power requirements are often very high. In the Debuncher, the best cooling
rate is obtained for a power level of 1700W. However, as can be seen from
Eq. (4.1), the galn can be decreased by a factor of 2 and the cooling rate
will be only 2g-g? =3/4 of the optimum rate. In the absence suppression,
the power will decrease by a factor of 4. In the case that signal
suppression is important, the decrease in power can be even greater because
the system gain g increases more slowly than linearly with the amplifier
gain. In a system with bad mixing like the Debuncher, most of the thermal
power 1s between Schottky bands and 1is largely unaffected by signal
suppression. In this case, the thermal power 1is therefore more nearly
proportional to amplifier gain squared than to system gain squared (g?2).
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- 4.7.3 Hardware. A block diagram of the betatron cooling system is shown

in Fig. §-271(a=b). In brief, the pickup signal from 32 upper plate pickups
is combined with 32 lower plate signals to provide a difference signal
proportional to the position displacement of the beam. The signals from
each set of 32 pickups amplified 40 dB are combined in an 6-fold combiner.
Each combiner input has an adjustment for amplitude and delay. After
combination the signal is further amplified by 72 dB to a 1level of about
25 dBm. An overall delay adjustment is followed by a gain and phase
compensating circuit, to partially cancel the variations in the TWT
(traveling wave tube) gain characteristics. The power 1s then split to
drive two sets of TWT s, each of which drives an array of 96 kickers. The
hardware components are desceribed in more detail in Section 5.4.

4,7.4 Computer Simulation®. A simulation of the betatron cooling in the
Debuncher was made to calculate the expected system performance. Included
in the simulation were the pickup and kicker response. functions,
transit-time differences of the electrical signal and particles between
pickup and kicker, and signal suppression. The amplifier was modeled as a
physically unrealizable ideal amplifier having a gain 8, from 2 to 4 GHz
and zero elsewhere. It was assumed that g, was purely real. While the
amplifier model was not realistic, measurements of the TWT tube amplifiers
in the 1-2 GHz range show that, when externally. phase compensated, these
tubes can provide gain and phase characteristics that lead to cooling rates
equal to or better than the 1-2 GHz "ideal" amplifier. The initial P
distribution was taken from Fig. 3-4. It was assumed that the Debuncher
had an emittance of 251 mm-mrad but that the transport 1line had already
limited the beam size to 207 mm-mrad. The total output power was limited to
500W. The gain was continually adjusted to provide the best cooling within
the 500W limit. '

Figure U4-22 shows the initial and final beam distributions for
particles at the central momentum. Ninety-nine per cent of the particles
fall within an emittance of 7m -mm-mrad. Also shown is the final curve for
particles with a momentum offset of 0.075%, or halfway to the edge of the
distribution. The cooling of these particles is somewhat better since they
have a somewhat lower density, i.e., less Schottky noise. Since the noise
figure assumed is somewhat speculative, Fig. 4-23 compares the final-
speetrum for design case 8,-8 =100°K and noise figures 2x and 3x worse. If
the nolse figures were worse Because of the pickup sensitivity being ™ less
than supposed, the kickers would presumably be less sensitive in the same
ratio. In this case, the total dissipated power would be larger than the
design case of 500W., Figure 4-24 is a comparison of the final distribution
for different power 1levels assuming the design . case noise _ figure
(9A=9p=80°K). As previously stated there is little advantage in running at
power® levels corresponding to the optimum gain.

The stochastic cooling system for the debuncher as designed will cool
the beam emittance by about an order of magnitude. If the system fails to
perform as designed, there is a substantial margin of safety in getting the
beam to 71 mm-mrad for transfer into the accumulator.
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4.7.5 Effect of the gap on betatron cooling. The effect of the "barrier

bucket" on stochastic cooling has been considered. Recall that the
"barrier bucket"™ establishes a gap in an otherwise-continuous debunched
beam. The process of creating this bucket adiabatically after betatron
cooling, is time consuming, it is planned to turn the barrier bucket on as
soon as the debunching 1is completed. This raises the question of the
effect that such a gap has on the betatron cooling. Exeitation of a beam
pickup by the gap in the beam is equivalent to excitation by a single bunch
in the ring with a current distribution equivalent to the missing current
in the gap, as shown in Fig. 4=20. If the current is described by a cos?
dependence where it is changing and if the gap length is related to the
total bucket length by a factor k, then the Fourier series representing the
current distribution is

- R : e -]

2h *:fﬁ (31n nkT/h + sin nﬂ/h) -
1 - cos nW t
de k+1 S nl1 (1-k) "(n/h) "~ J o .

n—1

i(t) = 1

For h=4, k=0.5, and W -3, ,5X 10 , the maxzmug amplitude of signals in
the region of 1 GHz (n®1800) is about 2x10= 140, which is much smaller
than the thermal noise.
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5. ACCUMULATOR RING

5.1 Accumulator - Functional Summary

The first function of the Accumulator is to accept a pulse of P’s
every 2 seconds. In order to make room for this pulse, the P’s must be
compressed (cooled) into a smaller area of phase space. A technique to
accomplish the continuous P accumulation and compression has been developed
at CERN and is the basis of this design. The technique consists of
establishing a stack of $°s with an energy density that rises approximately
exponentially from the injection density (the low-density end d¢s referred
to as the "stack tail") and then culminates in a ~roughly Gaussian
high-density region (the "core"). - The density" profile of the proposed
gystem 1is shown in Fig. 5-1. Betatron amplitudes are also cooled during
the stacking process. The design criteria for the accumulation process are
given in Table 5-I.

Table.5-I. ANTiPROTON STACK PARAMETERS

Injected Pulse

Number of $°s 7 x 107

Ap/p 0.2%

Horizontal and vertical emittance 107 mm-mrad

Time between injections 2 sec

Fraction of beam accepted ~“85% of injected pulse
Flux ' ) 3 x 107 B/sec

Final Stack

Number of B°s 4.3 x 101!
_Ap/p . 0.1%
Horizontal and vertical emittance 27 mm-mrad
Peak density . 1 x 10° eV~
Core width (Gaussian part) ’ 1.7 MeV (rms)

Total stacking time 4 hours

5.2 Momentﬁm Cooling

5.2.17 Introduction to Stochastic Stacking The stochastic stacking
system consists of pickup electrodes, an amplifier system with electronic
filters and phase-compensation networks, and kicker electrodes. Each
particle produces an. electronic signal that, when applied to the kicker,
changes its momentum in the direction of the core. The signal of each
given particle thus produces a kick that-tends to cool the beam into a
small momentum width around the core. Other particles in the beam with
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approximately the same revolution frequency produce random kicks on the
given particles and cause diffusion or heating. The interesting systems,
of course, are those in which cooling dominates over heating.

Momentum cooling is usually described in terms of the Fokker-Planck
equation

W_ 3 [-Fy + (Dy + Dq + D2¢)<§9 ]
ot  oE . OE
where ¢ = aN/aE is the particle density, F is the coefficient of the

ecooligg.tgrmfﬁD is the coefficient of the heating term due to intrabeam
scattering (described later), D, is the coefficient of the heating term due

- to thermal noise, and D, is the coefficient of the . heating due to other
particles. A derivation and discussion of this equation are given by Mohl

1et al.t

A simplified version of the Fokker-Planck equation has been used by
van der Meer? to describe the stacking process. It is assumed that the
voltage on the kicker is exactly in phase with the particles that created
it, that there is no amplifier thermal noise or intrabeam scattering, the
feedback gain is independent of harmonic number, and that there are no
beam-feedback effects. A more general approach, including thermal noise,
is possible.3 While none of these assumptions is justified in the proposed
system, the simplifiied discussion yields semi-quantitative results that can
form the basis of a design.? Following van der Meer, the flux can be
written as

v 2 -
T - - - AV —_
o] 7 b4 5E ’
cooling - heating -
term term

where N(E,t) is the number of particles with energy less than E and
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from which the Fokker-Planck equation K

2, 29
ot oE
follows. Here V = V(E) is the average energy loss per turn and T is the

revolution period. The constant A describes the strength of the heating
term and is given by ' -

A = BpA
4T %W 2|

v/e, p 1is the momentum, T is the revolution perigd, W is the
bandwidth = £ . f . 'A=1n(f__ /f ., ), and N= Y.~ 2 - Y 2 If the
amplifier ga%%x is %%% independen%agf ?%gqﬁency, A is &odified. The ideal
gain profile, in fact, rises linearly with frequency, but the exact value
of A is not important for this discussion.

where B

The Fokker-Planck equation is nonlinear in ¢ and it 1s therefore
usually solved numerically. Stationary solutions, &(E,t) = &, - constant,
can often be found by elementary- methods. These solutions™ are useful
because in the stack tail between the core region and the injection region,
the actual time-dependent solution 1is normally very close to the

steady-state solution.

Consider ¢,  : constant and W(E,t) = V(E), and ask what the shape of
the voeltage profile V(E) should be. The answer, as given by van der Meer,
is to maximize d{/dE everywhere and thus minimize the energy aperture which
is required. This choice also minimizes the total Schottky power in the
amplifier, The solution is
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where Y. 1is the initial stack-tail density at E1 and Ed is the
charaeterlstic energy

2 ..
Eq = =BAQGT" = = —r .

This equation exhibits the major design consideration. We know that dy/dE |
is maximized by a gain profile V(E) that is exponential in energy. The -
exponential slope dy/dE is maximized by minimizing Ed' In the stack tail,
we want a density increase of 1000, so we require a minimum momentum
aperture of Ap/p = 1n(1000) E /p = 6.91 E,/p. If we want to 1limit the
aperture (Ap/p) required for the stack gail to 0.75%, then E, < 0.001 p =
10 MeV for p = 8.9 GeV/e. Since we want to have @  as large as possible,
we must make Ed small by choosing Twz|n| to be as garge as possible.

We have chosen to work with a maximum frequency of U4 GHz for the
purposes of this report, but we intend to use frequencies up to 8 GHz for
core cooling if our research program indicates that 8 GHz cooling systems
are practical. The stack-tail system was chosen to have a maximum
frequency of 2 GHz. As described below, the choice of frequency dictates
the choice of n. By limiting the stack-tail system to 2 GHz, we are able to
use a relatively high n (n = 0.02). The high value of n is useful for the
core-cooling systems, where the core cooling times are i1nversely
propoertional to n. '

The maximum value of n is limited once we choose fm < For a number of
reasons, it is required that n(Ap/p) f < T<§, where % is some number of
order unity. The reasons that determine T&E value of § are: .

(1) The Schottky bands must not overlap in a system that uses
electronic filters for gain shaping. In such a system, the
particle energy is sensed in the electronics by the connection
between energy and the harmonics of the revolution frequency.
If the relationship is not unique, it is difficult and probably
impossible to design appropriate filters. In this case, § = 1
and Ap/p = 1% so 1 <0.03 with T = 1.6 yusec.

(ii) The phase shift between PU and kicker must not vary across the
- momentum band more than about +U45°, If PU and kicker are
exactly opposite in the Accumulator Ring, then § = 0.5. If the
stack-tail system is divided intc subsystems with Ap/p = 1/3%,
then this constraint applies to each system individually, so n

<0.05.




(1ii) For reasons described below, the.filters must have the peak of
their response at the tail end and a notch in the core.
Between Schottky bands, of course, the response must rise from
the notch 1in the core back to the peak value. Since the rise
back to the peak value cannot be done infinitely sharply, at
least without undesirable phase characteristies, this
requirement is more severe than 1) above. We have found that n
= 0.02 is a suitable value for a maximum frequency of 2 GHz.

&

We have chosen a Booster-sized ring (T = 1.6 psec) because it is large
enough to accommodate the cooling-system hardware and can run at 8 GeV, a
good energy for production of B°s and their injection into the Main Ring.

5;2.2 Summary of Design Considerations. We have chosen E = 0.001p = 10
MeV to keep the required momentum aperture sufficiently smalg. The product
Tfm <N 1is fixed by the requirement of a minimum spacing between Schottky
pands. We have chosen W = 1 GHz with f <= 2 GHz to yield a somewhat
higher value of n (0.02) than would* be the case if we chose a higher
frequency. Higher frequencies also have the disadvantage that it is
somewhat more difficult to build the quality of hardware that is required.

5.2.3 Building the Exponential Gain Profile. Once the parameters of the
stack tail have been chosen, the next step is to build the required gain
profile. We use a combination of two techniques. The first technique is
to. sense the particle momentum by sensing its position in a region of high
momentum dispersion. The position sensitivity of the strip-line pickups we
plan to use is given in Section 5.4.1. For large horizontal displacement x
the sensitivity of these pickups becomes '

s(x,0) g e~™/h

where h is the gap between plates. In our case, the momentum dispersion is

@, = 9 m and we have chosen h = 3 cm. Thus for large e,

V(E) qe-|ME[/E*

2
- where E¥ ~ B8 Eh

B

where V(E) 1s the average (coherent) particle voltage gain per second AE is
the difference between energy E and the energy where the pickup response is
centered, and E*¥ = 10 Mev. In our system we use the pickups in the region
where the falloff is not trulx exponential, but the system can be
characterized roughly by an E for the pickup respconse of approximately
15 MeV. : :



The second method of gain shaping is with filters. However, the main
purpose of the filters 1s to reduce the thermal noise in the core. In
order to maintain a flux of 3 x 107 into the stack tail, an amplifier
system .with very high gain (150dB) is required. Even with preamplifiers
with low noise temperatures (80°K), the thermal noise produces an rms
voltage of approximately 1500 V/turn. This noise voltage is (perhaps
surprisingly) tolerable in the tail where the average (cooling) voltage
gain 1s about 10 V/turn. In the core region, where the cooling voltage is
a few mV/turn, this nolse voltage must be reduced to a tolerable level.
The filter does this by making a notch at all harmonics of the revolution
frequency of the particles in the core. The filter also does some gain
shaping in the tail region. The filters used are composed of a series of
noteh filters similar in concept to those used at CERN. A schematic
diagram of the individual component .filters is given in Fig. 5-2. The
response of these filters is given by

vout

= (e-Y12‘1 - ge-:ng'z)/Z ’
in - i

where v, vz and %3, 2 are the propagation constants and 1lengths of the
cables and § 1s a variable attenuation.of order unity. To get a clearer
picture of the operation of this filter, consider the approximation £ = 1,
21 = 0, y2 = wT /%2, where w is the applied frequency and T, the electrical
length of the cable. In this case,

v t'z
ou
| | =.(1 - coszc)/a

vin

and the phase changes linearly with frequency exgept -at the transmission
zero, where it takes a discontinuous jump of 180 .

Tt is probably worth mentioning that the absence of amplifier noise
would not necessarily eliminate the need for filters. Nonlinearities in
the pickups, amplifiers and other components cause frequency mixing, as 1is
well known to r.f. engineers. The input power at frequencies corresponding
to the stack tail, where the power density is high, will mix in a nonlinear
device and produce output power at frequencies corresponding to the core
where the power density must be low. The filters suppress the most
dangerous part of the unwanted distortion because of the notch at the
frequency of the core particles. (These particles are cooled by a separate
system without filters, as will be described later.) It will Dbe
advantageous to place some of the filiering after the final amplifisr to
reduce the sensitivity to the nonlinear distortions from that source.
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The shape of the gain curve at the injection end 1is purposely
different than the ideal exponential curve, becoming flat in the injection
region because of several practical considerations:

(1) It is desirable to keep the electronic gain between Schottky

: bands as low as possible. The gain between Schottky bands does

not affect the cooling process, but the thermal power between
Schottky bands is significant.

(i1) To maximize the ratio of Schottky signal to thermal noise, it
is desirable to place the pickups so they have maximum
sensitivity to the freshly injected beam, i.e., so they operate
in the non-exponential region.

(1ii1) The exponential gain profile minimizes Schottky power only in
the approximation that ‘beam is injected 1in a steady state
manner. In fact, each newly injected pulse substantially
alters this picture since the density of particles will differ
by factors of 2 or 3 from the steady state situation.. By .
making the gain profile flatter in the injection region, we can
reduce the required Schottky power Iimmediately after a new
pulse is injected.

The stack-tail system we have designed consists of two sections of
pickups and associated amplifiers and filters. The two sections make it
possible to control undesirable phase shifts and thermal noise in the tail.
4 block diagram of the system is shown in Fig. 5=3. The number of pickups
was chosen to be a large as possible to minimize the thermal-noise to
Schottky-signal ratio and to minimize the total thermal power. In order to
keep the betatron oseillations from substantially affecting the momentum
cooling, the betatron amplitudes must be limited. To achieve the desired
gain profile, the pickups have a plate separation of 3 cm. Calculations
indicate that the beam size should be less than 2.4 cm to avold trouble
with betatron motion. For an emittance of 10m mm-mrad, the B function at
the pickup must be 15 m or 1less. This requirement limits the pickup
straight section to 15 m in 1length and a total of 200 pickups. The
function of the subtracting pickups is discussed in the next section. The
number of kickers was chosen to fill the straight section across from the
pickups to minimize total power (inversely proportional to the number of
kickers). The gain profile achieved with this system is shown in Fig. 5-4
abe for the Schottky bands at 1.1, 1.5 and 1.9 GHz. -

5.2.4 Signal Suppression and Stability. An important aspect of the cooling -
process, when using high-gain cooling systems, is signal feedback via the
beam., A signal of frequency w will modulate the beam at frequency w, and
this modulation will be sensed at the pickup. Thus the cooling system
forms a closed-loop feedback system. This feedback system is analogous to
amplifier systems with conventional electronic feedback. An expression for
the beam feedback has been given by van der Meer’® and independently by
Ruggiero.® An approximate expression is
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I Tef 3
p 2 CcP dy ‘ ~0 dy
2 oo = Jef dE’ = - CP
F 7 Jefy” P ) nk(E-E') dE' n[k]| aE
where P denotes the principal value of the integral, I_ - induced current

at the frequency f = nf, in the pickup due to modulation caused by voltage
V on the kicker, £, is the revolution frequency corresponding to energy E,
n is the harmonic number, e is the unit charge, j = v-1, k = 27 dfO/dE, c
is the phase factor due to transit time differences between pickup and
kicker, and P = P(f,E') is the pickup sensitivity. P depends on E' because
P depends on particle position, which depends on E' (usually
exponentially). The dependence of P on f comes from electrical properties
and is‘'usually weak. P

This approximation is wvalid when the Schottky bands are well
separated, but 1is a poor approximation for quantitative results for the
system described here. Nonetheless, it is sufficient to expose the main
features of the physical process.

The closed-loop gain of the system is given by G' = G/(1-FG), where G
is the open-loop gain (G = V/I_) of the electronics going from pickup to
kicker. If the real part of FG ig less than zero, then G' < G and the
cooling signal 1s suppressed. If the real part is greater than zero, the
signal may be enhanced. If the real part of FG > 1, when the iImaginary
part 1s zero, the system 1s unstable. (This situation 1s completely
analogous to the case of conventional electronic circuits with feedback).

In the approximate expression for F, one -sees that there 13 a
resistive (energy-absorbing) component of the beam response proportional to
the gradient of the density at the driving frequency and a reactive
component that depends on the asymmetry of the gradient about the driving
frequency. It would be wrong to coneclude, however, that the resistive term
is the more important when looking at system stability. Both terms must be
considered because the open-loop gain function G is a complex quantity; it
unavoidably contains phase shifts from the filters and differences in time
delays between pickup and kicker.

In faect, in the stack tail, the feedback can be dominated by the
contribution from the particles in the core where dy/dE is very large - 10"
times larger than in the tail. Fortunately, d{/dE, which 1s increasing

“exponentially, is multiplied by the pickup response, which is decreasing
exponentially. The rate of exponential increase of dy/dE depends on the
total gain profile, i.e., the product of pickup and filter response. The
damping of dy/dE in the feedback integral, however, depends only on the
pickup response. Thus, it is important that the filter gain profile not be
too sharp compared with the pickup in order to avoid severs problems with
stability and signal suppression. The importance of the relative amounts
of the gain profile derived from filiers and pickups has been pointed out
previously by Sacherar.’




