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1. INTRODUCTION AND SUMMARY

This report contains a description of the design and cost estimate of a
new 150 GeV accelerator, designated the Fermilab Main Injector (FMI). The
construction of this accelerator will simultaneously result in significant
enhancements to both the Fermilab collider and fixed target programs. The FMI
is to be located south of the Antiproton Source and tangent to the Tevatron
ring at the FO straight section as shown in Figure 1-1. The FMI will perform
all duties currently required of the existing Main Ring. Thus, operation of
the Main Ring will cease following commissioning of the FMI, with a concurrent
reduction in background rates as seen in the colliding beam detectors. The
performance of the FMI, as measured in terms of protons per second delivered
to the antiproton production target or total protons delivered to the
Tevatron, is expected to exceed that of the Main Ring by a factor of two-to-
three. In addition the FMI will provide high duty factor 120 GeV beam to the
experimental areas during collider operation, a capability which does not
presently exist in the Main Ring.

The location, operating energy, and mode of construction of the FMI are
chosen to minimize operational impact on Fermilab’s ongoing High Energy
Physics (HEP) program. The area in which the FMI is to be situated is devoid
of any underground utilities which might be disturbed during construction,
while the separation between the FMI and Tevatron is sufficient to allow
construction concurrent with Tevatron operations. The energy capability of the
FMI is chosen to match the antiproton production and Tevatron injection
energies presently used in the Fermilab complex. The FMI will be built from
newly constructed dipole magnets allowing a large portion of the installation
process to proceed independent of Tevatron operations. The use of newly
designed dipoles is also desirable from the standpoint of enhanced performance
and reliability, and results in a reduction of the operating costs by 33%
relative to what would be obtained by recycling existing Main Ring magnets.

The Total Project Cost (TPC) of the FMI is estimated to be $242,400,000
including a Total Estimated Construction Cost (TECC) of $213,300,000 and
329,100,000 in associated R&D, pre-operating, capital equipment, conceptual
design, and spares costs. Included within the scope of the project are all
technical and civil construction components associated with the ring itself,
with beamlines needed to tie the ring into the existing accelerator complex,
and with modifications to the Tevatron and switchyard required to accommodate
the relocated injections. The project involves the construction of 15,000 ft
of tunnel enclosures, 11 service buildings, and a new 345 kV substation. The
FMI ring and all beamline interconnections to existing facilities are shown
schematically in Figure 1-2. It is proposed to complete construction over a
five year period starting on March 1, 1992. Design of civil construction will
be done by an outside Architectural Engineering (AE) firm with support from
the Fermilab Engineering Support Section. Design of technical components will



Site location of the Main Injector.
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be done by Accelerator Division and Technical Support Section personnel. It is
anticipated that construction and operation of the new FMI will not require
any expansion of the Fermilab permanent staff.

1.1 Role in the Fermilab III Program

The FMI is the centerpiece of Fermilab's initiative for the 1990s, known
as Fermilab ITI. The goal of Fermilab III is to discover and illuminate the
properties of the top quark, the last unobserved fundamental building block of
matter according to our current understanding of nature, to provide a factor
of 2 increase in the mass scales characterizing possible extensions to the
Standard Model, and to support new initiatives in neutral kaon physics and
neutrino oscillations. In order to attain these goals Fermilab is plannlng to
attain by mid-decade a2 luminosity in excess of 5x10° cm “sec in the
Tevatron p-p collider, supported by a new 150 GeV accelerator, the FMI.

Several projects already underway will result in a factor of 6§
improvement in luminosity over the current performance of 1.6x10 30 cp2sec”!
by 1993. These include upgrades to the Antiproton Source to improve the yield
by a factor of 3, development of new low-f systems which will allow the
implementation of a second high luminosity interaction region, development of
separators to allow multibunch operation, and the installation of cold
compressors to raise the Tevatron energy. On October 1, 1989 work was
initiated on raising the Linac energy from 200 MeV to 400 MeV for the purpose
of increasing the antiproton production rate by 75% and reducing proton beamn
emittances by 40%. As a result of these enhancements it 15 ex%ected that the
1um1n051ty of the collider will gradually increase to 1x10% cn ?sec”! by 1993.
It is also anticipated that these developments will increase the number of
protons delivered from the Tevatron for fixed target physics up to 3x10'3 per
minute.