An additional suppression of signal from particles in the core 1is
provided by the subtracting pickups in each section. These pickups are
placed closer to the core and normalized so that their sensitivity to the
core region 1s equal and opposite to the sensitivity of the main pickups.
In the stack tail, however, they subtract less than 10% of the signal.
Several subtracting pickups followed by substantial attenuation are
required to avoid having the subtracting pickups appreciably affect the
amount of thermal noise in the pickups. Immediately after injection, the
signal suppression is substantially larger because of the large values of
dy/dE created by the RF stacking process. The gradients quickly (after 200
msec) smooth out because of the diffusion terms in the Fokker-Planck
equation. It appears that™ during the first 200 msec of the injection
cyecle, it may be necessary to reduce the amplifier gain in order to
maintain beam stability. This gain reduction has been taken into account
in computer simulations and, in any event, is only-of minor impoftance.

5.2.5 Core Cooling. The same Fokker-Planck equation that describes the
stack-tail system also describes the core system. - In fact, the distinction
between core and tail cooling systems is somewhat arbitrary. The
asymptotic distribution is given by

o¥
o = F‘}’+ (D0+D1 +D2\y) —_ =0
. 3E

The cooling coefficjent F has a zero at the peak of the core and a slope
proportional to g (E-E ) yhere g is the electronic gain and E, is the.
energy at the peak of thé core. The other terms are heating terms.” D, - ig
the contribution of intrabeam scattering (via the Coulomb force) to the
diffusion and has been calculated by Ruggiero® to be DO = 0.0015 N=

(eV)?/sec, where N_ i3 the total number of antiprotons in the Accumulator.
This value of D, corresponds to a momentum heating time of 2 hr. Dy is
independent of " both g and E. D, is the contribution of thermal noise and
is proportional to g?. D, is the Schottky heating term and is proportional

to g? (E-Ec)z. In our system Dy 1s small compared with Dy. Optimum
performance occurs when g 1is adjusted so that’' intrabeam scattering

dominates in the central part of the core and the Schottky heating term
dominates at the edges of the core. Smaller values of g leave the cooling
term F 1less than optimum (g = O means no cooling) and larger values of g
mean that Schottky heating is larger than the cooling. Computer
calculations show that densities in excess of 1 x 105/eV_can be reached.

The choice of 1 - 2 GHz bandwidth (and n = 0.02) for the tail system
was made Dbecause of the desire to optimize core cooling. Since D, ig
proportional to 1/n, a larger gain can be used to counteract iIntrabeam
scattering in the core. Choosing a higher maximum frequency and the same
momentum width for the stack tail system would have required a lower n for
the lattice. This would have reduced the core cooling effectiveness.
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A block diagram of the core cooling system is shown in Fig. 5-5. The
zero in gain 1is obtained by subtracting the signals from two sets of
pickups placed in a region of high momentum dispersion. One set of pickups
is centered above the core energy and one is centered below. The signal is
then applied to a kicker placed in a region of =zerc momentum dispersion.
The gain profile for the core system Schottky bands at 2.2, 3.0, and 3.8
GHz is shown in Fig. 5-6 abe.

5.2.6 Numerical Calculations of Momentum Cooling. A computer simulation of
the combined core and stack-tail momentum cooling systems has been made.
These calculations use the full theory developed by van der Meer et al. and
not the simplified models given here. It has been found that a core
density of 1 x 10%/eV can be obtained after 4 hours of stacking with a flux
of 3 x 107 sec™t. Figure 5-7 shows the stack profile as a function of time.
Figure 5-8 shows the cooling term (F) 1including the:effects of beam -
feedback after 3 hours. Figures 5-9 and 5-=10 show the heating term
coefficients Dy + Dy and Dz. Figures 5-11 and 5-12 are stability plots: the
real ‘versus the imaginary part of the cooling system gain G times the beam
feedback F. In this plot the system is stable if the curve does not
enclose the point (1,0).

5.3 Betatron Cooling

5.3.1 Introduction. Betatron cooling 1is accomplished by using a
pickup sensitive to the transverse displacement of the particles. In going
from pickup to kicker the particle oscillates 1n betatron phase by an odd
multiple of mw/2, converting the position displacement to an angle
displacement. Each given particle creates a signal in the pickup which,
when applied to the kicker, decreases the angle displacement. Other
particles with similar revolution frequencies contribute noise that tends
to increase the betatron amplitude. This situation is similar to the
momentum-cooling discussed earlier, )

Betatron cooling is conventionally described in terms of the time
decrease of the betatron emittance? '

n - 2
de §ax z 2Gn+v€ + oGy )8

n=n__  *y- |s|? (5.1)

The first term in the numerator describes the effects of the Schottky
signal. ~(In the case of betatron cooling, the heating and cooling terms
may be combined into a single term as has been done in Eg. (5.1) above.)

a

The signal-suppression factor S is given approximately by
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G .
n+y «E) R2E

2T . (5.2)
n+v n

S=1 +

The exact expression for S contains, in addition to the "pole term" given
above, a principal-value integral over the distribution Y(E). At the center
of a symmetric distribution, the prinecipal-value integral vanishes. Away
from the center, |S| tends to be smaller than S at the center of the
distribution. Thus, we can get approximate, but slightly pessimistiec,
results for betatron cooling in the core by considering only particles at
the peak of the distribution. In the case of betatron cooling in the tall,
the gain G ;

i

n+y 1S sufficiently small that S can be set to 1.
The second term in the numerator of Eq. (5.1) describes the heating by
thermal noise. Here

a = 2TU (5.3)

o?

where T is the revolution period, U_is the ratio of thermal noise power to
Schottky signal power per particle at time t = 0, and € is the emittance
at t=0. The total thermal power i1s given by °

Pen = K% + 9 g, W, _ (5.4)

where k is Boltzmann's constant, is the pickup termination temperature,
0, is the amplifier equivalent nolise 'temperature, g, is the amplifier
vgltage gain and W is the bandwidth. .

The Schottky power per pickup per particle is

42 -
P L N (5.5)
sch ~ 2 o “pu ;3' P © gy W, - 5.
where Z. is the pieckup impedance, s is the pickup sensitivity, h is the

pickup g8P, B 1is the B function at the pickup. The ratio of thermal to
Schottky poweg is

2k( @R + @A)

° - 20 7 mYy 2
e ‘5 “ou (d/n) SPEO
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The solution of Eq. (5.1) may be written as

€ = (eo - &) ot/ T €y (5.7)
with
€p = UGT & (5.8)
and
1 . T ' ce
T o R | (5.9)
£ - WE) B%E
T W 4 . (5.10)
2
R(x) = [ Bxdt
(1+x/t) 2. (5.11)

1

Equations (5.8) through (5.11) have assumed that. the gain G__  is constant
and equal to G. Equation (5.11) is an approximation £¢ the sum from
Eq. (5.1); the limits of integration assume an octave bandwidth. The gain
G is related to pickups, kickers, and amplifier gain by

BR 2,2 o
G - 2 BkBp SpSx @ fo Zpy "Nply gy »

where 8 (8 ) is the betatron function at the piekup (kicker), s,(s,) is the
pickup ?kicker) sensitivity, hD(hk) is the gap height in "the pickup
(kicker), N (N,) is the number of pickups (kickers), e is the electric
charge, £ ="1/T is the particle revolution frequency, Z. is the pickup

. - . pu
and kicker impedance, and p is the momentum.

We will build two betatron cooling systems: a stack-tail system and a
core-cooling systen. The stack-tail system has both pickups and kickers
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placed in dispersive regions and has a low sensitivity to particles in the
core., The core-cooling system has both pickups and kickers placed in
regions of zero dispersion and is therefore equally sensitive to particles
in the core and tail. The gain of the core system is so low, however, that
is has little effect on the tail. The core cooling system is somewhat
simpler and will be discussed first.

5.3.2 Betatron Cooling in the Core. In the case of the core cooling, the

gain of the system is determined by the energy density of particles in the
core,

) The function R has its maximum of 1. 5 at about x = 1.5. The gain G is
therefore

G = T.5W
B%E WE,)

7 x 1078 sec™!,

where Y(E ) ;= 10 S/eV is ‘the peak core density, = 2 Ghz (from 2 to 4 GHz)
n= .02, B %% = 8.8 x 10%V. Then €, 1s 0.06 g mm-mrad and negligible
compared to a final emittance of 2 ﬂ'mm-mrad. Thus, as might have been
expected, thermal noise can be neglected.

The cooling time T is found from Eq. (5.9) to bel hour. Particles
that have an emittance much larger than the average emittance of the core
will be cooled considerably faster however since the cooling correction 1is
proportional to betatron amplitude. The intrabeam scattering diffusion
times have been calculated to be 9 hr horizontally and large and negative
(corresponding to slight damping) vertically. The amplifier power gain (90
dB) and power level (5 W) are modest. A block diagram of the system 1is
shown in Fig. 5-13.

5.3.3 Stack-Tail Betatron Cooling. The stack tail betatron cooling system
uses the same pickups as the second section of the tail momentum~cooling
system. The pickup plates are centered at -5 MeV relative to the central
energy. For horizontal signals the pickup is most sensitive at its edges
at +15 MeV and -25 MeV. Most of the cooling takes place at the -25 MeV
edge Dbecause the momentum cooling system is pushing particles much more
slowly past the -25 MeV edge than the +15 MeV edge. The pickup is most
sensitive at 1its center (-5 MeV) for signals in the vertical direction.
The kickers are also placed at -5 MeV in a region with nlgh dispersion. A
block diagram of the system is shown in Fig. 5-14. -

Approximate calculations of the system performance have been made with
Bq. (5.1) except that the time variable has been replaced with the energy
variable, usiang the relationship .
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dE _ ¢
T WE

where ® 1is the flux of particles and {(E) is the density of particles.
This approximation ignores fluctuations in energy gain in the stacking
process. With this approximation, Egq. (5.1) is easily integrated
numerically. Figure 5-15 shows the emittance reduction as a function of
energy. The power in each system is less than 20 W.

5.3.4 Operation of Betatron Cooling Systems. In the Accumulator we have ?f
available two betatron cooling systems, either of which is capable, or
nearly capable, of cooling the beam emittance from 10mto 21 mm-mrad. = The
core system 1s clearly required so that a core of P's may be held for
several hours without diffusion. The tail system serves two functions:-1)
to cool the betatron amplitudes in a system with a low particle density (it
1s not necessary to wait one half to one hour for the core cooling system
to do its work) and 2) to counteract possible betatron heating by the
momentum~cooling system. The size of the latter effect 1is difficult *to
estimate; it depends on how well we are able to build the momentum kickers
for the stack-tail system. If the effect is larger than expected, the gain
of the stack-tail system can be raised to achieve better cooling, but, of
course, the power requirements will be greater. Tentatively, however, we
would plan to use the stack-taill system to reduce the beam emittance from
107 to 31 or 4 mmm-mrad and use the core system to reduce it below 2 7
mm-mrad.

5.4 Stochastic Cooling Hardware

The purpose of this section is to outline the hardware and techniques
we expect to use in order to meet the design requirements presented above.
Although the design 1s not complete, it has been carried out in sufficient
detail to make reliable cost estimates. In several instances alternative
designs are possible. We present here the design which is most sound
technically. Research and development are presently 1in progress to
investigate alternatives which could lead to better system performance,
reliability, or cost reduction.

Fach stochastic cooling system is composed of 5 basic parts: beam
pickup electrodes, low level electronies (including preamplifiers), medium
level electronics (including gain and phase correction ecircuits, filters
etc.), high level electronics (including travelling wave tubes), and kicker
electrodes. As several of the cooling systems share common elements in
their design, and the performance of these elements is necesszary for the
proper functioning of the cooling system, they are discussed below.

5.4,1 Pickup Electrodes The design of the 1 to 2 GHz and the 2 to 4 GHz
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stochastic coocling systems 1is based on the known"*s!! and measured!?
performance of quarter-wave loop (directional coupler) pickups. The loop
pickup 1s a segment of transmission line of well defined characteristic
impedance on which beam wall (image) currents can be induced. The
magnitude of the voltage induced on it depends on its characteristic
impedance Z ., its effective length L, its geometrical coupling e(x,y)
(which depenas on the transverse beam location as well as the height of the
vacuum chamber, and the amplitude of the beam current ib(m);

Q’w .
Vpu(w) = e(x,y) Zoy sin(—EJ elm/2 1w -

. 0 : .
where the 90 phase shift at the reference plane (the center of the loop)”

is due to the inductive nature of the coupling. The geometry of a typical
pickup pair is shown below:

T
i
f
|
1
l
|
|
i
]

Here, h is the full height of the gap between the electrodes and w is their
effective width. If the signals are added in a microwave power combiner
circuit and the ocutput signal is referenced to a transmission line of

impendance Z_, the output voltage is

VA { .
Voue (@) = s(x,y) /_puéa sin(d) 12 1 (W)

T2 c

where s(x,y) = e(x,y) + e(x,-y)

A
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T
T —(x -
L olx o+ w/2) sinh h(¥ = W/2)
, Sinh h N
=1 [tan" ( ) - tan~ ( )
T cosh(my/h) cosh(ny/h)

For x =y = 0:

s(0,0) = 2 tan=1{sinh(m/2h)}
T

Transfer impefidances of pickup pairs in sum mode are defined with a
centered beam at center frequency (w = ®m/2%2) and in a Zo = 50 ohm
transmission line, TN ] ,

Zg = 3(0,0) y25 Zpy,

At large x, s(x,0) »_4_ e=Tx/h ginh(m/2h)
" :

If the differences of the signals in the pickup electrode pair are combined
into a transmission line of impedance Zo , the output voltage is

Voup (W = d(x,y) %V_mz;za. sin(;zé“l.) el™2 1 (W

where d(x,y) = {e(x,y) - e(x,-y)} ...?,

=

and the difference mode transfer impeda;ce at x = 0 is

y
Zyto,y) = d(o,y)HV 25 2.,

where d(o,y) = 2 tanh (m/2h) = 7 3(0,0)[1-1/3 s%0,0)]

As microwave power combiners add power of coherent signals, the coupling
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impedance of loop coupler pairs is ng times the impedance for a single
pair, in both sum and difference modes. Figures 5-16 and 5-17 show a
typlecal electrode assembly.

Based on calculations, as well as measurements with both wires and

electron” beams, the loop coupler characteristics shown in Table 5-II are
the values we use in the Design Report. -

Table 5-ITI LOOP COUPLER CHARACTERISTICS

Characteristic 1=-2 GHz band * 2-4 GHz band
characteristic impedance A u 100 75 ohms
height (gap) typiecal n? 3.0 3.0 em
effective width W 4.0 2.5 cm
pairs per meter 15 25 per m
Sum Mode

s(o,0) .843 .664

transfer impedance Zs 2.2 28.8 ohms
Difference Mode

transfer impedance Zd 3230 2500 ohms/m

The electrode assemblies shown in Figs. 5-16, 5-17, and. 5-18 are
approximately 2.5 meters long (for the 1-2 GHz band) and contain 32 pickup
pairs. The signals are combined separately for top and bottom electrodes
using a double-sided Teflon printed circuit board. The air-spaced ground
plane yilelds a group veloeity of about 0.98c. The electrodes are
back-terminated in their characteristic impedance, and the whole assembly
is cooled to 1liquid nitrogen to reduce the thermal noise power from the
back termination, the skin effect losses in the circult board, and teflon
outgassing. In the 2-4 GHz band, it is quite possible that slot couplers
will have a higher coupling impedance per unit length than 1loop couplers.
A research and development program is underway in this area.

5.4.2 Preamplifiers Commercial gallium-arsenide field-effect transistor
(GaAsFet) amplifiers are available in the microwave frequency bands
required for stochastiec cooling. Although their thermal noise
characteristics are relatively low (a 2.0 db noise figure amplifier,
available in the 1-2 GHz band!? has an equivalent noise temperature of
170 K) it would still contribute nearly 70% of the total thermal noise
power. The design therefore i1ncludes preamplifiers cooled %o liqu%d
nitrogen temperatureg. We expect equivalent noise temperatures of 75 K
(NF = 1.0 db) and 120 K (NF = 1.5 db) for 1-2 GHz and 2-4 GHz amplifiers
regpectively. Minimization of thermal noise i3 not only important in
relation to beam heating, but also 1in relation to the cost of =axtira
travelling wave tube installed power required to amplify it.




- Dimensions |-2GHz 2-4GHz

in (cm)

w 3 2

2 4 2
g | 0.5
g2 i 0.5
95 | 0.5
h 3 3
S | |

Fig. 5-16

ax is the distance to the qround
-plane (not shown} above the pickup
electrode _
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Commercially available GaAsFet amplifiers designed to operate in the
Mil spec tegperature range (=55 C to 70 C) have been successfully operated
as low as 77 K'*. In this cgse a 1-2 GHz amplifier achieved an equivalent
noise temperature of 120 K (NF = 1.5db). GaAsFet amplifiers have been
specially designed for operation af§ liquid helium temperatures, and
equivalent noise temperatures of 20 K (NF = .2 db) have been achieved in
narrow band operation!® (0.5 GHz bandwidth at 1.5 GHz). We are undertaking
parallel R&D efforts to test commercially available amplifiers at liquid
nitrogen temperatures, and to develop our own design. The amplifiers will
be housed in separate vacuum systems closely coupled to the electrode
assemblies shown in Fig. 5-17.

5.4,3 Notech Filters Notch filters are needed in our design of the
stochastic cooling system for several reasons. In one system, the stack
" tail momentum cooling system, notch filters are used both for reducing the
microwave power at frequencies corresponding to particles in the core, and
to assist in shaping the gain vs momentum (frequency) in the stack tail.
In systems with poor signal to thermal noise ratio, noteh filters are
useful 1in reducing the extra travelling wave tube installed power required
to amplify it. If momentum cooling is implemented in the debuncher, a
notch filter would be used to produce a phase inversion of the pickup sum
signal at the harmonics of the central revolution frequency. The tolerance
on the frequency deviation of the notch centers at each harmonic of the

revolution frequency W, in the frequency bandwidth is of the order of (for
the accumulator)

W - nW
2 °|<n_62_“0.5x10‘5
nwo o)

Where n = 0.02, p is 8.9 GeV/c and 8p is about 2 MeV/c.

Filter designs include both shorted stubs, which use reflections from
the shorted end of a long transmission line (nominally half the
circumference of the accumulator ring), and correlator types, which use the
constructive and destructive interference of the same signal transmitted
over two transmission 1lines (whose lengths differ by about the
circumference of the accumulator ring).

In our application here, the large circumference of the accumulator
ring, in combination with the very high frequencies used in the
electronics, impose severe restrictions on the selection of transmission
lines. In room temperature transmission lines, the skin effect conductor
resistance causes dispersion as well as attenuation. This is reduced by
uging larger diameter transmission lines. However, the maximum size of the
transmission line is limited as higher order modes are excited, and affect
the dispersion. In particular, in a 7.5-cm diameter 50-ohm transmission
line, the TE,; mode propagates at frequencies above 2.0 GHz. These effects
are only marginally better at 76.6 ohms,.the impedance at which skin effect
losses are minimized.