Further improvements to performance require the construction of the FMI.
The present bottleneck in the production of antiprotons and in the delivery of
intense beams to the Tevatron is the Main Ring. The Main Ring is not capable
of accelerating the quantity of protons which can be provided at injection by
the B GeV Booster. This is for the simple reason that the aperture of the Main
Ring (127 mm-mr as measured in normalized units at B.9 GeV/c) is about half
the size of the Booster aperture (207 mm-mr). As a result the Booster is run
at about two-thirds of its capability during normal operations. Additionally,
the Main Ring is not capable of accelerating antiprotons delivered from large
stacks in the Antiproton Source due to the larger emittances associated with
larger stacks. As a result the Source is limited to stacks containing 6x10!!
antiprotons (about two-thirds of its present capability) during collider
operations. The restricted aperture in the Main Ring is due to perturbations



to the ring which have been required for the integration of overpasses and new
injection and extraction systems related to operations with antiprotons. With
the 400 MeV Linac upgrade the Booster aperture at injection will be increased
to 307 mm-mr due to increased adiabatic damping within the new linac, and the
ability to produce larger antiproton stacks will be increased. The mismatches
between Booster/Antiproton Source and Main Ring capabilities will become even
more acute. Only with the construction of the FMI will these mismatches be
removed, and the full benefit to the collider and fixed target programs of the
upgrade projects currently underway be realized.

The construction of the FMI will also provide beams of up to 3x1013
protons at 120 GeV to the experimental areas during collider runs. Such beams
are envisioned as being used for detector development, for the debugging and
shakedown of fixed target experiments prior to commencement of 1 TeV fixed
target runs, and for supporting certain specialized rare K decay and neutrino
experiments which can benefit from the high average intensity deliverable from
the FMI. The Main Ring as presently configured does not support a slow spill,
nor is it felt that implementation of a high intensity slow spill in the
existing ring would be feasible in light of the small machine aperture and the
need to minimize backgrounds in the collider experiments.

Specifically, benefits expected from the construction of the FMI include:

1. An 1ncrease in the number of protons targeted for p groductlon from
5.0x10! /hour (following the Linac upgrade) to 1.2x10 /hour.

2. An increase in the total number of protons which can be delivered to
the Tevatron to 6x10'%

3. The ability to accelerate efficiently antiprotons originating in
stacks containing 2x101? p for injection into the Tevatron collider.

4. The ability to produce proton bunches containing up to 3x101!
protons for injection into the Tevatron collider.

5. The reduction of backgrounds and deadtime at the CDF and DO
detectors through removal of the Main Ring from the Tevatron
enclosure.

6. Provision for slow extracted beams at 120 GeV year around and
potentlal development of very high intensity, high duty {factor
(>1x10 protons/sec at 120 GeV with 34% duty factor) beams for use
in high sensitivity K decay and neutrino experiments.



It is expected that with the construction of the FMI and the completion
of planned 1mprovements to the Antiproton Source the ant1proton ?roduct1on
rate will exceed 1x10'! p/hour, and that a luminosity of 5x10%1 sec = will
be supportable in the existing collider.