19

Qur design 1s based on superconducting transmission-line correlator
type notch filters. We have achieved notech dispersion of less than
1 x 10=% in the 1-2 GHz band using a 1.6-mm diameter 50-ohm superconducting
transmission 1line about 86 m long. Early measurements using the line in
the shorted stub mode showed that small discontinuities in the line created
voltage standing waves (VSWR's) which added to the dispersion. 1In the
correlator circuit, the reflected power is absorbed by the matched source
impedance f{or the isolated port of a hybrid splitter) and is only
re-reflected forward by additional discontinuities.- Hence a correlator
design 1is 1less sensitive to discontinuities than i1s the shorted stub
design. A schematic of the 86 m superconducting line is shown 1in its
liquid helium ecryostat in Fig. 5-19. The superconducting line is wound
into a coil 40 cm long and 10 cm diameter. In the present design, the
helium cryostat must be refilled every two days. Figure 5-20 shows the
notch dispersion obtained with this line in the 1-2 GHz band -and the 2-4
GHz band. It has been found, -for example, that the notch dispersion can be
improved by use of carefully matched hybrid splitters and combiners.
Research and development 1n superconducting transmission 1lines 1s in
progress. )

5.4,4 Travelling Wave Tubes (TWT's). The power amplifier stages in all
our cooling systems are travelling wave .tube amplifiers. Several
commercial units are available in the 1-2 and 2-4 GHz bands with saturated
output power ratings up to 200 watts. Travelling wave ¢tubes are also
available with power ratings above 1 kW.

Numerical studies show that in the stack tail momentum cooling system,
the depth of the notches between the Schottky bands must be at least 40 db
deep in order not to excessively heat the core. Even though notches of
this depth can be obtained with the filters discussed above, the
intermodulation distortion which occurs at higher power levels in TWT's can
rapidly fill these in. Second-order intermodulation distortion can occur
at the edges of the operating band of octave bandwidth TWT's. Operation of
the TWT's in a push-pull mode however can reduce the second order IM
products effectively. However, third order IM distortion can occur at
midband frequencies and is not reduced by operating the TWT's in push-pull
mode. Measurements using a single TWT and a notched white noise source
show that the remaining notch depth at the TWT is only 13 db at full power
(200 watts), but improves to about 30 db at 10 watts per TWT. This is
shown in Fig. 5-21. The highly peaked Schottky spectrum produces a third
order intermodulation distortion which is naturally peaked in rather than
between the Schottky bands, providing another 12 db of notch depth at core
frequencies. Hence we would need to use of the order of 160 TWT tubes to
provide an estimated 1.6 kXW to 160 kicker electrode pairs.

The potential cost saving of being able to run the TWT's at 100 W
rather than 10 has stimulated interest in using superconducting correlator
filters on the output of the TWT's. In prineciple, the filter need only
provide a notch depth of the order of 20 db, the remainder being provided
by the TWT IM distortion reduction of 13 db, and the IM form factor of the
Schottky bands of the order of 12 db. As a correlator filter using a
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superconducting transmission line is nearly lossless, we are investigating
the possibility that such a filter could be used on the TWT outputs.
Calculations show that the superconducting line could dissipate about 0.7
W/meter without quenching. Measurements presently show that attenuation in
a 80-m line is less than 0.5 db at low power levels (corresponding to 0.3 W
per meter at 200 W forward power). Calculations of the anomalous skin
effect and dielectric losses yield similar values. Hence a research and
development program is going on in this area. The present design is based
on using the post TWT filters with each tube in a push-pull pair operating
at about 40 watts. The circuit arrangement is shown in Fig. 5-22.

5.4.5 Kicker Electrode Assemblies The kicker electrode assemblies are
conceptually similar to the: pickup electrodes except that the printed
circuit combiner board is Aow a power divider, and the terminating
resistors must dissipate 5 to 7 W each (into a heat sink). Cryogenic
pumping does not appear to be needed 1if the teflon eircuit board 1is
prebaked at 150 C, hence allowing the terminating resistors to be water
cooled rather than liquid nitrogen cooled.

5.4.6 -Other Considerations Most of the components in the stochastic
cooling electronics have a limited bandwidth of about an octave, and this
normally causes the frequency derivative of the phase delay to be frequency
dependent. This leads to two parameters which need to be known for each
element. The group delay (the slope of a straight line fit to the phase
delay vs frequency data in the operating band) and the phase intercept (the
zero frequency intercept of the above straight line) need to be measured
for each component and accounted for the final system. Deviations from the
average -group delay at particular frequencies, as well as gain
nonuniformity may have to be corrected. Special eircuits to cause gain
shaping and constant phase offset will need to be designed and built. 1In
brief, the group delay is adjusted using cables so that the information
signal arrives at the kicker at the correct time. The phase intercept
correction assures that it arrives with the correct phase angle. The gain
correction assures that the signal power i1s properly apportioned to each
Schottky band. - -

The dispersién in the transmission lines carrying the. signals across
the ring also needs to be considered. In the 1-2 GHz stack tail systems,
the largest diameter coaxial line which we can use 1s 1-5/8-in. diameter
rigid line (air dielectric) as the TE;) mode propagates above 3.5 GHz.
Calculations show that the expected dispersion is about 8 over the 1-2 GHz
band for 150 m of line, based on the known skin effect losses. Preliminary
measurements indicate that it may actually be somewhat larger, possibly due
to excitation of evanescent modes at 2 GHz. In the 2-4 GHz range, the
transmission line diameter would have tg be limited to about 7/8", and the
calculated dispersion would be about 18 . This line will probably be of the
foam dielectric type, as the time delay requirements are not overly
restrictive. )
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5.4.7 Accumulator Stochastic Cooling System Layout  There are 6 specific
cooling systems in the Accumulator. Their location is shown in Fig. 5-23.
Their basic operating parameters are outlined in Table 5-III. All 3 stack
tail systems operate in the 1-2 GHz band, while the 3 core systems operate
in the 2-4 GHz band. All kicker assemblies have been located remotely from
the pickup electrodes to minimize coupling and feedback.

The largest system 1is the stack-tail .momentum-cooling system,"
requiring about 1600 W of microwave power. The pickup electrodes are
located in the 10 m dispersion short straight section A60, and the kickers
in the 2zero dispersion long straight section A30. A block diagram of the
low~level electronics is shown in Fig. 5-28a and b. Groups of 32 pickup
electrodes are summed on an internal edge-supported teflon printed circuit
board into low noise preamps. Signals are separately amplified for the
upper and lower electrodes to allow for gain and phase correction, as well
as for forming both sum and difference signals. Signal processing is done
in the medium level of electronics as shown in Fig. 5-25. This includes 3
notch filters (superconducting correlators) with notch minima set at +4,
-2, and -3 MeV relative to the core. After gain and phase corrections, the
signals are amplified to about +20 dbm and transmitted across the ring to
the high 1level electronics (TWT's). At present we estimate that 40 TWT's
are needed if we can operate them at 40 W each and maintain a 30 db notch
depth at the core frequency (this number includes the Schottky form factor
of about 12 db). Post-TWT filters (superconducting correlators) would have
to provide about 10 db additional.

The stack-tail betatron cooling systems derive their pickup signals
from the stack tail momentum system as shown in Fig. 5-26. The kickers,
however, are in straight Section A20, where the dispersion is about 10 m.
These systems each require only about 20 W, and can be powered by a pair of
TWT's without filtered outputs.

The core momentum system pickups are located in the high dispersion
straight Section A60 along with the stack tail pickups. As indicated in
Section 5.2.5 and Fig. 5-5, the core momentum pickups are double rows of
pairs, each pair in sum mode. The difference signal of the two rows is
then formed. These signals are processed as shown in Fig. 5-27 and sent to
kickers 1in the zero dispersion straight section shared with the stack tail
momentum kickers. This system requires about 10 W.

The core betatron system pickups are located in the =zero dispersion
straight section A10. The signals are processed as per Fig. 5-28 and also
gsent to kickers in zero dispersion straight section A30. FEach system
requires about 10 W.
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Stack tail Stack tail Core Core
Momentum Betatron Momentum Betatron
Frequency band 1-2GHz 1-2GHz 2-UGHz 2-4GHz
Number of pickup
pairs (loops) 128+32+8+2 (32) 32 + 32 8(x2)
Pickup characteristic
impedance 100 ohms 100 ohms 75 ohms 75 ohms
Pickup sensitivity
s(0,0) or d(o,y) .8U4(s) 1.94(d) .66(s) 1.73(d)
Back termination thermal
noise temperature . 80% 80 % 80 % 80X
Amplifier equivalent o o o o
thermal noise temperature 75 K 75 K 120 K 120 K
Amplifier gain (net) 145db 125db 95db 90db
Number of filters (superconducting
correlators) 22(3)% _ 0. 0 0
Qutput power
-Schottky 14000 10W(x2) 10W 10W (x2)
-thermal 200W 10W(x2) 0 0
~total 1600W 20W (x2) 10W 10W(x2)
Number of TWT's .
(200 watt saturated power) 40(160)* #(x2) 1 1(x2)
Number of kicker
pairs (loops) 160 32(x2) 32 8(x2)
Kicker characteristic
impedance 100 ohms 100 ohms 75 ohms 75 ohms
Kicker sensitivity
3(0,0) or d(o,y) .84(s) 1.94(d) .66(3) 1.73(d)
Spare time delay with air
dielectric line (f=.998) 205 nsec 23 nsec 230 nsec 110 nsec
Spare time delay with heliax . —
(B=0.89) 197 nsec =34 nsec 166 nsec 63 nsec
*1f post TWT filters are not used.
5.5 Accumulator Lattice
The lattice of the Accumulator has been designed %to accept the

injection of antiprotons every few seconds at an energy of 8 GeV, momentum
stack and stochastically cool the antiprotons, accumulate over a period of
several hours a very dense core of antiprotons, and, finally, extract a
high-intensity beam to re-inject into the Main Ring and Tevatron. The
requirements on the lattice are twofold. The Accumulator must be a
high-class storage ring capable of reliable operation, and it must
accommodate all the conditions imposed by the stochastic cooling systems.
The second set of requirements has led to the general design of this ring
and 1ts somewhat unusual appearance, while those of the first set have also
been incorporated. These general conditions are listed below:
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(1) The momentum mixing factor must be correct.
117% 2 - 1/¥% = 0.02

where Y, is the transition gamma of the ring and Y 1s the
relativistic gamma factor of :the particle. Thus for 8-GeV

kinetic energy the ring must have

YT = 504 Or" 1006

(ii) There must be several long straight sections, some 16 meters
long, with very small transverse beam sizes. Some of these
must have zero dispersion, and the rest dispersion of 10 m.
This requirement 1leads to the lower choice of transition
gamma .

(1ii) Betatron-cooling stralght sections must be an odd multiple of
m/2 apart in Dbetatron phase. Pickup and kicker straight
sections must be far enough apart physically so that a chord
will be at least 75 nsec shorter than the are for
signal-transfer purposes.

(iv) The B values of the lattice should be about the same for the
horizontal and vertical planes in the straight sections.

(v) The ring should match the Booster circumference.
(vi) There should be easy injection and extraction schemes.

(vii) The beam everywhere should be as small as possible, consistent
with the large-dispersion straight sections.

(viii) The ring must have very good chromaticity corrections, be
situated far from any resonances, have tuning flexibility, and
generally be a good storage ring.

The result of the above criteria 1s given below. The ring 1is a
six-sided figure in which the bending has been concentrated to produce high
values of dispersion in some straight sections and zero dispersion in
others. This gives a machine of superperiodicity three with six 16-meter
long straight sections, alternating between.zero and ten meter dispersion.
The machine is mirror symmetric about each straight section. The straight

sections have small beta-functions in each plane, consistent with the -

aperture requirements needed for the stochastic cooling equipment and have
the necessary phase relations. A plan view of the ring 1s shown in
Fig. 5«29, the 1lattice functions for one sixth of the ring are plotted in

Fig. 5-30 and the structure and lattice parameters are listed in Table
5-1IV.
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Injection into and extraction from this machine are done in a similar
manner. The injection orbit is displaced radially outward by approximately
0.8% in M/p. The shuttered kicker in the high-dispersion straight section
is closed Jjust before the P's are injected. The momentum displacement is
enough to allow the injected beam to clear the shutter. Beam is
transferred from the Debuncher ring via the U4-m long, 8-kG current septum
magnet located at the upstream end of a zero-dispersion straight section.
It arrives at the kicker and 1is kicked onto the injection orbit. The
kicker is 2 m long and has a field of 500 G. The shutter 1is then opened
and the beam 1is rf stacked. A drawing of the injected, stacked and.
accunulated beams at the position of the shuttered kicker 1is shown in
Fig. 5-31. The injection and extraction positions are shown on Fig. 5-29.

Extraction from the Accumulator 1s essentially identical to the
injection except the:beam is extracted vertically with a.lLambertson magnet,
raising the beam four feet above the ring level to be transported back to
the Main ' Ring. A layout of the extraction straight section is shown in
Fig. 5-32.
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(1) The momentum mixing factor must be correct.
117% 2 = 1/¥% = 0.02

where Y. is the transition gamma of the ring and Y is the
relativistic gamma factor of the particle. Thus for 8-GeV

kinetic energy the ring must have

YT = Sol"’ or 10.6

(i1) There must be several long straight sections, some 16 meters
- long, with very small transverse beam sizes. Some of these
must have zero dispersion, and the rest dispersion of 10 m.
This requirement leads to the lower choice of transition

gamma. ’

(1ii1) Betatron-cooling straight sections must be an odd multiple of
m/2 apart 1in Dbetatron phase. Pickup and kicker straight
sectlons must be far enough apart physically so that a chord
will be at least 75 nsec shorter than the arc for
signal-transfer purposes.

(iv) The B values of the lattice should be about the same for the
horizontal and vertical planes in the straight sections.

(v) = The ring should match the Booster circumference.
(vi) There should be easy injection and extraction schemes.

(vii) The beam everywhere should be as small as possible, consistent
with the large-dispersion straight sections.

(viii) The ring must have very good chromaticity ecorrections, be
situated far from any resonances, have tuning flexibility, and
generally be a good storage ring.

The result of the above criteria 1s given helow. The ring is a
gsix-sided figure in which the bending has been concentrated to produce high
values of dispersion in some straight sections and =zero ~dispersion in
others. This gives a machine of superperiodicity three with six 16-meter
long straight sections, alternating between zero and ten meter dispersion.
The machine is mirror symmetric about each straight section. The straight
sections have small beta-functions in .each plane, consistent with the
aperture requireménts needed for the stochastic cooling equipment and have
the necessary phase relations. A plan view of the ring 1s shown in
Fig. 5«29, the lattice functions for one sixth of the ring are plotted in
Fig. 5-30 and the structure and lattice parameters are 1listed 1in Table
5-1IV. .
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Injection into and extraction from this machine are done in a similar
manner. The injection orbit is displaced radially outward by approximately
0.8% in MNo/p. The shuttered kicker in the high-dispersion straight section
is closed just before the P's are injected. The momentum displacement is
enough to allow the injected beam to clear the shutter. Beam is
transferred from the Debuncher ring via the 4-m long, 8-kG current septum
magnet located at the upstream end of a zero-dispersion straight section.
It arrives at the kicker and is kicked onto the injection orbit. The
kicker is 2 m long and has a field of 500 G. The shutter 1is then. opened
and the beam is rf stacked. A drawing of the injected, stacked and
accunulated beams at the position of the shuttered kicker is shown in
Fig. 5-31. The injection and extraction positions are shown on Fig. 5-29.

Extraction from the Accumulator 1s essentially identical to the
injection except the beam is extracted vertically with a Lambertson magnet,
raising the beam four feet above the ring level to be transported back toi™
the Main Ring. A layout of the extraction straight section is shown in
Fig. 5-32.
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Table 5-IV. ACCUMULATOR PARAMETERS

1. Generai

Kinetic Energy 7.9 GeV

Bend field 16.85 kG
Magnetie bend radius (p) 17.46 m

Radius 75.45 m
Revolution time 1.59 usec :
Superperiodicity 3

Focusing structure Separated funetion

_ FODO normal cell
Nominal working point

v ; 6.61
X
vy 8.61

Nominal chromaticity

E "9012

X

Ey -12.71

Chromaticity Corrected Parameters

Injection Sﬁacking - Core

Orbit Orbit Orbit
Kinetie '
Energy (GeV) 8.00 7.94 7.87
Ap/p (%) +0.775 +0.115 -0.7THh
Vg 6.61 6.61 6.61
Vy 8.61 8.61 8.61
s -0.14 -0.21 - =0.14
g -2.79 C-0.36 . 3.59
YT 5009 5933 5065
1/ vg-1/Y? 0.028 0.024 0.020

2. Magnets

Number of dipoles 30

Number of quadrupoles 78
Number of sextupoles 36
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Number

ANV OYONOr OV O

A. Small aperture dipoles
Length Field _
(B3) 5.0 ft. 16.89 kG
(BT) 10.0 f£t. 16.89 kG
(B8) 15.0 £t 16.89 kG
B. Large aperture dipoles
(B9) 15.0 ft. 16.89 kG
(B10) 15.0 ft. 16.89 kG
C. Small aperture quadrupoles
(Q1) 22.5 in 99.23 kG/m
(Q2) 50.7 in  =99.23 kG/m
(Q3) 27.6 in 99.23 kG/m
(Q4) 20.8 in 99.23 kG/m
(Q5) 32.0 in  -99.23 kG/m
(Q6) 27.6 in 99.23 kG/m
(Q7) 27.6 in  -99.23 kG/m
(Q8) 18.0 in 99.23 kG/m
(Q9) 18.0 in 99.23 kG/m
D. Large aperture quadrupole
(Q10) 18.0 in 30.95 kG/m*
(Q11) 33.3 in 88.63
(Q12) ©58.5 -88.63
(Q13) 24.4 in. 88.63

Oy OV Oy

O Oh

6
6
6
6

*Q10 will be built with missing turns to run in series with the
other large aperture gquadrupoles.

E. Sextupoles
(33)  12.0 in.
(S4) 12.0 in.
(S61) 12.0 in.
(s62) 12,0 in.
(38) 12.0 1in.
(59) 12.0 in.
Structure

A, Drift Lengths

LS
01
02

- 03

728.56 kG/m?

-869.76

437.11
-869.76
-728.53
=217 .44

314.9 in.

19.8
39.8
35.6
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o4 227.5
05 103.6
06 289.9
07 116.5
08 174.7
010 55.5
oM 29.2
012 19.6
Ls# 313.1
08 12.0
0 20.0
00 24.0
B. Sextant Structure (s)
LS (Q1) 01 (Q2) 02 (Q3) 03  (B3)  OU (83)
0S (Q4) 05 (sSW) 0S (Q5) 06 (Q6) 0S (S61)
07 (S62) 0S (QT) 08 (B7) 0 (Q8) 0S (S8)
00 (B8) 0 (Q9) 0s (S9) 00 (B9) OA(Q1Ok
0 (B10) 010 (Q11) 011 (Q12) 012 (Q13) LS*
C.  Bing Structure
S(5)S(3)S(s)
Length of central orbit 47h.,0702 m
1555.348 f't
Aperture and Acceptance
Maximum Lattice functions (central orbit)
o
Bx By ,
LS (center) 7.78m  7.60 m 0.00 m
LS* (center) 11.00 8.22 9.67
Small aperture dipole 29.78 21.32 0.83 .
Large aperture dipole 25.17 T.46 8.74
Small aperture quad 30.23 34.13 1.56
Large aperture quad 27.33 27.43 9.92
Sextupole 26.02 27.55 ©1.39
Required beam
Emittance €=€,=10T mm-mrad
Momentum aperture Ap/ﬁz2.30%
Beam Size A A
————— X y’ i
Small aperture dipole 52.4 m 29.2 mm
Large aperture dipol= 219.6 17.3
Small aperture quadrupole 68.3 36.9
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Large aperture quadrupole 246.3 33.1
Sextupole 62.1 33.2

5.6 RF Stacking System

With the injection shutter closed, antiprotons are injected from the
Debuncher ring with a total momentum spread of about 0.2%. The energy
spread (18 MeV) and the Accumulator ring revolution period (1.59 usec)
result in an injected longitudinal emittance of about 29 eV-sec. This beam
is bunched adiabatically and decelerated by 0.7% to the end of the"tail of
the previously stacked antiprotons where it is released by adiabatic
debunching. Adiabatic capture can begin immediately following injection
and can proceed during the time required for removal of the shutter, about
0.1 seconds. . ~ ’

With a phase-oscillation period of 10 msec and a deceleration time of
30 msec, the entire operation of establishing a moving bucket,
deceleration, and-adiabatic debunching c¢an be accomplished within 0.1
seconds after the beam is injected.