1.2 Performance

The FMI parameter list is given in Table 1-1. It is anticipated that the
FMI will perform at a significantly higher level than the existing Main Ring
as measured either in terms of protons delivered per cycle, protons delivered
per second, or transmission efficiency. For the most part expected
improvements in performance are directly related to the optics of the ring.
The FMI ring lies in a plane with stronger focussing per unit length than the
Main Ring. This means that the maximum betas are half as big and the maximum
(horizontal) dispersion a third as big as in the Main Ring, while vertical
dispersion is nonexistent. As a result physical beam sizes associated with
given transverse and longitudinal emittances are significantly reduced
compared to the Main Ring. The elimination of dispersion in the ri regionms,
raising the level of the injection field, elimination of sagitta, and improved
field quality in the dipoles will all have a beneficial impact on beam
dynamics. The construction of new, mechanically simpler magnets is expected to
yield a highly reliable machine.

The FMI is seven times the circumference of the Booster and slightly more
than half the circumference of the existing Main Ring and Tevatron. Six
Booster cycles will be required to fill the FMI and two FMI cycles to fill the
Tevatron. The FMI is designed to have a transverse admittance of 407 nm-mr
(both planes, normalized at 8.9 GeV/c). This is 30% larger than the expected
Booster aperture following the 400 MeV Linac upgrade, and a factor of 3 larger
than that of the existing Main Ring. It is expected that the Linac upgrade
will yield a beam intensity out of the Booster of 5- 7x1012 protons per batch
with a 20-307 pm-mr transverse and a 0.4 eV-sec longitudinal emittance. (All
emittances in this report are quoted as 95% normalized values.) A single
Booster batch needs to be accelerated for antiproton production while six such
batches are required to fill the FMI. The FMI should be capable of accepting
and accelerating these protons without significant beam loss or degradation of
beam quality. Yields out of the FMI for a full ring are expected to lie in the
range 3- 4x1013 protons (6- -8x10!% delivered to the Tevatron. By way of
contrast the existing Main Ring is capable of accelerating 1.8x10 3 protons in
12 batches for delivery to the Tevatron.
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Table 1-1: Main Injector

Parameter List

Circumference

Injection Momentum

Peak Momentum

Minimum Cycle Time (6120 GeV)
Number of Protons

Harmonic Number (053 MHz)

Horizontal Tune
Vertical Tune
Transition Gamma
Natural Chromaticity (H)
Natural Chromaticity (V)

Number of Bunches

Protons/bunch

Transverse Emittance (Normalized)
Longitudinal Emittance

Transverse Admittance (at 8.9 GeV)
Longitudinal Admittance

pmax . .
Maximum Dispersion

Number of Straight Sections
Length of Standard Cell
Phase Advance per Cell

RF Frequency (Injection)

RF Frequency (Extraction)
RF Voltage

Number of Dipoles

Dipole Lengths

Dipole Field (0150 GeV)
Dipole Field (08.9 GeV)
Number of Quadrupoles
Quadrupole Lengths
Quadrupole Gradient

Number of Quadrupole Busses

3319.419
8.9

150

1.5
3x1013
588

26.4
25.4
20.4
-33.6
-33.9

498
6x101°
207
0.4

407
0.5

57
2.0

216/128
6.1/4.1
17.2

1.0
128/32/48
2.1/2.5/2.9
196

2

meters
GeV/c
GeV/c

secC

nm-mr
eV-sec

nm-mr
eV-sec

meters
meters

meters
degrees
MHz

MHz

MV

meters
kGauss
kGauss

kG/m
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The power supply and magnet system is designed to allow a significant
increase in the number of 120 GeV acceleration cycles which can be run each
hour for antiproton production, as well as to allow a 120 GeV slow spill with
a 35% duty factor. The cycle time at 120 GeV can be as low as 1.5 seconds.
This is believed to represent the maximum rate at which the Antiproton Source
might ultimately stack antiprotons and is to be compared to the current Main
Ring capability of 2.6 seconds. The dipole magnets to be used are designed
with twice the total cross section of copper and half as many turns as
existing Main Ring dipoles. This is done to keep the total power dissipated in
the dipoles during antiproton production at roughly the same level as in
present operations while keeping the number of power supplies and service
buildings low.