At frequencies well below the GHz cooling band, the cooled core may be
subject to longitudinal instabilities induced by the shunt impedance of the
stacking rf cavity or other similar device. The stability criterion
resulting from _variBus dispersion analyses can be written in a limiting
form

(AE/E) 2 Eg N
el ’

2 < F
~1 <

where the form factor F is about unity for a conservative estimate of the
stability of a roughly Gaussian distribution and AE is the full width at
half maximum.

The cooled core has the parameters

Ap  FWHM 4.1 MeV/c

N (an@iprotons) 4.3 x 10! )
I .32 x 10~2 Amperes

n 0.02 .

With these parameters the critical value of Z/n is about 1000 ohms. The rf
voltage required to establish a given phase-space inereases linearly with
the harmonic number and, because ¢the power required is VZ/ERSh, the
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required rf power increases linearly, given the stability 1imit on the
shunt impedance. Consequently, to minimize the cost, size, and complexity,
it would appear that rf stacking should be done at the lowest possible
harmonic number. On the other hand, very low harmonic numbers and very low
voltages result in excessively 1long synchrotron periods that are not
consistent with the rapid production cyeling rate. An adequate compromise
appears to be h = 10, 6.289 MHz. An rf system at this frequency with an
effective shunt impedance of 10 k meet the requirement that Z/h=1 k. The
parameters associated with rf stacking at h = 10 are listed in Table 5-VI.
The shunt impedance of the bunching cavity is in agreement with this
stability requirement for harmonics of interest.

‘Table 5-V. RF STACKING PARAMETERS

. Injected Longitudinal Emittance 29 eV sec

- Stacking rf Total Bucket Area 30 eV sec
Stationary Bucket RF Voltage 7.8 keV
Stationary Bucket Phase Oscillation Period 9.4 msec
Ap/p Required for Stacking 0.7%
A (ep) 62.2 MeV
Deceleration Synchronous Phase Angle 10 degrees
T = Sin cb 0.1736
Moving BuSket Factor a(T) 0.6964
RF Voltage During Acceleration 16.1 kV
Time Required for Deceleration 30.2 msec
Number of Cavities 1
Cavity Structure 40 NiZn Ferrite Cores
Cavity Small Signal Shunt Impedance 10 k2
Peak RF Power Requirement 10 kW
Average RF Power Requirement (Cooling, etc) 1 kW
Harmonic Number 10 )
RF Starting Frequency i 6.28695 MHz

= Yt‘z - y? 0.019-0.023

B8 0.99447
Injection Orbit Circumference 474,202 m
Stacking Efficiency* 98%

#*Based on computer simulation

5.7 Accumulator Magnets

The main magnet system consists of 30 dipoles and 78 quadrupoles. In
Table 5-IV is shown a 1list of magnets, lengths, strengths and required
apertures. The required apertures were calculated assuming construction
tolerances of 2.5 x 10°*% (relative standard deviation) for dipole
strengths, dipole level angles (radians), and quadrupole random position
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errors (meters). Sufficient space 1s allowed for at least 4o, where o is
the standard deviation of the expected orbit position error, or the beam
emittance plus momentum spread plus 10 mm whichever 13 larger, In
addition, space is left for 4 mm (thickness plus deflection) vacuum chamber
thickness and 5 mm insulation thickness. Several mm must be included also
for copper heat transporters to bake the chamber (dipoles) with heaters on
the edges.

There are three lengths of dipoles, all with field strengths of
1.689 T. There are 2 different apertures: 3 different lengths in the
smaller aperture; one, in the larger. Their properties are described in
Table 5-VII, Because of the large sagitta, these magnets will be curved.
The coils will be made of four pancakes plus single-layer saddle coils.

_ There are 13 different quadrupoles, of two different profiles. Q1-Q9
have poletip radii of 43.3 mm and 6 different lengths. Q10-Q13 have.
poletip radii of 84.1 mm and four different lengths. The properties of
these quadrupoles are shown in Table 5-IX. -Each quadrupole will have a
shunt with capability of about 10% of the quadrupole strength. The coils
are fabricated in individual layers and assembled on the gquad half cores,
which are then assembled as a complete magnet.

Thegre are 30 sextupole magnets of one kind. The maximum strength is
120 T/m , which permits the poles to be parallel-sided. A coil can be made
of one flat pancake. These magnets are divided in 4 famtlies which are
operated on 4 individual current busses. Their (maximum) specifications
are shown in Table 5-VIII.

Table 5-VII. DIPOLES

Lengths ' 4.572  3.048  1.524 n

Qutside dimensions
gap 60 60 60 m

Good field aperture 100 100 100 mm
Conductor -

Pancake coils 1"x1.25",0.375"holg dia.,1/16"corner,

- 1.1362 in. area
Saddle coils 1.3“3"x0.787",0.528"hole dia.,1/16"corner,
0.791Hn.

Turns

Pancake coils 56

Saddle coils 16
Conductor lenghts .

Pancake coils 567.5 400 229.5 m

Saddle coils 182.5 134 85.3 m
Total conductor length 750 534 315 m
Cu Wt 10,769 7,666 4,520 1b
Current 1.181 1.181 1.181 KA
Resistance(43°C) 19.2 13.67 8.06 ms)

Power , 26.8 19.6 S 11.24 KW
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Total dipole power 669 kW
Total Cu Wt 267 klb
Full cross section 0.615 m2

Fe area
FeWt , u8 42 20.6 x103%1b
Total Fe wt 1.624 x1081b

Table 5-VIIT. ACCUMULATOR QUADS (LARGE BORE)

Lengths - 0.178 to 1.274 0.457 to 1.274 m
total 16.3 total 37.6 - m

Poletip radius 84.1 A 43.27 mm

Conductor ) 0.82 square 0.4096 square in.

Total conductor length 24,228 ] 47,083 ft
(all magnets) -

Cu Wt 35,565 27,344 1b

Current 8104 - 202.5A A

Resistance 0.442 - | 3.354 f
(all magnets)

Power ) 290 - 137.7T kW
(all large quads) '

Full cross section 0.476 ‘ 0.183 m?2
(Fe area) '

FeWt 134.5 119.4 1031b

Table 5-IX ACCUMULATOR SEXTUPOLES
2

Max., B" : 120 T/m
4 eff 0.3 m
poletip radius 50 mm
NI 2000 " AT/Pole
Max. I. 200 A
N 10 2 Turns
Conductor (3.294") with 0.181%¢hole
Current density 4.0 A/mm
R - 19 mQ
Max. voltage drop 3.8 volt
Max. ohmic loss 760 watt
Weight, cu 50 . b
Fe 450 b
No. of magnets 36
. Power supply 1 2004 x 50V(12-magnets)

2 200A x 50V(12-magnets)

3 1204 x 15V (6-11)
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4 508 x 6V (6-=11)

5.8 Accumulator Vacuum System

5.8.17 Vacuum Requirements. The base pressure is determined by the effects
of the residual gas on the accumulated antiproton beam. These effects
include particle 1loss by single Coulomb scattering and nuclear
interactions, beam heating by multiple Coulomb scattering, energy loss by
ionization, and effects of neutralization by positive ions attracted to the
negative beam. '

A detailed analysis has been made of these effects. As a result,
the system is designed for a nominal pressure of 3 x 10=1% Torr (nitrogen
equivalent). At this pressure, the single-scattering lifetime will be 240
hr and the nuclear-interaction lifetime will be 2000 hr. Thus these
effects are negligible. The heating rate for the final stack from multiple
scattering will be 2 x 107 /sec, 10 times 1less than the cooling rate.
(Here a gas composition of 50% H2, 50% N2 or CO is assumed). The energy
loss per antiproton will be 20 keV/hr. Both the heating and energy loss
can be easily compensated by the stochastic-éooling systems. We will keep
the nominal design value of the neutralization factor H < 0.03. With this
value, the scattering by positive  ions trapped in +the beam will be
increased less than 2%. The vertical space-charge tune shift will be
reduced by 107", Thus these neutralization effects are negligible.

5.8.2 Vacuum system layout and characteristiecs. The pressure requirement
can be met with sputter ion-pumps. Furthermore vacuum-annealed austenitic
high-tensile stainless steel will be used for the chambers so that specific
degassing rates of better than 1x10-12 Torr-%/cm‘z-sec can be attained.
The maximum design bakeout temperature is 300 C.

Figure 5-33 shows the vacuum-system layout over one-sixth of the
Accumulator ring. The sputter ion pumps should have a speed of 200 %/sec.
The stochasting cooling P.U. and kickers will be isolated with all metal
valves, during the bakeout, to prevent any vacuum contamination. These
valves will divide the ring into about 5 irregular vacuum sectors.

The baking equipment (heaters, controls, thermal insulation) will be
installed 1n a permanent fashion to allow bakeout to proceed without major
preparations. Exceptions are areas that cannot tolerate the high
temperature; e.g., pump magnets, cable feedthroughs and special devices..

Pump-down during bakeout will be carried ocut using mobile turbopump
sets with 1liquid-nitrogen cold traps. This will allow the use of a large
number of pumps in any given secticn being baked. These carts will be
connected to metal valves distributed for that purpose throughout the
system. Tests indicate that the pressure during bakeout has little effect
on the success of .the bake. ’
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Vacuum gauges 1include 6 Pirani gauges to monitor pumpdown, 36
Bayard-Alpert ionization gauges, and 6 mass-analyzer heads, located near
areas of complex equipment to monitor leaks and contamination.

The arrangement has not been completely specified - for the straight
sections where the stochostie cooling equipment is located. The quipment
will be capable of being baked at a maximum temperature of 150 C and
materials compatible with the high vacuum requirements will be used.
Cryogenic pumping techniques may be used to provide a pumping speed of up
to 20004/sec/m.

Clearing electrodes will be installed to remove low-energy positive
ions and thus keep the neutralization factor H < 0.03. There will be a pair
of electrodes at the downstream end of each magnet. Ions move
longitudinally to the electrodes by E x B drifting caused by the beam
electric field and the ring guide field. This kind of system has been used
successfully in the ISR.

The straight sections between magnets will also need clearing
electrodes to avoid trapping ions in the cool-beam potential of 5 V. We
plan to apply a dc potential of more than 5 V to the clearing electrodes
and to the beam-position detector electrodes whenever these are in a
suitable loecation. - '

A1l devices and ring sections will wundergo a preliminary bake and
low-pressure test before being installed. Their design will conform with
striet rules of choice of material and will be subjeect approval by the
vacuum coordinator.

The vacuum control system will be constructed along the design evolved
for the Tevatron. It 1is highly modular and economical. Most of the
required modules and device controls have already been developed, including
ion pump supplies and ion gauge controllers. A card cage containing all
control modules interfaces to the host computer through a CAMAC module.
Much of the necessary software can be used or adapted.
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6. EXTRACTION OF ANTIPROTONS FROM THE ACCUMULATOR

AND TRANSFER TO THE MAIN RING

6.1 Accumulator Beam Manipulation and Extraction.

Prior to extraction of the first P bunch, a nearly Gaussian
distribution of P“s will exist in the core. The density can be
characterized by two numbers, the total number of p°s in the core, No’ and
the rms energy spread, g. If ¢ represents the energy difference between the
particle energy and the most probable energy of the particles in the core,
then the density function y(g) can be written as

No 2
exp(- £)

(e) =
v (Zﬂ)l/z g 2g2

The example presented here uses the following values for these parameters;
g=2.0MeV, N - 4.5 x 10*! and P(0) = 10°ev~!. Because we want to extract
an ensemble with the smallest longitudinal emittance, we begin the
adiabatic capture with a bucket centered at the peak of  the distribution.
We plan to extract a single bunch containing 8 x 10!% §”s. These p’s exist
within a range of +U52.5 keV. The revolution period of the ring is 1.59
usec, so the longitudinal emittance of the core region selected 1is 1.44
eV-sec. The Accumulator parameters which are used in this calculation are
R = 75.4716 m, n = 0.02, E_ = 8.938 GeV, and Ap/p = 1.6% (Ap) = 142 MeV/c)
from core to extraction orbit. Because p (i.e. Y ~ 2.+ 2) varies over the
aperture, the rf parameters determining bucket areas must be varied
accordingly.

The rf voltage required to develop a single bucket of area 1.44 eV-sec
at harmonic h is V = 2.44 h3. At h = 1, only 2.44 V is required and it may
be difficult to establish such a low voltage with sufficient precision to
control accurately the number of pP“s extracted. We propose to extract
using a single h = 2 bucket with the remaining bucket suppressed. The
required rf voltage is 19.5 V. Following adiabatic capture, a moving
bucket will be established for deceleration to the extraction orbit.

The time required for this unstacking process depends upon the choice
of rf voltage and synchronous phase angle. In order to minimize both the
disturbance of the stacked P°s and the particle loss from the moving
bucket, the bucket will be moved very slowly with a small phase angle.
After the first D bunch has been extracted and placed in the Tevatron at
150 GeV, the duration that this bunch is required to reside in the Tevatron
at low field depends upon the time required to extract the remaining
bunches from the core. If the lifetime at 150 GeV is not long enough, it
may be necessary to accelerate the process. Optimization of this time can
only be accomplished after the Energy Saver and the Antiproton Source are




operational. The rf voltage required to maintain the specified bucket
area, the deceleration rate, and the time required for deceleration to the
extraction orbit are shown in Table 6-I for several synchronous phase
angles. '

Table 6-I. RF PARAMETERS FOR DECELERATION TO THE EXTRACTION ORBIT
(CONSTANT BUCKET AREA 1.44 EV-SEC.)

) P=sind a) V.p(volts) Decel.Rate Decel.Time

(3eg) : (MeV/sec) (sec)
10 0.1736 0696 36.2 3.33 w3
20 0.3420 0.4918 72 - 12.93 1

30 0.500 0.3334. 157 . A . 3.5

Frequency and phase control of the rf system during unstacking may be
improved by a ' phase-lock system that partially locks the system to the
coherent component of beam current. Since this component of current is of
order 10 mA, detection and phase locking should not be technically
difficult. The bunch length during the unstacking process will be about
500 nsec.

When the bunch reaches the extraction orbit, the rf voltage is raised
to 100 V, resulting in a total bunch length of 200 nsec or about 60 meters.
Since the momentum spread Ap/p of this bunch is 5.2 x 10™%, it can easily
be 1injected into the Main Ring. The h=2 suppressed bucket unstacking
system is capable of producing a gap voltage of only 100 V, so. the
remaining 900 V is to be generated by a fixed frequency h=2 system at 1.26
MHz. This system will, of course, create two buckets but only one will be
populated with antiprotons because of the prebunching of the
suppressed-bucket system. The total 1000-V bucket height will be about 12
MeV or #0.13%, so these buckets will not adversely affect antiprotons
remaining in the cooled core.

After the 200 nsec bunch is established at the extraction orbit, the
extraction kicker shutter is closed, isolating the bunch from the remaining
accumulated beam, and the single bunch is extracted and injected into the
Main Ring. ;

Movement of the extraction bucket through part of the stack is a form
of displacement acceleration resulting in partial replacement of some of
the p density in the core. Moreover, the cooling system ,will very quickly
i1l the depleted region left by the extracted bunch. During subsequent
acceleration of the extracted bunch to 150 GeV and prior to the next
extraction, core cooling systems will re-establish a P density in the core
that is adequate for extraction.



The single-bucket rf wave consists of one complete sinusoidal wave
with a period of one-half the rotation period. Because the fundamental
frequency is 0.632 MHz, such a wave can easily be generated with Fourier
components below 100 MHz. The accelerating structure may consist of an
insulating gap in the beam pipe in parallel with a 50- resistance of
sufficlent power-dissipating capability. This structure will be contained
within a shielded enclosure with sufficiently high shunt inductance
(introduced by high-permeability ferrite) so that the load presented to a
broad-band amplifier will be essentially real over the operating range.
The power requirements will be less than 100 W. The 50- real impedance
presented to the beam by this structure 1s well within the
longitudinal-stability impedance limit.

The additional 900 V at h=2 is required only at a single frequency at
the extraction momentum. It will be developed by a single ferrite-loaded
resonant accelerating cavity with a shunt impedance of 2 k. This shunt
impedance meets the beam-stability requirement and the required voltage can
be developed with an excitation power of 200 W.

Extraction from the Accumulator occurs using a 2.1336 m long shuttered
kicker and a 2.921 m long Lambertson extraction septum. The extraction
orbit is rf displaced radially outward to 0.775% in Ap/p. At point A20 in
the high dispersion straight section (see Fig. 5-29) the extraction closed
orbit is displaced to 76.7888 mm outward. The orbit parameters are
Bx=11.27 m, B.=8.91 m, and a_=0_=0. The shuttered kicker 1s centered 6.32 m
downstream of* point A20;: -an fnwgrd kick of 2.0 mr moves the extraction
closed orbit to x=38.571 mm and x%=-2.771 mrad at the entrance to the
Lambertson extraction septum. Figure 6-1 shows the extraction orbit from
the kicker center to the Lambertson entrance. At this point the orbit
parameters are found to be B, -20.5 m, B =6.056 m, @,=22.152, and @ =0.692
relative to the closed orbif. The LamBertson extradtion septum thetl bends
the beam up by 100 mrad.

An achromatic translation system restores the extracted beam to target
height (Az=+48 inches). Then the beam 1is taken through four modules
consisting of: (i) long transport, (ii) left bend, (iii) long transport,
and (iv) target bypass. Following this, the beam rejoins the 120 GeV
proton line just downstream of quadrupole PQT7B and is reverse-injected into
the Main Ring at F17. The orbit parameters are identical for 120-GeV
protons and 8-GeV antiprotons at the noteh point, the downstream end of

PBV2: they are B.-22.78125 m, B,=117.9955 m, @=1.2588, and @,=6.68625.

The long transports use quadrupoles in a 90° FODO channel and matching
lenses. The periodic structure uses a cell length of 166.73 feet with
8 a /8 1n=86.5716 m/14.9158 m. The left bend uses three dipoles for a
1828628 pend. The. long transport (iii) -~ parallels the long transport
carrying the hot P to the Debuncher. The target bypass 1is an achromatic
transport using three dipoles and three quadrupoles.” Figure 6-2 shows the
behavior of the monoenergetic B_, Bx’ n,, and N, functions through the
extraction system, starting at’the Lambertson and ending at the downstream
end of PBV2. The sections are explicitly indicated below in Fig. 6-2.
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Table 6-II lists the antiproton transport line elements

from

Accumulator to the mateh point in the proton extraction line (EB6).

Table 6-IT BEAM TRANSPORT ACCUMULATOR TO TARGET BYPASS AP-3

X,Y,Z Site Coordinates
Coordinates given at end of element (toward target)

Main Ring Station AO at X=0.0, Y¥=0.0

NAME

LENGTH

(IN)

ACCUMULATOR RING,

E-LAMBERTSON

EQ1
EQz2
EQ3
EBV1
EQ4
EQ5
EQ6
EQ7
EQ8
EQ9
EQ10
EQ11
EQ12
EB1
EQ13
EB2
EQ14
EB3
EQ15
EQ16

EQ1T -

EQ18
EQ19
EQ20
EQ21
EQ22
EQ23

EB4 -~

EQ24
EBS

£Q25

EQ26
EB6
Q27

115.
70.

50.
85.
75.
50.
.50
21.
20,
18.
18.
18.
18.
18,
98.
27.
98.
27,
98.
18.
18.
18.
18.
18.
18.
18.
22.
18.
98.
22.
75.
27.
32.
75.
120.

22

00
00
00
90
00
70

60
80
00
00
00
00
00
h2
60
uz
60
42
00
00
00
00
00
00
00
50
00
u2
50
00
60
00
00
00

FIELD
(KG KG/M)

10.15
-127.48
127.48
-127.48
15.56
-131. 44
131.44
-51.90
36.31
-36.31
36.31
-36.31
118.68
-121.20
12.85
121.20
12.85
121.20
12.85
-121.20
118.68
-36.31
36.31
-36.31
36.371°
-36.31
- 58.46
-61.65
12.42
142.71
12.22
-142.61
142.26
12.22
11.02

X
(FT)

-117.122
-112.527
-106.606
-100.057
-95.285
-91.314
-85.482
-52.235
-30.981
-0.404
47.223
94,850
110.006
118.763
124,946
134.665
148,585
159.453
174.946
177.758
190.075
211.388
278.371
345.353
412.335
479.317
‘497,168
511.765
561.916
596.212
608,552

611.629

617.027
652. 141
661.097

Y
(FT)

-1350.941
~-1357.542
-1366.049
-1375.455
-1382.312
-1388.015
~-1396.394
=144 ,157
-1474.690
-1518.617
-1587.038
-1655.459
-1677.231
-1689.812
-1697.918
-1709.080
-1724.389
-1734.434
-1748. 148
-1750.231
-1759.355
-1775. 146
-1824.774
-1874.403
-1924.032
-1973.660
-1986.886
-1997.698
-2035.391
-2066.856
-2078.510
-2081.812
-2087.606
-2124,948
-2133.163

.
(FT)

728.500
728.979

. 729.786

730.826
731.976
732.500
732.500

732.500

the

EQ27 IS THE SAME MAGNET AS PQTB IN THE.1ZO GEV PROTON TRANSPORT LINE



(*) FIELD VALUES ARE FOR POSITIVE BEAMS.

6.2 Main Ring RF Capture and Acceleration

6.2.1 Introduction. We describe here the management of a single 1.5
eV-sec p bunch in the Main Ring. The Main Ring is not capable of
accelerating such a large emittance in a single bunch wlthout excessive
particle loss. For this reason, the bunch is broken up into several (5 or
7) adjacent bunches, accelerated to 150 GeV, and reconstituted into a
single bunch at 150 GeV.

6.2.2 Injection and Rebunching. The P bunch, about 200 nsec in length, is
injected into a matched bucket in the Main Ring at h=53. The frequency 1is
2.5148 MHz and the bucket length, or period, is 397.6 nsec. By locking the
phase of the Main Ring rf to that of the Accumulator the P bunch can be
injected accurately into the Main Ring bucket. The required bucket height
is 6.5 MeV, requiring 3300 volts. \

After injection, the h = 53 rf voltage is ralsed adiabatically to 15.5
‘kV so that the bunch length shrinks to 132.5 nsec, which spans exactly 7
'normal' h = 1113 rf periods in the Main Ring. With the bunch held at this
length by the h = 53 rf voltage, the h = 1113, 52,813 MHz voltage is raised
adiabatically so that the bunch is rebunched into seven bunches. The bunch
with the largest area, located at the center of the ensemble of bunches,
has a longitudinal emittance of about 0.32 eV-sec., This can be accelerated
easily 1in the Main Ring. This rebunching process is shown in Figs. 6-3
through 6-5 for a uniform initial distribution in the h = 53 bucket. After
capture in h = 1113 buckets, the ensemble of seven adjacent bunches is
accelerated to 150 GeV.

The longitudinal phase space area is expected to increase by a factor
1.5 during acceleration. Recent studies in the Main Ring and careful
simulation of transition crossing indicate that bunches with initial
longitudinal emittance in the range of 0.2 to 0.3 eV-sec are diluted by a
factor of about 1.25 between injection and y=21, above transition. This
dilution is accompanied by a slight bunch-to-bucket mismatch so that
further dilution resulting from coherent bunch motion within the bucket
. results in total dilution during acceleration of about a factor of 1.5.

6.2.3 Bunch Recombination at 150 GeV. At 150 GeV, the Main Ring field 1is
held on flat top while the seven adjacent bunches are coalesced into a
single bunch. The h=1113 rf voltage is reduced slowly over a period of 0.1
seconds to about 12 kV by counterphasing equal numbers of rf cavities.
With this voltage the bucket containing the center bunch 1is nearly full.
Adjacent buckets are not quite full and the total longitudinal emittance of
all the bunches is about 2.2 eV-sec. At this time, the h=z53 rf system 1is
turned on at a voltage level (700 V) such that the h=53 bucket is matched
to a 2.2 eV-sec distribution extendingg over the filled n=1113 buckets, 132
nsec. At the same time the counterphased Main Ring rf voltage is turned
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Figure 6-4 Antiproton distribution within an h=53 bucket partially bunched at h=1113
after 1509 turns. The h=1113 bucket size is shown for the center bucket.
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to a 2.2 eV-sec distribution extendingg over the filled h=1113 buckets, 132
nsec. At the same time the counterphased Main Ring rf voltage is turned
off and replaced by a single small h=1113 rf cavity at 12 kV. The voltage
of this cavity is then lowered slowly to (nominally) zero so that the seven
adjacent bunches are adiabatically debunched into matched orbits in the
h=53 bucket. A simulation of this process, starting with bunch
distributions derived from previously simulated acceleration is shown 1in
Figs. 6-6 through 6-8. The result is a uniform bunch of about 2.4 eV-sec
matched to the h=53 bucket and spanning a range *n1/3.

At this point, the h = 53 rf system is suddenly raised to a level of
about 65 kV while the h = 1113 voltage is removed. The low-momentum D
bunch, which extends over 7/21 (orxn/3) of the h = 53 bucket, now begins a
coherent synchrotron motion into a vertical strip. Since the charge does
not extend far into the bucket, this motion is quite linear. After
slightly more than one-quarter of a synchrotron-osecillation (about 0.11°sec
or 5200 turns), the h = 53 voltage is removed and the vertical distribution
i3 recaptured in an h = 1113 bucket of a size chosen to match accurately
the rotated distribution. The re-applied voltage will create a bucket
height of about 125 MeV and the P“s (or p’s) are expected to fill this

bucket, so the final B bunch longitudinal emittance is as large as.

3 eV-sec. The h = 1113 rf voltage required for this is 500 kV.

In Fig. 6-9, we show the results of a preliminary experiment in bunch
coalescing. The experiment is done at h = 159 using four adjacent proton
bunches. The successive oscilloscope traces starting at the bottom of the
pictures show two or four proton bunches merging into-a single bunch of
larger intensity and emittance, as expected. Since the bucket covered only
seven h = 1113 bucket lengths, the four bunches extended farther into the
bucket than is proposed. This results in a more nonlinear process than
will occur in the proposed scheme, - :

The same sequence could also be done with ensembles containing more
bunches or fewer bunches. If nine adjacent bunches were accelerated each
bunch would have smaller lohAgitudinal emittance and less dilution would
occur during acceleration. Unfortunately the ensemble would extend further
into the h=53 bucket and the rotation process would be subject to greater
nonlinearity. For five bunches the converse would be true. The Sbtimug
number of bunches to be accelerated will be determined experimentally when
the commissioning begins.

Following recapture, the rf voltage is raised to 1 MV. As a result,
the bunch length shrinks to 12 nsec full width, and the bunch height grows
to 166 MeV, corresponding to a momentum spread Ap/p of 1.1 x 10~°. The
bunch parameters are ideal for injection into pre-established matching
buckets in the Tevatron. ) -

Bt
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Fig. 6-6

Adjacent antiproton bunches in matched h=53 bucket prior to final
h=1113 debunching. Dashed lines indicate location of bunches not
tracked in this simulation. The total of the seven bunch longitudinal

emittances is 2.35 eV-sec at this point.
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Fig. 6-7

Antiproton distribution within h=53 bucket following adiabatic removal

of h=1113 rf voltage. The bunch extends over a range *7/6 radians within
the bucket and the longitudinal emittance (95%) is enclosed by a contour,
shown dashed, of area 2.5 eV-3ec. -
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Fig. 6-8 Antiproton distribution following bunch rotation in h=53 bucket.

The rotated distribution has a full length of about 16 nsec and spans
an energy range of +100 MeV.



Fig. 6-9

Results of an early experiment in combining adjacent
53 MHz bunches in a lower harmcnic bucket. The
experiment was done at h=159 (7.5 MHz) where the lower
harmonic bucket spans seven buckets. In the top
picture two bunches, separated by two empty buckets
are coalesced. In the bottom picture, four adjacent
bunches are coalesced into a single bunch. Time
progresses upward in each picture.







7. THE MAIN RING IN TEVATRON I

Te1 Funetions of the Main Ring in Tevatron I

The Main Ring is required to perform five separate functions in the
Tevatron I mode. "

1. Acceleration of protons for antiproton production.

During antiproton production and accumulation, the Main Ring

will be required to accelerate . single 'batches of protons

.. (approx. 83 bunches) of.intensity_greater than 2x10!2? protons

per bateh to 120 GeV. This will be done routinely on a 2-sec

ecyele. Each of these acceleration cycles must include the

bunch-narrowing technique and extraction at F17 described in
Chapter 2.

During this mode of operation, a special 1low-level rf
system must be used. This system will contain provision for
transient beam-loading compensation and rf-cavity
counterphasing. In addition, the technique for phase-locking
the Main Ring to the Booster will be slightly different than
that used during fixed-target operation.

2. Injection of P's from the Accumulator into the Main
Ring. Bunches of antiprotons containing 10'Y $'s must be
transported to the Main Ring and injected.

3. Acceleration of antiprotons to 150 GeV. After a
gufficient number and density of antiprotons have been
established in the Accumulator, the Main Ring must be wused to
accelerate groups of antiproton bunches to 150 GeV. This
acceleration cyele must include the bunch manipulations at 8
GeV and at 150 GeV described in Sections 6.1 and 6.2. Special
additions to the rf systems will be required, to accomplish
these manipulations. Following these acceleraﬁipn cyeles, the
single antiproton bunches must be extracted at EF for injection
into the Tevatron.

- U, Acceleration of protons to 150 GeV. The Main Ring
will be required to accelerate small ensembles of protons to
150 GeV, where they will be combined to form single proton
bunches containingg 10*! protons. This operation will be
similar in many respects to the antiproton acceleration
described above and the same gspecial additions to the rf .
systems will be utilized. .

5. Transfer of particles from the Main Ring Into the
Doublar. Transfers of 150 GeV protons and antiprotons are both
deseribed in Chapter 8.




7.2 Antiproton Injection

The antiproton bunches from the Accumulator are. matched into the
proton extraction 1line at EB5. They are then transported back down the
120-GeV extraction line and injected into the Main Ring at the FIT7
Lambertson. Special low-current power supplies are used to power the
120-GeV extraction line to ease regulation problems caused by running large
power supplies at 5% levels.

The C48 kicker is also too strong for the reverse injection of the
antiprotons at 8 GeV, so that an additional small kicker located at F14
needs to be added. The kicker 1s a 25 inch long ferrite (tape-wound steel)
380 G magnet with a rise and fall time of 20 usec. The gap is 5x3 inches
(HXV) and the required current is 2280 A. When fed by U400 feet of 5
parallel RG213's as a simple L=C 'discharge circuit, the required :
capacitance is 23 pF and the required discharge voltage is 1165 V.

7.3 Main Ring Acceleration and Rebunching Hardware

The processes of accelerating small groups of protons and cooled
antiprotons to 150 GeV has been described previously in Chapter 6. In
those desecriptions reference was made to an rf system 1n the Main .Ring
operating at h=53 (2.515-2.529 MHz) and providing about 65 kV. This
requirement will be met by 1installing two heavily ferrite-loaded rf
cavities, each operating at the 20 kW 1level. These cavities will be
refurbished and slightly modified cavities from the Princeton Pennsylvania
Accelerator (PPA). Operation of these cavities 1in the Main Ring will
require installation of an anode power supply of about 8 kV, 15 A (120 kW).
Small additions to the low-level rf system will also be required to provide
appropriate rf driving signals phase-locked to the integrally related
h=1113 53 MHz rf.

Small additions to the control system will also be required for remote
operation of these systems.

7.4 Main Ring Overpass

The performance of both the Antiproton Source and the Collidér
Detector can be significantly impro¥ed by bypassing the Main Ring beam
around the Collider Detector. This bypassing - called here the "Overpass"
- has at least two advantages: :

(1) It allows elimination of the asymmetric hole for the Main
Ring through the Collider Detector;

(1i) It allows accumulation of antiprotons to  proceed
simultaneously with colliding-beam operation. This will
increase the average luminosity of the entire system by
eliminating the pause of. several hours whils the antiproton
beam is being refreshed.



The design of an overpass for the Main Ring has been worked out in
detail by T.L. Collins and . is presented here, There are a number of
constraints that such a design must satisfy:

(a) Space must be generated for additional bending elements;
(b) The new path must close smoothly on to the old path to
high precision in both horizontal and vertical dimensions and
at all energies with a minimum of programmed -external
control.

(¢) The path lengths must be the same in old and new paths,
or differ by an integral number of rf wavelengths;

(d) the betatron functions must mateh, as in any-
insertionsand

(e) Any residual dispersion introduced outside the bypass
must be negligibly small. -

The overpass design limits Main Ring operation to 200 GeV or less.
Some magnets are operated at twice the normal field. Consider a set of
four bending magnets. The outer two magnets will be unchanged to provide
the normal horizontal bend. The inner magnets will be rolled about the
beam axis to produce a vertical bend of 32.471 mrad. Such four-magnet sets
placed symmetrically around the long straight section (for example, at A41
and B12) will produce a 19-ft vertical separation, enough to miss the
entire detector. The new orbit connects smoothly on both ends. A total of
four sets ( 16 magnets) is in the additional circuit. The additional
excitation of this circuit will be provided by a separate power supply.

The overpass has approximately 8 in. of extra orbit length. This
undesired length is cancelled by combining the vertical bends with a slight
inward bend to "cut across" the arc. The inward bend can be accomplished
easily by a small inward roll of the vertical-bend magnets.

The betatron functions are easily matched across the insertion. The
vertical dispersion introduced in the remainder of the ring must be
balanced with some care. It has been reduced by this- balancing to
approximately 0.5 m, which is noticeable, but tolerable. Cqordinates of
the bypass insertion magnets are given 1n Table 7-I and the effect on the
dispersion is shown in Table T7-II.




Table 7-I.

Table 7-I

OVERPASS COORDINATES

Numbers in parentheses are for the original main ring (Z=9v=0)-

Station

A39

Aj2

A43

ALy

Al45

A46

A47

A48

BO

B11

B12

B13

B14

B15

B16

x(Feet)

962.531
(962.531)

1,034.911
(1’034.808)

1,109.464
(1,109.175)

1,186.021
(1,185.554)

1,264.500
(1,263.864)

1,344.818
(1,344.023)

1,426 .890
(1.425.946)

1,533.772
(1,509.547)

1,686.376
(1,685.357)

1,772.743
(1,771.723)

1,870.616
(1,869.596)

1,958.274
(1,957.352)

2,047.177
(2,046.446)

2,137.335
(27136.786)

2,228.654
(2,228.275)

y(Feet)

2,285.083
(2,285.083)

2!350-“93
(2,350.639)

2,413,368
(2’4133813)

2,473.789

2,531.691
(2,532.754)

2,587.013
(2,588.396)

2,639.697
(2,641.406)

2,703.332
(2,691.728)

2,787.887
(2,789.756)

2,835.2u8
(2,837.117)

2,887.172
(2,889.042)

2,929.994
(2,931.709)

2,970.092

(2,971.504)

3,007.281
(3,008.386)

3,041.523
(3,042.315)

eh(rad)

.8175454
(.8175454)

.8535781;

(.850017)

.8860663
(.882488)

.9185544
(.914959)

.9510426
(.947430)

.9835307
(.979902)

1.,0160189
(1.012373)

1.00448499
(1.044844)

1.0692033
(1.069198)

1.0692033
(1.069198)

1.1016746
(1.101669)

1.1304914
(1.434140)

1.1629795
(1.166611)

1.1954677
(1.199083)

1.2279558
(1.231554)

Z(inches)

O.

19.

57.

94,

132.

170.

208.

226.

226.

226.

226

207.

169.

131

94.

000

286

063

840

617

393

180

656

656

656

.656

364

589

.815

040

9

0

y(rad)

.00000
.0322656
003226567ﬂ
.0322656
.0322656 -
.0322656
.0322656
.0000000
.0000000
.0000000
0000000
.0322641
10322641
.0322641

.0322641



B17 2,321,037
B18 2,414,047
(2,413.981)
B19 2,507.920
(2,507.920)

3,072.779
(3,073.256)

3,102,116
(3,102.275)

3,128.673
(3,128.673)

1.2604440

.264025)

1.2766880

.280261)

1.3127319

.312732)

56.625
18.491

.000

-.0322641

-.0322641

.0000000




Table 7-II. MOMENTUM DISPERSION IN THE BEND PLANE WITH AND WITHOUT BYPASS

with without with without

bypass bypass bypass bypass
A39 = 2.86m 2.84m A42 = 5.7Tm 5.6Tm
Ad3 = 3.45 3.32 A4l = 5,63 5.36
Al5 = 2,63 2.50 A46 = 3.36 3.26
A4T7 = 1.36 1.40 A48 = 1.74 2.00
B12 = 1.07 1.26 B13 = 2.02 2,13
Bid = 1.71 1.68 B15 = 4.04 3.84
B16 = 3.00 2.84 B17 = 5.91 5.65
B18 = 3.02 2.94 ) B19 = 4.17 4,13



8. THE ENERGY SAVER IN TEVATRON I

8.1 Functions of the Energy Saver in Tevatron I

The Tevatron I project uses the Energy Saver Ring as a 1 TeV gstorage
ring for bunched beam collisions. The construction of this ring which is
nearing completion is a separate project which was undertaken for the
purpose of operating the Fermilab fixed target program at 500 GeV. It was
recognized that the Energy Saver could be used as a 1 TeV storage ring, if
proper attention were given to a number of details such as position
monitors and beam transfer systems.1 Since the fileld quality for slow
extraction was at least as dominating as the requirement for coliiding
beams, the Energy Saver was inherently a useful storage ring. For that
reason the Energy Saver was designed so that it could be modified in the
future to operate as a 1 TeV collider. These modifications are part of the
Tevatron I project.

The Energy Saver, after modification, will pe;form the following
functions in the Tevatron I project: ’

1. Injection. It will sequentially accept bunches of 150-GeV protons
and antiprotons from the Main Ring, cne bunch at a time.

2. Acceleration. After the appropriate number of bunches have been
stored, it  will simultaneously accelerate the proton and
antiproton bunches to the collision energy.

3. Collision. After acceleration, the beams will be stored and the
low-beta sections described in Chapter 9 will be turned on to
increase the luminosity.