1.3 Operational Modes

At least four distinct roles for the FMI have been identified along with
four corresponding acceleration cycles. These are listed in Table 1-2. More
detailed description of the acceleration cycles and power supply requirements
are given in Section 2 of this report.

1) In the antiproton production mode a single Booster batch containing
5x1012 protons is injected into the FMI at 8.9 GeV/c. These protons are
accelerated to 120 GeV and extracted in a single turn for delivery to the
antiproton production target. As mentioned earlier, it is anticipated that
with this flux of protons onto the target and expected improvements in the
Antiproton Source the antiproton production rate will exceed 1x1011/hour.

Table 1-2: Main Injector Operational Modes

Operational Mode Energy Cycle Flattop Protons
1) Antiproton Production 120 GeV 1.5 sec 0.04 sec 5x10}§
2) Fixed Target Injection 150 2.4 0.25 3x1012
3) Collider Injection 150 4.0 1.45 5x1013
4a) High Intensity Slow Spill 120 2.9 1.0 3x1013
4b) High Intensity Fast Spill 120 1.9 0.04 3x10

2) For fixed target injection the FMI is filled with six Booster batches
each containing 5x1012 protons at 8.9 GeV/c. Since the Booster cycles at 15
Hz, 0.4 seconds are required to fill the FMI. The beam is accelerated to 150
GeV, cogged, and extracted in a single turn for delivery to the Tevatron. The
FMI is capable of cycling to 150 GeV every 2.4 seconds for short periods of
time. Two FMI cycles are required to fill the Tevatron at 150 GeV at one
minute intervals.

12



3) The FMI operates on a2 4 second, 150 GeV cycle for delivery of beam to the
Tevatron for collider operations. The acceleration cycle and bean
manipulations are the same for both protons and antiprotons. A 1.45 second
flattop is required for bunch coalescing and cogging of the beams prior to
injection into the Tevatron. Under the currently envisioned filling scenario a
maximum of 15 cycles of the FMI are required to load the Tevatron with protons
and antiprotons. Assuming a one minute Antiproton Source cycle time, this
results in a 10 minute collider fill time. It is anticipated that the collider
will require filling approximately every 20 hours.

4} A much higher intensity, high duty factor (34%) beam can be delivered at
120 GeV with a 2.9 second cycle time. The average proton current delivered is
about 2 pA (3x1013 protons/2.9 seconds). Running in this mode does not put any
peak power demands on the power supply system beyond those imposed by the
antiproton production cycle, but it does expend 67% more average power. This
cycle can also be used to provide test beams to the experimental areas during
collider running. In this instance it is likely that a much lower cycle rate,
accompanied by a much lower average power, would satisfy experimenters’ needs.
Additionally, a high intensity, low duty factor beam can be delivered at 120
GeV with a 1.9 second cycle time for the production of high flux neutrino
beams.

Combinations of the above operational modes are also possible. Dne such
example is simultaneous operation for antiproton production and high intensitg
slow spill. Dne might load the FMI with six Booster batches containing 3x10!
protons, accelerate to 120 GeV, fast extract one batch to the antiproton
production target, and slow extract the remainder of the beam over 2 second.
This would produce slightly more than half the antiproton flux into the Source
and 83% of the average intensity of the dedicated scenarios listed in Table 1-
2.

13



2. THE FERMILAB MAIN INJECTOR

The FMI is a 150 GeV accelerator with a circumference 28/53 times that of
the existing Main Ring. The primary design goals are to increase the
admittance to 407 mm-mrad and lower the cycle time to 1.5 sec. The FMI will be
situated tangent to the Tevatron at the FO straight section on the southwest
side of the Fermilab site. Other possible sitings have been considered,
including locations inside the existing Tevatron ring, but these were deemed
less desirable than the site shown in this report. The FMI, as described here,
is constructed using newly designed (conventional) dipole magnets. The choice
of building new magnets is based on considerations of field quality, aperture,
and reliability. With the major exception of the dipoles, existing components
from the Main Ring are for the most part recycled. Such components
specifically include quadrupoles and the radio frequency (rf) systems. The use
of all 18 existing rf cavities in a ring roughly half the size of the Main
Ring will support an acceleration rate of 240 GeV/sec as compared to 120
GeV/sec in the present Main Ring. The power supply systems described are
designed to support this rate.