The material presented in sections 8.2 and 8.3 i1is based on the
Superconducting Accelerator Design Report, May, 1979. Since 1979, there
have been a number of changes to the design. The changes that are
important to the use of the Energy Saver as a collider are described in
this chapter. The most notable of these- are: the correction colls are
separate from the quadrupole windings, the rf system hds been expanded to
handle the larger longitudinal emittance of the antiprotons, and the beam
transfer at EO has been simplified substantially after it was decided to
make the circumference of the Energy Saver exactly the same as the Main
Ring. . -

8.2 Energy Saver Lattice

8.2.1 Ring Location and Normal Lattice. The lattice of the Energy Saver
ring is constrained by the requirement that it fit beneath the Main Ring
magnets. Therefore, 1t has the same basic configuratidn as the Main Ring,
which has 6 superperiods with 6 long straight sections and normal cells

with 8 dipoles and 2 quadrupoles. Because the Energy Saver dipole ands




could not be placed directly under the Main Ring ends the Energy Saver
dipoles are displaced 15.5 in. upstream of their Main Ring counter'par'ts.2
Figs. 8-1 and 8-2 sketch the position of the quadrupole in the lattice and
the position of a normal cell relative to the Main Ring lattice. The beam
center line 1s 25.5 inches below Main Ring center line. The circumference
of the two rings 1s identical. At the time the Superconducting Accelerator
Design Report was prepared, it was proposed to make the two rings differ in
circumference by U4.4 cm, as a way of providing for pp collisions with the
Main Ring and Saver. That option has been dropped because it compromised
the beam transfer between the Main Ring and the Saver.?
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Like the Main Ring, the present lattice has a medium straight section
at location 17 formed by omitting two dipoles. Its layout is shown in
Fig. 8-3 below. There are long straight sections of "normal"
configuration, ones with high beta for extraction, and ones with low beta
for colliding-beam interactions. These are discussed separately in
subsequent sections. Table 8-I summarizes the warm straight-section
lengths available in the lattice. It gives the drift - lengths between
Meffective" magnetic ends of the elements, the available warm length and
the space allotted for the cryogenic bypasses of cold-to-warm transitions

and vacuum isolation.
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Table 8-I WARM STRAIGHT-SECTION LENGTHS

Available
Drift Warm ’ Hot-Cold
Transition
Length?® Length
(In.)
Location of Warm Regions (In.) (In.) Upstream
Downstream

Median location 17 (standard

quadrupole with corrections) 566.2 493.2 39 - 34
Normal-8 median location 48 310.9 238.9 36 - 36
High-8 median location 48 308.7 236.7 36 36
 Normal-8 doublet space 49,11 150.36 78.36 36 - 36
High-B doublet space 49,11 151.65 79.65 36 36
Long straight section 2094.22 2022.22 36 36

Low-B long straight section 600.24 528.24 36 36
3Magnetic lengths used thrioughout to define drift lengths.

All medium straighﬁ sections at 17 and 48 locations, and all long straight
sections are warm. The space between the long straight-section doublets is
warm only where necessary. -

8.2.2 Normal and High-Beta Long Straight Sections. Figure 8-l shows the
geometry of the normal 1long straight section together with amplitude
functions. The design 1s very similar %to normal Main Ring straight
sections with the exception that two, rather than four, quadrupoles are
used at eilther end of the straight section. CO, E0O and FO are normal long
straight sections. With this‘choice for EO, the lattice functions of the
Main BRing and Energy Saver were matched nicely for the purpose ¢f beam
transfer.

The high-beta long straight section is illustrated in Fig. 8-5. Here
the order of focusing in the doublets is reversed and lengths of all six
quadrupoles were changed slightly. A large horizontal beta i1s produced at
the upstream end of the straight section. High-beta straight sections were
chosen for AO0 and DO because they facilitated resonant extraction, which
places the most severe demands on the size of the good-field aperture.
Since the good-field aperture of the superconducting magnets is not large,
the wuse of high-beta at this location of the extraction electrostatic and
magnetic septa reduces the aperture required for extraction in the rest of
the magnet ring. This choice, which was made for fixed-target operation,
will not affect the collider performance. ’

8.2.3 Lattice Elements. Table 8-II lists the variocus elements required
for a ring incorporating two high-beta long straight sections and four
normal long straight sections. The lengths shown are magnetic lengths in
inches.




Table 8-II LATTICE ELEMENTS

Magnetic

Element Length (In.)  Number
Dipole 241.0 TT4
Standard quadrupole 66.1 180
Long straight inner quadrupole 99.4 12
Normal long straight short

quadrupole (48,12 location) 32,07 8
Outer quadrupole 82.72 8
High beta long straight short

quadrupole (48,12 location) 25.5 u
Outer quadrupole & 90.19 4

8.2.4 Low-Beta Long Straight Section. The low-beta straight section at
BO is made by replacing the 32.07 in. quadrupoles at each end of the normal
straight section with stronger, separately powered 66.10 in. quadrupoles
and adding eight additional quadrupoles within the 2002 in. clear space
around BO. During injection these eight quadrupoles are turned off and the
two 66.10 in. quadrupoles are excited to a lower current than those in the
rest of the ring. After injection and acceleration, the inner eight
quadrupoles are turned on, and all ten quadrupoles are slowly adjusted
until the final beta-value of one meter 1s reached. This process is
described in detail in Chapter 9. It is noted that these eight quadrupoles
will be turned off during fixed target operation. The additional elements
required for the low-beta are listed in Table 8-III.

Table 8-III - LOW-BETA QUADRUPOLES

Magnetic
Element Length (In.)  Number
Quter quadrupole ' 66.1 2
. (48,12 loecation) T o144.0 6
Inner quadrupole +80.0 -2

8.3 CORRECTION SYSTEMS

8.3.1 Types of Correction Elements The correction magnets are built -as a
cluster of three functionally different superconducting coils whicn are
concentric to one another and the beam tube center line.' Since it was
chosen to mount the coils on the beam pipe, or spool piece, between the
quadrupole and the adjacent dipole 1in each cell, the correction magnet
package is now callad a spool piece. There are two basic types of spool
piéces, the regular spool piece which is associated with each regular cell
quadrupole, and the others. The distinction arises from the fact that each
regular spool piece has two clusters of magnets, while the others have only
one cluster of magnets. The upstrzam clustar of regular spool pisces




contalns dipole, sextupole, and quadrupole windings and the downstream
cluster contains octupole, sextupole, and quadrupole windings. The
orientations of the dipole winding and the downstream sextupole and
quadrupole windings provide further differentation of the types spool
plece. The shorter spool pieces also contain three coils. Altogether
there are seven types of spool pieces. The types of coils on each spool
piece are given in Table 8-IV. The designations for the type of coils are
as follows; horizontal dipole (H), vertiical dipole (V), sextupole (S),
quadrupole (Q), skew quadrupole (SQ), skew sextupole (SS), and octupole
(E).

Table 8-IV  ENERGY SAVER SPOOL PIECES

Spool piece Upstream Downstream Length
Type (Code) (DSQ coils) (0SQ coils) (in.)

nan H, S, Q, None u3
nBn . v, S5 Q None 43
Lol H, S, Q E, SS, 3Q 72
" v, S, Q E, SS, SQ 72
nEn H, S, Q E, S, Q T2
nE Y, 8,Q E, S, Q 72
Well H, S, Q E, S, SQ 72
"HY H, V, 3Q None 50

8.3.2 Correction Magnet Circuits The current leads of each coil are
separately brought out of the spool piece cryostat, thereby making it
possible to excite every coil independently. As will be discussed 1later
the dipoles are individually excited in order to loecally correct orbit
dislocations. The sextupoles, quadrupoles, and octupoles are series
connected in functional groups in order to adjust global properties such as
the tune and chromaticity.

Tables 8-V, 8-VI, and 8-VII show the type -of 3spool piece at each
quadrupole location, by pairs of sectors. Superscripts designate the
farrangement of the coils into global circuits which will be used when the
Energy Saver 1is commissioned. Coil windings which are not noted in those
tables are not connected to power supplies, although this could be done if
a need arose.
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Quad
Loc.

11
13
15
17
19
22
24
26
28
32
34

38
42
4y
46
48

Table 8-V
Spool Upstream
Type Coils
"g"  H, V, sQ*
"G" H’ sf, Q
"A" H’ Sf’ Q
"C" H’ Sf’ Q
"C" H, Sf’ Q
non H, Sf; Q
"C" H, Sf’ Q
ngw H, Sf, Q
non HA’ -Sf, Q
ngn H, Sf, Q
"C" H’ Sf’- Q
"C" H’ sf’ Q
"C" H, Sf, Q
"C" H’ Sf, Q
"c" H’ Sf’ Q
"C" H, sf, Q
"A" H

Downstream
Coils

Ss2, sQ°
Ss2, sqQ2
352, 3Q°
332, 3q!
sSst, sQ°
381, 3Q2

E3, ssli, sqQ°?
Ssl .

E3, sq°

Quad
Loc.

12
14
16
18
21
23
25
27

29 -

33
35

Spool
Type

"D"
"D"
"D"
"D"
|IB"
"D"
"BW
"D"
"B"

"D"

wp"
upn
an‘
npn
ngn
npn
nyn

COIL CIRCUITS IN SPOOL PIECES IN SECTORS A AND D

Upstream
Coils

Downstream

Coils
ssd
ss?é



Spool
Type

"H"
"C"
" A"
"C"

) “E"

"C"
W E“ .
"C"
"E"
"C"
"E"
"C"
" C"
"C"
"C"
"C"
i¥ A"

Table 8—VI ®

Upstream

Coils

ODOODODODDLDODOLDODOLODOLODOLDO

COIL CIRCUITS IN SPOOL PIECES IN SECTORS B ANDE

Downstream

Coils

- e o o

Quad
Loc.

12
14
16
18
21
23
25
27
29
33
35
37
39
43
45
47

49

Spool
Type

"D"
"D"
"D"
"D"
"B"
Y|F"
"BW
"F"
"BW
"F"
|IB"
"F"
"B"

“(D)

"B"
(D)
"H“

Upstream

Coils

Downstream
Coils

- e e e o e

D - D O =5

- - ——




Table 8-VII. COIL CIRCUITS IN SPOOL PIECES IN SECTORS C AND F

Spool Upstream Downstream Quad Spool Upstream  Downstream
Type Coils Coils Loc. Type Coils Coils
ngn H, Vv, sQ* 12 F v s?
nen H, S, Q sQ0 14 nEn v, S, Q g3
"A" H, S, @  —mmm—ee- 16 "E" v, s, @ s}
nge H, S, Q E!, sSQ° - 18 np v, S, Q sd
"  H, S, @ E! Q! 21 e V, 5, Q  —memmeee
nge H, S, Q E2,32%,5Q° 23 wEn v, S, Q E*,S%,Q
wEw H, S, Q EZ’SZ,QS 25 npw v, S, A — e
ngn H, S, Q E!;82,qQ!10 27 ngEn v, S, Q E*,S%,Q
ng" H, S, Q E!,s2,qQ! 29 ng v, S, Q@  =mmm—emm
ngn H, S, Q E2,3%;3Q° - 33 nEn v, S, Q E*,Q2
"E" H, S, Q E2?,s%,Q® 35 1 Vy S, @ m—meeeee
ngn 5, S, @ E3s!,sq 37 g v, S, @ E*s*Q
ng" H, 3, Q st : 39 np V, 3, Q@ ——memee
ngn H, S, Q E%,3Q° 43 ngn v, S, Q st
new H, s, Q us i npw v’ S, Q  cmmem—aa
ngn sq’ u7 npn v, 3, Q

sQ*

- "AI" H @ commae—— )49 ngyn H, V,

8.3.3 Coil Strength Requirements. The Qf and Qd quadrupoles are used to

adjust the machine tune. There i1s a Qf quadrupole adjacent to every
regular horizontally focusing main quadrupole and Qd quadrupole next to
every vertically focussing main quadrupole. The Qf quadrupoles are
connected in one series circuit, and the Q“ quadrupoles are connected in an
another. The Sf and Sd sextupoles are also designated in the same way by
the adjacent main quadrupole. The st and S¢ circuits are used to adjust
the chromaticity.

The remaining correction magnets will be used initially for half
integer resonant extraction when the Energy Saver commissioning begins.
The Q! and Q3® circuits will be used for half-integer extraction. The Q2
and Q% ecircuits, which will not be powered 1initally, can be used in
conjunction with the Q' and Q% circuits to correct the 2\)X =-39 and
2v3 =£39 resonances. The 48 skew quadrupoles located in standard cells,
SQ¥, are connected in gseries. These will be used to compensate the
difference resonance, V_ . V_ = 0, If needed, skew quadrupoles at the ends
of the 1long straight sectogs, SQ%, can also be excited to provide .
additional compensation of the v, - Vy = 0 resonance.

The circuits SQ! and $Q2 when powered can be used to manipulate the
half integer sum resonance V_ . V_ = 39, The circuits sl, SZ, 33, and s“,
when powered, can affect the driviné terms on the 3Vz and V, + V., resonance

should the need arise. Similarly the skew sextupoles 3S!, 532 sd?, and ss*

are installed at the locations given in the tables for driving the Evz PRV

y
and BVY resonances.
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Octupoles are arranged in four circuits. Circuits E! and E? provide
the two phases of the 39th harmonic for resonant extraction.  Circuits E?
and E* produce the zero-harmonic nonlinearity for control of tune versus
betatron osecillation amplitude. The strengths of the coils which are
appropriate for 1 TeV are expressed as field integrals at 1 in. radius.

Steering Dipoles. The primary function of the steering dipoles is the
correction of the closed orbit at all energles. The rigidity of the
superconducting-magnet system and the tight tolerance on orbit centering
imposed by extraction ruled out -~ the movement of magnets for orbit
eorrection. In order to make efficient use of the available magnet
aperture, it was specified that the closed orbit excursions be 1limited to
#0.1 in. during extraction. This requirement is met by using the steering
dipoles. The steering dipole strength was determined to be 170 kG - in. on
the basis of the following analysis:

It is likely that orbit distortions will be large during the initial
operation. At points in the normal cells where the amplitude function is a
maximum, the rms orbit distortion due to dipole field errors and quadrupole
misalignments can be written as

<x251/2 » %laz + §b2)1/2 in.,

Here a denotes the rms dipole field error in units of 0.1%, and b the rms
quadrupole misalignment in units of 0.01 in. In the horizontal plane, a
arises from the fluctuation in the field-length product from dipole to
dipole. In the vertical plane, a receives contributions from both
rotational alignment error and any uncertainty or instability in the dipole
field direction. It was assumed that the typical misalignment error
introduced into the orientation of the dipole vertical plane during
installation was 1 mrad and the stability of that of the vertical plane
also had an error of 1 mrad. It was assumed that the quad placement
accuracy was 0.02 in. This leads to an rms closed orbit distortion of
0.5 in. The dipole strength required to compensate the deflection
generated 1locally by the quadrupole misalignment and by the eight
neighboring main dipoles, is, for uncorrelated dipole errors

(del)rms = 23(a? + 0.3162)1/2 kG-in.,

a and b have the same significance as in the previous expression. The
assumptions made for alignment iIn the previous paragraph require a
41 kG-in. field 1integral to correct the rms error. For Gaussian errors, a
steering strength of about 130 kG-in. is needed to have 90% probability of
successful correction at 100 locations. The steering dipole was designed.
for a strength of 170 kG-in. This was considered adequate to meet the
concerns of the preceding paragraphs. -

Trim quadrupoles. Since the main dipoles and quadrupoles are connected in
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series, trim quadrupoles assume the burden of tune correction and
adjustment. Appropriate quadrupole harmonic terms are needed for
half-integer extraction.

One of the main functions of the trim quadrupoles will be compensate
for the large incremental increase in &tune caused by the low-beta
interaction regions used in colliding beams. A typical interaction-region
will introduce an added betatron phase advance of close to 180° in both
planes of oscillation. The trim quadrupoles must, in effect, lower both
tunes - by approximately 0.5 to restore the operating point. The BO design
described in Chapter 9 produces a shift in tune of 200°. The required
trim-quadrupole Strength at 1000 GeV may be inferred from

AV = 0.0214(B' %) = 0.0062(B' L)y
Avy = -0.0062(B'L)p + 0.0214(B' L)y

The subscripts indicate the focusing character in the horizenatal plane of
the adjacent quadrupole. A reduction of both tunes by 0.5 requires a
contribution to trim quadrupole strength of 33 kG-in. B

Tune corrections that must be made to compensate for magnet errors
require considerably smaller strengths. A systematie quadrupole term b1 in
the dipoles would produce tune shifts +1.1x10% in the two planes of
motion. On the basis of the production of 764 dipoles, the average value
of by is less than 1073/inch. This b; makes an inconsequential demand on
the trim quad strengths.

The trim-quadrupole strength was specified at 60 kG-in., safely above
the requirement imposed by a single .interaction region after allowance for
tune correction. In order to operate two I1neraction regions somewhat
greater strength 1is required. The quad can be excited to higher currents
if necessary, although a special supply would be required. Alternatively,
the operating point of the collider can be shifted from 19.4 to 19.6 to
allow a greater tuning range. -

Sextupoles. The prinecipal role of the sextupoles is cordtrol of the
chromaticity. At the time of the Superconducting Acceleration Design
Report, May 1979, high field sextupole moments were cause for concern since
" by was large. On the basis of the production of 764 magnets, the average
value of b; is measured to be 10"%/in2. As the following analysis shows bj
is no longer a cause for concerm.

The contributions to the chromaticity from systematic sextupole-: terms
in the dipoles and from chromatic aberration in the quadrupoles can be
written as

£y = 2.64x70° <> - 22
) b, ia (1n.)77

3 -2.45x10° <> - 22,

s
-
i
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The constant value of -22 is due to the natural chromaticity of the basic
lattice exclusive of enhancements from colliding-beam interaction regions.
The magnet-selection criteria impose a bound of 6.0x10=* in.=2 on the
magnitude of bs. The measured average value of bz leads to a chromaticity
in one plane or the other of about 50. Compensation of this effect
requires sextupole strengths of 4.5 and 1.5 kG-in. at horizontally focusing
and defocusing quadrupoles respectively.

A colliding-beam interaction reglon can be expected to increase the
natural chromaticity. For example the design presented in Chapter 9
increased the chromaticity by 9 units to =31, The sextupole associated
with the standard cell quadrupole was designed to have a strength of 50
kG=in., value which 1is conservatively beyond the minimum requirements.

Octupoles. The major purpose of the octupoles is to facilitate resonant
extraction. They provide the nonlinearity that divides the phase plane
into stable and unstable regions for the case of half-integer extraction.
On the basis of the requirements for resonant extraction the individual
octupole strength has been specified as 30 kG-in.

Skew quadrupoles. At an -early stage of the operation of the Main
Accelerator at high energy it was observed that a large horizontal
oscillation would couple over into the vertical in a single turn. On the
basis of magnet measurements the same thing will occur in the Energy Saver.
For that reason skew quadrupoles were incorporated into the spool pieces as
noted in Tables 8-V, 8-VI, and 8-VII. The skew quadrupole is similar in
all respects to the trim quadrupole except that it is rotated by Uu5°. It
has the same strength of 60 kG-in.

8.3.4 Exeitation. In this section, the tolerances on the currents
delivered to the correction and adjustment magnets and their arrangement in
circuits are discussed. The colls were specified to acheive their nominal
design strengths at a current of 50 A. The coils can be separately powered
at much higher currents. As noted earlier the circuits for exciting the
coils are given in Tables 8-V, 8-VI, and 8-VII.

Current Tolerances. Because of their role in orbit correction, the
steering dipoles 1inherently require independent bipolar power supplies.
Stability and ripple supression at 0.1% of full scale are sufficient to
satisfy the demands of injection -and extraction. Each of the global
circuits, defined in 8.3.2, is powered by a precision supply which provides
a ecurrent stability in the range of 0.1% to .005%. The most severe
requirement which these supplies must .satisfy is to provide a relatively
unmodulated resonant extraction over 10 seconds.

8.3.5 Power Supplies Two distinct types of power supplies have Dbeen
built; one with an accuracy of 0.1% in regulation for the steering dipoles
and a high precision supply for the other elements. There are 180 steering




13

dipoles in the standard cells of the lattice, and at least U4 dipoles will
' be installed at each long straight section. There will therefore be a need
for over 200 supplies of the first variety.

The design value is *50A. The supplies will be designed with 1oad
compensation and a conventional roll-off characteristic of 20 db/decade.

Steering Dipole Supplies. The current stability and ripple 1limit for
these supplies is +0.1% of full scale. To complete the specifications, the
bandwidth and voltage must be determined. It 1is reasonable to have a
bandwidth that allows the power supply output to follow a constant ramp
input within #0.1% of full scale. The error between programmed input and
supply output for a constant ramp is

AB

€ = —
21t

where - € is the lag error (amps),
A is the power supply DC gain (amps/volt),
B 1is the input voltage ramp rate (volts/s), and
fo is the power supply bandwith or corner
frequency (Hz)

For an error of 0.1% (0.05A) and a ramp from O. to 50 A in 10 s, a
power-supply bandwidth of 20 Hz is adequate. With this 20-Hz bandwidth,
the equation above then yields a maximum output ramp rate for 0.1% accuracy
of 6.3 A/s.

The supplies will be 1installed in the existing Main-Ring service
buildings. The longest lead from the supply to dipole and back will be
1200 feet. At 50A and 35°C, the voltage drop in that length of No. 1 wire
is 8.1 V. The load inductance will be approximately 0.7 H; at the maximum
ramp rate, for 0.1% accuracy, the drop across the magnet would be 4.4 V. A
maximum power supply output of 15 V satisfies these requirements and-
provides a higher slewing capability for current changes under conditions
where the accuracy specification can be relaxed.

A block diagram of such a supply is shown in Fig. 8-6. The control
system provides a bipolar analog reference waveform from a generator with
12-bit resolution and 2 bits for commands to operate. The current preading
is returned to the control system via a multiplexed A/D along with 8 status
and fault bits. Isolation is provided between the control system and the
power supply for command, status, and faults by means of optical couplers.
Isclation of the analog signals 1is accomplished through differential
drivers and receivers.

High Precision Supplies These suppliss are to have a stability and ripple
limit 1in the range 0.005% to 0.01% of full-scals current, They are rated
at *504, £500Y. The low ripple current 1s achiesved with =z Dbipolar

transistorized output regulator.
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It is noted that certain of these supplies have a relatively high
output voltage. To reduce transistor-bank dissipation, these supplies use
a bipolar SCR preregulator to provide variable voltage to the output
transistor regulator. The preregulators are adjusted to keep a nearly
constant voltage across the output transistor banks and thus reduce the
transistor-bank requirements. The transistor-bank regulators for:  the
various high-precision supplies are essentially the same. The same is true
of the preregulator.

The reference voltage is provided by a high-precision 16-bit D/A and
the current sensor is a high quality current transductor with a stability
of 1 ppm/°C. The waveform generator is located within the supply to
minimize noise pickup. Quench detection is also provided by comparing the
voltage across one 'half the series regulators to the other half.

3. 4 Main Ring Extraction and Energy Saver Injection and Abort

The design of the antiproton beam transfer was simplified considerably
once the circumference of the Energy Saver was made equal to the Main Ring.
Fig. 8-7 is a schematic representation of the EO straight section which
shows both the proton and antiproton transfer lines.

The proton injection for colliding beams will proceed with the
transfer of a single bunch from the Main Ring to the Tevatron. The bunch
will be kicked horizontally across a magnetic septum (Lambertson magnets)
in the Main Ring at the upstream end of EO using the existing extraction
kicker magnet at CU48. This initiates a downward bend (16.6 mrad) towards
the superconducting string at E11, 25.5 in. below <the Main Ring. The
vertical dog-leg is completed by two more Lambertson magnets at the
downstream end of the long straight section which brings the beam back on
to the horizontal plane. The beam is then placed on the c¢losed orbit by
another fast rise time kicker magnet 1located at the warm E17 medium
straight in the Tevatron. Although the basic lattice structures of the
Main Ring and the Tevatron are similar, a transverse emittance dilution of
approximately ~30% would occur if no attempt were made to mateh the beam
shape. A quadrupole in the injection line will be used to provide both
horizontal and vertical matching. Horizontal beam steering is accomplished
in the Main Ring and the injection line by a series of -bump magnets; the
correction dipoles accomplish the corresponding function in the Tevatron.

The antiproton injection uses four additional Lambertsons and two
trims as shown 1in Fig. 8-7. The matching quad is common to both lines.
The P transfer is accomplished in the same manner as for protons with the
Main Ring extraction kicker located at E17 and the saver injection kicker
located at D48. i

Table 8-VIII lists the kicker requirements for six bunches of protons
and six bunches of antiprotons, all equally spaced. This establishes the
maximum number of bunches that can be injected. Nevertheless, it 1is not
planned to exceed 3 bunches of protons and 3 bunches of antiprotons at this
time. This table 13 based on injecting the antiprotons first, one bunch akb
2 fime and then iInterspersing the proton bunches among the antiproton
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bunches one bunch at a time. The specifications for the proton transfer
kickers were set by the requirements for fixed target operations.

Table 8-IX lists the requirements of the proton and antiproton abort
kickers. Again the requirements for the proton abort kicker are met in the
existing design for fixed target application, and two additional identical
units will suffice for the P abort kicker.

The abort dump for the protons has been designed for the much more
intense proton beam which occurs during fixed target operation. The B dump
will be a 10-foot long steel block located in the C@ straight section,
since the P beam intensity is two orders of magnitude smaller. The use of
the: Ci8 kicker to inject protons at EO creates the possibility of:
introducing uncomfortably large amplitude oscillations through D-sector of
the Main Ring. In order to reduce the size of these oscillations, where
possible, three bump magnets have been installed in the Main Ring at C22,
C32 and D38. These three magnets can be excited to produce a closed orbit
180° out of phase with the kicked beam and thus reduce the effective orbit
excursions by a factor of 2 thoughout most of the sector. Precise control
of the beam position 1in the Main Ring across the long straight section,
essential to ensure loss free injection, is provided by another set of bump
magnets at D46 and E17. Powered in series these magnets generate an orbit
bump similar to that currently used in the Main Ring for extraction. a
nypothetical closed orbit suitable for injection is shown in Figure 8-8.
The orbit excursions between (22 and D38, D46 and E1T are apparent.
Fig. 8-9 shows the same closed orbit modified by firing the kicker which
produces the orbit cusp at CU8. The orbit amplitude remains approximately
constant up to D38 after which the amplitude increases to a maximum offset
of 48 mms at DU8. The horizontal orbits across the long straight section
are shown 1in more detail in Fig. 8-10a, where the error bars on the Main
Ring orbits give the expected beam size (*4Y mm) at the Lambertson septum.
With these particular injection parameters, one can see an intrabeam
separation of 7 mm with the septum offset at 25 mm. The corresponding
Tevatron orbits are shown in Fig. 8-10b. The closed orbit bump between E11
and E17 is generated by the corrrection coil dipeles at E11, E13, E15, and
E17 and serves to reduce orbit excursions within the restricted aperture of
the Tevatron as well as decrease the integrated field strength required
from the kicker magnet at E17. i ¢

W

o

The same bump magnets used for the proton extraction in the Main Ring
are used to reduce the required kick for the antiproton extraction kicker
and an appropriate 3-bump using the DU6, DU8, and DU Saver correction
dipoles will be used to reduce the maximum orbit distortions at injection
and reduce requirements on the p injection kicker, in a way analogous to
the proton injection 4-bump.

The iInjection Lambertson magnets are similar in design to the current
Main Ring extraction devices. The magnets have 12 turans of water coolad
0.46" square copper giving a useful dipole field aperture of - 3.5" ¥ 0.9".
The nominal operation current of 1575 A produces a 9 kG field. The maximum
1seable field is defined by the saturation of %the steel (Republic OShsel
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LoCore 'B') and'is 12 kG. The septum is 2 in. thick and is formed with a
half angle of 45°. ,

Table 8-VIII. EXTRACTION AND INJECTION MAGNET PARAMETERS

p P p P
Extraction Injection  Extraction Injection

B- 1.97 kG-m  1.33 kG-m 2.5 kG-m 2.5 kG-m
Rise time 20 usec 1.39 usee 20 usec 3.4 usec
Fall time - 2.0 usec - 3.4 usec
Magnets 6 4 1 i
Magnet impedance 250 12.50 5.5 Q 10Q
Magnet Length (m) 1 1 1 1
PFN's T 1 o 1
PFN impedance 12.59 6.250 18 100
Gap (inches) .
HxV 6x2 2x2 6x2 2x2
Voltage 56 XV 43 kv 15 kV 50 kV

Table 8-IX. ABORT MAGNET PARAMETERS

P p

Abort Abort
B-% 24 kG-m 15 kG-m
Rise time 3.2 usec 2.0 usec.
Loecation B-48 c-17
No. module 4 ' 2
Length 2m 2m
I 19 kA 15 ki

max

8.5 Acceleration of Protons and Antiprotons

8.5.1 Energy Savar RF Requirements for Colliding Beams When the Energy
Saver is used for colliding beams, the rf system must be able to accelerate
protons and antiprotons simultaneously from 150 to 1000 GeV. Because the
longitudinal emittance of proton and antiproton bunches may be slightly
different, it may be necessary to provide different, bucket areas for each
in order to minimize dilution during acceleration and storage. Dynamic
phase adjustment of proton and antiproton buckets will be necessary in
order to damp coherent dipole oscillations of the separate bunches. The rf
system should also have the capability of moving the azimuthal location of
the Pp collision point. These functions can be satisfied if the rf system
allows independent control of the amplitude and phase of the proton and
antiproton buckets. : )
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Independent control can be achieved by arranging the cavities in pairs
with appropriate spacing and phasing. Congider a pair of cavities
separated in space by 3/4\ (A=2mR/h, the rf wavelength at B=1). If the
phase of the rf voltage on the downstream cavity is advanced by m/2 radians
the rf fields encountered by a particle moving downstream through the two
cavities will be exactly in phase. These same fields are exactly out of
phase for a particle moving from the downstream cavity to the upstream
cavity. -

There will be eight Energy Saver rf accelerating cavities, each of
which 1s capable of sustaining 350 GeV accelerating voltage for colliding
beam operations. Five of these cavities will be built as part of Tevatron
I. Four cavities will be arranged in two pairs with a spacing of 3/U4A to
accelerate protons and the remaining four will be arranged in two . pairs
with the same spacing to actelerate antiprotons as shown in Fig. 8-11a.
Cavities 1, 2, 3, 4 are phased so that they couple to antiprotons, which
move to the left. Cavities 5, 6, 7, 8.couple to protons, which move to the
right. The center of cavity number 2 1s 1located at the Tevatron FO
location., Since this location is symmetrically located with respect to the
design collision points at DO and BO, bunches which collide at those points
must arrive at the FO0 point at the same time (i.e., they collide there
also, in the case where there are three bunches each of protons and
antiprotons in the collider). The arbitrary angle § is adjusted to
establish the correct collision pont. For the spacing shown the required
value of § is m/6 radians.

These cavitles will be adequate for an acceleration rate of 34 GeV/sec
at a synchronous phase of 30°. The acceleration time to 1000 GeV will then
be 25 sec. The bucket size 1s ample. The relative phase between the two
sets of cavities 1s adjustable, so that the P and p bunches can be rotated
relative to each other to move the collision point to any desired azimuth.

8.5.2 Failure Modes. The requirement of orthogonal control of the two
sets of cavities -establishes uniquely the spacing between pairs of
cavities. However, the precise location of the cavities-and the selection
of which set to assign to protons or antiprotons 1is arbitrary. The
collision point can be adjusted by selection of arbitrary phase angles such
as § as illustrated. The effect of the failure of a single cavity on beanm
gize, luminosity and stability of the collision point is determined by
cavity location and deployment. Failure of any rf cavity will -always
result in some beam deterioration but the damage can be minimized by
optimum cavity placement and selection. )

The placement of cavities will be partially limited by the location of
penetrations and equipment in the rf building and the FO straight section.
The cost of rearranging equipment may not Jjustify the gains that the
optimum arrangement provides. The distribution described here is a partial
optimization consistent with existing constraints.
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In Fig. 8-11b the instantaneous fields seen by protons and antiprotons
are shown. Failure of any one of the proton cavities, 5-8, will result in
a sudden change in the phase and amplltude of the rf field seen by
antiprotons. The antiproton bunches would immediately start a coherent
dipole oscillation about the new phase angle along with higher order
oscillations resulting from a change in bucket size. This would appear as
an oscillation of the collision point and ultimately a dilution of the
antiproton bunch length to cover the entire oscillation range. This dipole
motion ca be prevented by automatically turning off a second proton cavity
so that the balance 1s restored. Removal of two proton cavitlies results in
a reduction in bucket height by a factor of 0.707. This will cause a bunch
quadrupole oscillation with attendant dilution and bunch lengthening but no
dipole motion of the bunch or collision point.

On the other hand; fallure of one of the antiproton cavities, 1-4,
does not cause a phase displacement of the proton field so no additional
cavity need be removed from the system. Such a failure results in a
decrease 1in the antiproton bucket height by a factor of 0.866 with a small
attendant quadrupole oscillation and bunch lengthening. The effect on the
proton bucket height and bunch length 1s to increase or decrease it by an
even smaller factor. In summary, the cavity locations and assignments are
such as to minimize the effect of fallure of any cavity on the quality of
the antiproton bunches at the expense in some cases, of proton bunch
quality.

It is conceivable that if many faults occur, resulting in unacceptable
dilution of proton bunches, both beams could be decelerated to 150 GeV and
the proton bunches replaced with fresh ones while keeping the o0ld
antiproton bunches.

8.6 Energy Saver Diagnostics

At the time the Energy Saver components were fabricated, it was
recognized that it would be used as a collider. For that reason the beam
position detectors were designed so that the .proton and antiproton beam
could be detected gsimultaneously. Since the decision to build this type of
monitor was made after the preparation of the Superconducting Accelerator
Design Report, a description of them is given in Section 8.6.1. The
beam-loss monitors of the Energy Saver are described in 8.6.2. Following
the first year of operation of the SPS collider the requirements for
diagnostices in the Energy Saver were reviewed. The additional diagnostic
equipment which should be added to the Energy Saver for colliding beams is
given in Section 8.6.3. X
8.6.1 Energy Saver Position Detectors. The pogition detectors in the
Tevatron are of the directional-coupler types. There are 216 detectors in
all, 108 each for vertical-position measurement (in vertical focusing
quadrupoles) and for horizontal-position measurement (in the horizontally
focusing quadrupoles). The pickups have about 24 db-of directivity (i.e.
rejection of signals from beam traveling in the unwanted direction) so that
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the pickups can be used to detect B's in the presence of p's and vice
versa.

The fast electronices for extracting the position signal from the
pickup signal uses amplitude to phase (AM to PM) conversion to provide a
large dynamic range of beam intensitys. The electronics was specifically
designed to detect single isolated bunches with p's or B's (collider mode)
as well as contiguous filled buckets (batch mode) for fixed-target
operation. The lower limit of sensitivity for operation in these modes 1s
about 3x10% p's per bucket (collider mode) or 1x10% p's per bucket (batch
mode) . The position-signal rise time 1s about 70 nsec due to the presence
of a half-wavelength resonant filter which rings when hit by a signal from
isolated p or P buckets. The estimated precision of position measurement
is. about *0.5 mm at the; lowest intensities. Precision of #30 microns has
been obtained with high intensities on a detector installed in the Main
Ring.

The  microprocessor-controlled digitizing electronies allows
simultaneously digitizing the position signal from all 216 detectors with
about 100 nsec (least significant bit) resolution on the timing for each
detector. This "FLASH" picture of a single turn of beam can be used to
examine the beam orbit for any complete revolution including injection.
Other operating modes include measurements of beam position averaged over
many turns to average out the contributions of betatron oscillations.
These latter measurements have large RAM memories associated with them to
store many measurements without requiring readout by the Host control
computer. These data are used to determine closed orbits for correction
coil programming and for orbit reconstruction in case of a beam induced
quench. The microprocessor circulits can initiate beam aborts if the beam
exceeds preset position limits.

The electronics has been designed and built to detect beams in either
direction. In order to fully implement these features, coaxial relays must
be installed in the tunnel to select the proper pair of ports from the
directional coupler pickups. A signal to control them is already provided
in the Service Buildings. In addition, a Saver Clock signal (a signal with
diphase encoded timing signals on a 10 MHz carrier) must be installed in
the P direction around the ring. The electronics is already equipped to
receive this at the same time it controls the coaxial relays. The control
cable for the coaxial relays will also have to be installed.

8.6.2 Beam Loss Monitors. The Tevatron beam-loss monitor system, like
the beam-position system has detectors at every quadrupole (a total of 216
around the ring). They are argon-filled chambers designed to have a very
large dynamic range and fast response. Their signals are amplified in a
fast risetime integrating 4 decade logarithmic readout. Real-time analog
output signals are also available for fast time plots. The 60-msec
integration time of the electronics corresponds to the response time of the
Doubler magnets to beam-induced heating, and therefore i3 a good monitor of
the likelinood of inducing quenches. The beam-loss monitor system, like
the beam-position system, ~an initiate a beam abort 1f the radiation 1lavel
axcerds preset limits.
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8.6.3 Diagnosties for the Energy Saver Collider Operation. Initial
experience from the CERN SPS collider has shown the lmportance of adequate
beam diagnostics. In the Fermilab Collider, much of the tuning of the
transfers, acceleration, and storage parameters will necessarily be done
with antiprotons, which are relatively rare even 1if the § accumulation
works well. Thus, diagnostic devices should work at low beam intensities.
Furthermore, since the time to improve transfer and storage efficiency of
the Collider will be in competition with other uses of the Tevatron, there
must be a complete set of diagnostic devices with well-developed software
at the onset of Collider commissioning.

The obvious requirement is to be able to measure the beam intensity,
position and emittance as a function of time as the particles make their
. way to a successful store at 1 TeV.

Beam transfer lines will be éﬁuipbed with sensitive intensity and
profile monitors. The Main Ring and Tevatron will have position and
intensity measuring devices which should be well developed by the time
collider commissioning begins.

In order to measure the profile of circulating p's and P's _in the
Tevatron, we are planning to construct several flying wire scanners’. These
devices flip a thin wire filament through the circulating beam at about 5
m/sec, and the resultant scattered flux 1is monitored by several
scintillator telescopes placed both upstream and downstream of the flying
wire. Such a device would be placed near (and in) the BO Colliding
Detector Facility to measure beam position as well as profile. Each flying
wire can measure only one coordinate, so several are needed. Such a device
has been implemented at the CERN SPS and 1s recognized as an important
diagnostic tool?.

Motion of the wire. through the_beam is about 0.1 mm per turn, which
results in about 10 points across a beam 1 mm in diameter. The scattered
flux from p's and P's are quite directional, and hence the p and P beanm
profiles are recorded simultaneously in the two sets of scintillators. The
emittance blowup per scan is about 6x10-% mm-mrad, hence for the SPS about
200 scans per hour is equivalent to multiple scattering by the residual
gas. The heating of the wire (a low-Z material such as beryllium or
carbon) is not excessive. The particle flux lost is less than 0.02% per
sean. -

Longitudinal emittances will be monitored by the devices associated
with the Main Ring and Tevatron low-level rf systems.

Schottky scans should be adequate for tune measurements. An active
tune measurement is also under consideration.

The intensity and position devices 1in the Tevatron can glve
information on individual bunches of protons or antiprotons. In addition,
the flying-wire scanner gives bunch-by-bunch information. :
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9. INTERACTION REGIONS AND EXPERIMENTAL FACILITIES

9.1 EXPERIMENTAL AREAS

911 BO Experimental Area. A general purpose detector is being designed
and constructed by the Colliding Detector Facility Department, CDF. The
desire to measure antiproton-proton collisions and available technology
demand a large, massive and complicated apparatus. The BO Colliding Beam
Experimental Area has been designed to handle the assembly, installation,
operation and maintenance of such a detector.

The project includes the following:

BO Collision Hall- an underground structure that will replace
approximately 100 feet of the:Main Accelerator enclosure, and
will contain the :experimerital physics detectors and both the.
accelerator and Energy Saver beam components., On the outside
wall (away from the accelerator center) will be a large door
and movable shield wall that will provide acess to the Assembly
Hall. :

BO Transition and Equipment By-pass Enclosure-~ an underground
structure that connects the Collision Hall to the existing Main
Accelerator enclosures, and provides a passage for personnel,
utilities and a magnet-moving vehicle around the BO Collision
Hall.

BO Assembly Hall- a large pit at the elevation of the Collision
Hall and adjoining to the shield-door passage, with a service
floor at grade level, all covered by a high-bay building with
an overhead crane. The various experimental physics detectors
will be assembled, tested and serviced in this hall prior to
placement in the BO Collisicon Hall.,

BO Site Development- hardstands, access roads, drainage
facilities, relocation of utilities, extension of services and
temporary earth retaining structures for construction
sequencing and adjacent road and building protection.

BO Primary Power- 13.8 kV feeders, substations and switchgear
for extending primary power to the BO Experimental Area and
into the BO Assembly Hall.

The BO Collision Hall connects with and becomes-a part of the Main
Accelerator and Energy Saver enclosures. All systems, services and
utilities are designed for compatibility with these systems. Access to the
BO Assembly Hall will be from the adjacent Road D near the Industrial
Buildings.

At the time of writing, construction of . the BO area has been in
progress for more than three months.




9.1.2 DO Experimental Area. This experimental area is still in the
process of definition and conceptual design. It 1is expected that a
collision hall of approximately 2000 sq. ft. will be built at DO.

9.2 LOW-BETA DESIGN

. 9.2.1 Lattice Design. As discussed in Chapter 6, the § and p bunches are
placed at equal spacings around the circumference of the Tevatron, arranged
so that one of their crossings occurs in the BO long straight section, the
location of the Collider Detector Facility. There will also be crossings
in the DO long straight section, where space is reserved for a second
colliding~beam experimental area, at present in a primordial state of
design. :

- The- luminosity can be enhanced for given beam currents by focusing the
beams down to narrow waists at the collision point, using extra quadrupoles
on either side of the collision point. These quadrupoles give a decrease
in the amplitude function B and the low B gives the narrow waist.

It is desirable for our purposes to achieve a minimum B8 value of
1 meter. Given the Tevatron 1lattice and dimensions, it is possible to
achieve this minimum with a design that wutilizes quadrupoles having
gradients of 25 kG/in. and requires replacement of a single normal-cell
quadrupole on either side of BO, at A48 and B12, by longer quadrupoles.
The design uses four separately powered quadrupole buses and either can be
adiabatically varied from the normal B* = 72 m configuration to fB* = 1 m,
while causing very 1little betatron mismatch or manipulation outside the
interaction region except for correction-quadrupcole changes to_preserve the
overall tunes and sextupole changes to maintain the desired chromaticity.

A layout of the 25 kG/in. low-beta insertion is shown in Fig. 9-1. It
requires the replacement of the 32-in. quadrupoles at A48 and B12 with
separately powered 66-in. quadrupoles and the addition of two
180-in. quadrupoles and 6 144-in, quadrupoles within the long straight
section. These ten gquadrupoles are powered anti-symmetrically on four
separate circuits and must reach a maximum gradient of 25.5 kG/in. at 1
TeV. In order to keep maximum -luminosity point close to the Tevatron BO
location, the quadrupoles at A48 and B12 must be pushed as far upstream as
possible. To do this, the normal dipole interface-to-quarupole magnetic
length has been reduced from 18.137 in. to 7.137 in. by changing the
upstream bellows and moving the beam detector to the downstream end of the
quadrupoles. This motion puts the maximum luminosity point 0.9
in. downstream of the Tevatron BO for the final low beta of 1 m.

9.2.2. Transition to Low Beta. For normal fixed-target operation, Q1 must
run at approximately 10 kG/in. and Q2, Q3, and Q4 must all be off. By
contrast, in the low-beta configuration, all the quadrupoles must be on and
running quite hard. The problem is to find a méthod of connecting these
two solutions in a stepwise continuous manner while maintaining the overall
tune of the Tevatron. This 1is by no means a simple straightforward
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process. The two solutions are in fact quite different and probably cannot
be connected without disturbing the normal lattice . functions outside the
insertion region. A method has been found, however, that does not greatly
disturb the rest of the ring. This sequence takes the lattice from a
returned fixed mode to a low beta of 1 m.

In all of this sequence, the Tevatron has been retuned to 19.585 1in
each plane. For particle-antiparticle collisions it is desirable to be
above the half integer and the value of 0.585 centers the tune in a region
free of all resonances of order lower than 11th. The correction
quadrupoles consist of two families, QFC and QDC, located next to the
correponding. quadrupoles, QF or QD, at all stations 13 through 47. These
corrections have a range of approximately 2 kG/in. at 50 amps. QFC has
ranges from +0.4 kG/in. to -0.9 kG/in. QDC is given by

- QDC = 0.0457 - QFC (kG/in.)

) In this turn-on sequence, there is some disturbance to the lattice
functions outside the insertion region, for three distinet reasons:

1. The "off" solution and the "low-beta" solution are, in fact, quite
- different. It is doubtful that they can be connected without
allowing some mismatch. .

2. The 1initial sequence, in steps of less than 1/3 kG/in., was not a
very smooth curve. Some amount of mismatch was allowed in order
to produce smoother curves.

3. It was found that a higher luminosity can be achieved in the "1
meter low-beta" by introducing some mismatech. This i1s because the
long straight sections are not exactly antisymmetric; one side has
more dipole edge focusing than the other, while the low beta quads
of necessity are symmetric.

The amount of disturbance to the normal lattice, however, is quite small
and should cause no problem since this turn-on will not start until high
energy where the beam is very small. -

9.3 Hardware Modifications

9.3.1 Magnets, Special - quadrupoles have been designed and are being
built for the BO interaction region. These magnets use special cable with
20 micron filaments and a copper-to-superconductor ratio of 1.3 (as opposed
to 8 mierons and a ratio of 1.8).- This cable has a short sample 1limit of
5250A at 6.5T. The new quadrupole has added turns to reach higher fields.

There are many new features of the new design. The strength of the
coil <collars has been carefully considered, as has quench protection. A
smaller cross section is being considered to give 1less interference with
the Collider Detector. Because the special- quads are powered separately



from the regular Superconducting Ring magnets, the regular excitation
currents are bypassed through the quads in a notch at the outside of the
coil collar. )

The beam monitor and correction magnet at B12 have been redesigned in
a special package and relocated downstream of the special quad. Dipole
fields will arise from quad misalignment. Even though shimming will be
done, misalignments in the high-~8 regions adjacent to the low-R interaction
region can give large orbit distortions and trim dipoles are being designed
for correction.

9.3.2 Power Supplies and Bus. Four separate power supplies and
associated circuits will be needed for the 1-m B¥ design. The supplies
will be modified Tevatron holding supplies capable of providing up to
6000 A. The supplies will be located in an annex to the BO service
building and the power will be transported to the magnets via water-cooled
copper bus (total 1length of 4 circuits is 2700 ft). For a current of
6000 A, the power consumed by the bus is 770 kW. Power will enter the
magnets through lead boxes constructed especially to fit the 15-in. - space
provided for them.

9.3.3 Refrigeration. Liquid He refrigeration needs are as follows:
quadrupoles (50 W), four pairs of 5 kA leads at 10 W each (40 W + 56 1/hr),
two turnaround boxes at 10 W each (20 W), two feed boxes (45 W) and U tubes
(5 W), for a total of 160 W plus 60 liters per hour. This refrigeration
need can be met initially by the AU(CYH) and B1(D1) satellite refrigeration
systems. Later, it may be desirable to provide stand-alone refrigeration,
and it would certainly be needed if operation at 1.8 K is desired. The 60
liters per hour of liquid He would come from the Central Helium Liquifier
through the A4 and B1 refrigerator and magnet systems. The estimated LN,
requirement is 250 W. Refrigeration estimates for the interaction-region
detector magnets are not included here, because it is expected that those
needs will be satisfied with but separate refrigeration. )

9.3.4 Vacuum. Pressure in the interaction region straight section should
not exceed 10 ° Torr. This means the warm vacuum pipe through the detector
plus a transition piece on either side will require special preparation
(possible bakeout). The transition pieces will contain isolatioh valves
and ion pumps, as well as the connections to turbomolecular and roughing
pumps. g

%







10. PERFORMANCE AND LUMINOSITY

In this section we describe the colliding-beam performance at 1000 GeV
in the Energy Saver. For this purpose, we assume that beams of protons and
antiprotons have been accelerated and are circulating in  opposite
directions 80 they collide in the center of the low-beta insertion in BO,
as well as at other azimuths.

10.1 Beam Geometry

As an example, it is possible to create three bunches of antiprotons
each with 6 x 10'% particles and each with a longitudinal phase area of
3 eV-sec, which we define as the area including 95% of the population with
a biGaussian distribution. To prepare the necessary number of antiprotons
in the Accumulator takes a little more than two hours.

Similarly we can assume that three proton bunches, each with 6x101°
particles and a longitudinal area of 3 eV-sec coexist with the antiproton
beam. Both beams have equally spaced bunches since the harmonic number
1113 can be divided by 3. In principle there are, therefore, six collision
regions equally spaced. We assume here that the two beams are not kept
separated by special electrostatic deflectors, the design of which appears
to be difficult because of lack of space in the Energy Saver and because of
the 1large rigidity of the particles. An important parameter to determine
the bunch dimensions is the peak rf voltage V at 53.1 MHz. We assume here
that two sets of four cavities exist and that orthogonal control of the two
beams is possible. In this mode of operation, there will be a tota of
1.4 MV/turn for each beam. -

Using the equations of Chapter 2, which apply to the Tevatron as well
as to the Main Ring, we obtain for the rms bunch length 0 = 40 cm and for
the rms momentum spread g /p = 1.2 x 10"*. The area of the stationary
bucket is 12.7 eV-sec, fgur times larger than the bunch area. Finally the
phase-oscillation period is TS = 27 msec.

10.2 Beam Cross Section at the Collision Point

As a result of the transverse stochastic ¢ooling in the Debuncher and
Accumulator Rings, and bécause the two beams have roughly the same number
of particles, the two beams have the same emittance, which is also the same
in both horizontal and vertical planes. The normalized emittance is
assumed to be 24 1 mm-mrad. That is, - = 0.023 T mm-mrad at 1000
GeV. This includes 95% of the beam with biGaussian distributions.

A low=-beta figure of less than 1 m is expected in both planes and
therefore



0 = 0.06 mm
or
0% = 3.5x10-°
Since the low-beta insertion has very small dispersion, there will be
negligible contribution to the beam size from momentum spread.
10.3 Luminosity
Because the low-beta value of 1 m 1s larger than the rms bunch’ lengtﬁ

(0.4 m), a formula for luminosity valid for constant beam sizes is a good
approximation. Thus

¥ ow :
L_.p Np B £y L
e b
ymo?
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where N_ - 6x10 is the number of protons per bunch, N= = 6 X 10? , the
number oF antlgrotons per bunch, B = 3, the number of buncﬁes per beam, and

f = 4.77 X 10 Hz, and the revolution frequency. This gives

v}

L= 1.0 x 10%% om~2 sec™! .

This luminosity figure is definitely within reach with the methods and the
techniques described in this report. Several alternative luminosity
scenarios can be invented. For instance, it is possible to replenish the
colllder every hour with one single bunch of protons and antiprotons with

10t partlcles each, for a luminosity of 10%% cm “sec” .

Higher luminosity figures can also be expected, as high as 6 X 10°%°
cm‘zsec'l, by improving either the stochastie cooling (a factor of two), or
the -beam intensity in the Main Ring and Tevatron (also possibly by a factor
of two) or with 6 bunches per beam instead of 3 as assumed here.-

10.4 Beam-Beam Tune Shift

Collisions are head on, the emittances of both beams in both planes
are all equal, and the lattice functions are approximately the same in both
planes. Therefore, the beam-beam tune shift is the same for both dams 1is
independent of the beam energy, and does not depend on the lattice

functions. The linear beam-beam tune shift is given by -



3»Nr'O

25N

where N = 6><1010 is the number of particles per ?%nch, € - 24T mm-mrad is
the normalized emittance and Po = 1.535 X 107 m 1is tge classical proton
radius. We have b

€ = 0.0017/crossing

Even with a low-beta insertion, the beam cross-section in the other
five collision regions with normal B values is round and the contribution
to the beam size from the momentum spread  is negligible. Therefore the
tune shift per crossing, in case the two beams are not separated, is the
same at each crossing as long as the collision is head-on or at least at an

angle 0 <« 0/0,. If there are a total of 6 crossings, the total tune-shift
per turn ’

Etot =6'€ =6 %X 0.0017 = 0.01.

10.5 Single-Beam and Luminosity Lifetime

We have investigated four possible sources of 1lifetime deterioration
in the Tevatron: residual gas, intrabeam scattering, beam-beam effects and
beam~-beam cross sections. At the same time an analysis of periodic or
random crossings of nonlinear resonances has been initiated. This will
help to determine not only possible limits on the amount of nonlinearities
in the Energy Saver superconducting magnets, but also on the amount of
coherent and incoherent noise amplitude allowable.

10.5.1 Effects of Residual Gas'. The following effects have been
investigated:

(1) Multiple Coulomb Scattering
(ii)  Single Coulomb Scattering
(111i) Nuclear Scattering

" The first effect causes a constant beam-emittance growth, which 1leads
to both a luminosity decay as well as a single-beam lifetime if an aperture
limitation is taken into account. Nevertheless the single-beam decay due
to multiple Coulomb scattering is quite negligible. The second and third
effects cause an intensity decay, but the last effect 1s more important
than the second one.




The average vacuum pressure expected in the Tevatron is 10=% Torr in
the warm regions and 5 X 107" " Torr in the cold regions with the following
gas composition:

warm region: 60% H2 and 40% CO
cold region: 75% H, and 25% He

The intensity decay per beam due to single Coulomb and nuclear scattering
is

% 4 _1.07 x 10~%/sec .

The emittance growth due to multiple Coulomb scattering is

ls de | 4.3 x 10-%/sec .

t

These effects combined lead to a luminosity decay of

I & 3.4 x 107%/sec
T I

.a loss of 23% of the luminosity in 20 hours.

10.5.2 Intrabeam Scatteringz. To estimate intrabeam scattering diffusion

rates for the colliding-beams mode, we have used the same computer code we
used to estimate intrabeam scattering for the Accumulator. _For our
estimate, we have wused the actual Tevatron lattice with the low-beta
insertion. From the computer code we have -empirically found the following
formulas for diffusion rates, which apply to a bunched beam at 71000 GeV.

For the momentum spread

AW

.0 AT
: ;4% 2

T ag
D p/p dt

(Gp/p)mp e'p (10-1)

and for the horizontal B?7Qgatron emittance
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There is actually damping for the vertical betatron emittance.

2

In these equations O /p is the rms momentum spread, € = 20 /8 the rms
betatron emittance, whiBh we assume to be the same in both planes, and I

is a measure of the bunch peak current P

. NB eBe
P S/mo
e

where N, is the number of particles per bunch, Be the particle veloclty,
and O, is the rms bunch length. Also

r
A = 5,7X% 10‘23 Amp‘1 xm P x nhour~?

r
A - 12.6 X 10'23 Amp'1 x m * X hour™' .

If 0 /p=1.2%X10"", 0O

11
= 40 em Ng = 10 , then I = 3.4 A, and if €

0. 00?7 mn-mrad, then °
m - -
p = 2.2 rp = 1.4
mX = 007 r.x = 2.0

We obtain as initial diffusion rates

— =5.2 x 10" %sec -
= 1.1 x 10"%sec .

The actual variation of O o/P_and € 1s obtained by simultaneous integration
. of Egs. (10-1) and (10- 2)Y "The redult is shown in Fig. 10-1.

There is a loss of luminosity caused by intrabeam scattering diffusion
in the horizontal betatron oscillation. Assuming vertical and horizontal
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coupling, the loss of luminosity after 10 hours is about 7%. After the
same period of time (10 hours), the bunch area has increased by 32%.

10.5.3 Beam - Beam Effects. Beam-beam effects have been extensively
simulated on the computer. Several issues have been discussed, studied,
and, we hope, resolved.

A systematic search for Arnol d diffusion for the Tevatron parameters
has given negative results.3 We have been abhle to simulate in some cases
up to 20 minutes real time of collisions.” From our data, we can
extrapolate beam-beam lifetimes of several days. We believe the stability
of the system arises from the "roundness" of the beam geometry and of the
lattice functions. .

We found that the addition of the nonlinear beam~beam interaction to a
system already affected by external random noise (such as gas scattering)
. causes an .enhancement of the diffusion rates.® The largest enhancement
encountered was a factor 6 for a beam-beam tune shift of 0.06 in proximity
to the fourth-order resonance.

We have investigated beam-beam interactions with the beam centers
offset or oscillating around each other.” This could be caused by either a
dipole oscillation or a finite dispersion in the collision region coupled
to the momentum oscillation. We have not noticed any effect of
significance.

Of more serious concern are the effects created by betatron tune
oscillations. If proper care 1is not taken, it is possible to cause an
emittance growth of a factor two in a few minutes.e Fortunately, we have
found- a threshold and the growth can be tuned out by either adjusting the
bet%tron tunes or by improving the power-supply regulatlon to better than
10 and flattening the lattice chromaticity.

At present, we are investigating multiple crossings per revolution, 2
or 6 instead of 1.

10.6 Beam-Stability Considerations in the Tevatron. As we have seen, each
beam is made of three bunches, each with 10~ particles and a longitudinal
area of 3 eV-sec. The beam intensities, both average and peak, are very
modest and dilute. A considerable effort has been made in the recent past
to estimate the longitudinal stab111t¥ of each beam for both iIndividual
bunch and bunch-to-bunch modes. ™’ The beam wall impedance expected in
the Tevatron was estimated to be l /n <1 ohm. Because of the low
longitudinal beam density, we believe "the beams are quite stable.
Moreover, a longitudinal damper operating on each individual bunch is
planned.

Fewer calculations have been done for the case of transverse
instabilities. But again, we do not foresee major problems. In addition,




a transverse active damper has been pr'oposed12 that will be fast enough to
operate on individual bunches in both radial and vertical modes of

oscillation.
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TABLE 11-II

(Coordinates given at end of element (toward Debuncher) Main Ring Station

XY¥Z COORDINATES OF BOOSTER TO DEBUNCHER LINE

B0 at X=0.0, ¥=0.0)

A

. Length Field X Y Z

“Name (in) (kG-kG/m) (Ft.) (Ft.) (Ft.)
Booster Mid 3 -487.041 -692.928 726,500
m——_‘ - .—8"’ ° OO 7 028 -Hg 3 05H3 ‘698 0987 726 . 683
BQ1 32.00 -123.54 -472,558 -718.013 727.8U436
BB1 60.00 EPB -12.18 -169.560 -723.206 728.000
BQ2 22.50 135.75 -§62.082 —-735.165 727.853
BQ3 22.50 -124.71  -U55,995 -746.702 727.723
BB2 - 00.00 75.00 =435.064 -781.396 727.323
BB3 10,00 -15.00 =433.464 ~-785.726 727.273
Target _ _ -431.797 -788.613 727.239
Collimator

Dump ) '

BBL 120.00 EPB 10.49 . -410.289 -825.679 727.778
BQY4 22.50 -5.38 -408.855 -828.151 728.087
BQ5 22.50 121.26 =393.758 =854.169 731.305
BQ6 20.80 -128.71 -391.895 -857.379 731.746
BB5 1720.00 EPB  -10.59 -385.888 -867.731 732.500
Beam Pipe :

BQ6 22.50 123.32 -176.518 =1228.554 732.500
BQ7 22.50 -123.04 =175.075 =1231.0041 732.500
BB6 120.00 -6.89 -141.504 =-1288.897 732.146
B-Lambertson 115.00 7.19 =113.324 <=7337.461 728.500
Debuncher D23 -1338.255 728.500

-112.863






x P

400 m

300

B a0

100

BOOSTER
EXTRACT

BOOSTER LINE TO TARGET

Fig.

11-1

TARGET

i



f HORIZONTAL EMITTANCE h DEBUNC T
TARGET  AND ' : NJECTION

MOMENTUM COLLIMATORS

TARGET TO DEBUNCHER LINE

Fig. 11-2