2.1 Lattice

The design of the FMI is driven by a number of considerations. Given the
preferred siting, a maximum physical size of the ring is established by the
proximity of the site boundary. This in turn leads to a minimum needed field
strength in the magnets. The number and location of the straight sections is
determined by the roles the ring is asked to play. In all phases of design the
motivation has been to produce a lattice in which the transverse beam sizes
are smaller than in the Main Ring over the energy range 8.9 to 150 GeV/c. The
two lattice parameters which affect beam size are the beta function, f, and
the dispersion, 5. In this design f is kept small by using 90° cells with a
short distance between quadrupoles. This is a cost effective approach because
the quadrupoles will be taken from the existing Main Ring. The g is kept
smaller in the FMI than in the Main Ring in part due to the 90° cells, but
more importantly due to careful dispersion matching around all straight
section insertions. Dispersion matching insures that the maximum dispersion in
the ring is no larger than the maximum dispersion in the standard cell. 0f
course, the FMI will not have overpasses in contrast to the present Main Ring,
and therefore, the vertical dispersion will be zero.

Lattice Design
The present Main Ring lattice consists of FODO cells with four dipoles

between adjacent quadrupoles. Two of these dipoles (Bl) have a 1.5" vertical
by 5.0" horizontal aperture and are placed nearest the horizontally focussing
quadrupoles. The other two dipoles (B2) have a 2.0" vertical by 4.0"
horizontal aperture, and are placed near the vertically focussing quadrupoles.
The FMI will use new dipoles with a 2.0" by 4.8" aperture.

14



Figure 2-1 shows the FMI geometric layout. The standard cell of the FMI
is, like the Main Ring, a FOD0 design but with two dipoles between the
quadrupoles as shown in Figure 2-2. The interelement spacing is the same as in
the present Main Ring so that the length of the half-cell is shorter by the
length of two dipoles and the short drift spaces which follow them, i.e. by
about half. Because of the shorter circumference, there are fewer than half as
many dipoles as in the Main Ring.

The lattice incorporates two different types of cells, the normal 17.29-m
FODO cells and the 12.97-m FODO dispersion-suppressor cells. The latter cells
feature shorter dipoles, and reduce the horizontal dispersion to zero in the
straight sections. There are 72 normal cells (54 in the arcs and 18 within
the straight sections), and 32 dispersion suppressing cells.

The advantages of the lattice include:

i. Zero dispersion in the straight sections. This reduces the
horizontal beam size, which in turn makes beam transfers easier to
accomplish.

ii. The pf-functions in the straight sections and in the dipoles
surrounding the straight sections are the same as in the normal FODO
cells, affording more clearance for the beam and tolerance in
steering at transfer time.

iii. A 136-m long rf straight.

iv. A lattice which accommodates transfer lines to the Tevatron which
match the vertical dispersion exactly.

v. A separation of 11.8 m between the FMI and the Tevatron, permitting
phased construction of the FMI enclosure.

Having fewer dipoles than the Main Ring leads to higher fields and a
larger bending angle. The resulting sagitta in a 6 m dipole is 16 mm. The new
dipoles will be built with a curvature which eliminates loss of aperture due
to sagitta. A 90° phase advance per cell is chosen, resulting in a maximum f
in the cells of 58 meters and a maximum % in the cells of 1.9 meters. By
comparison the Main Ring has maximum f and % of 110 and 6.6 meters,
respectively. Thus the beam size due to transverse emittance will be only 70%
of what it is presently, and the maximum beam size due to momentum spread will
be down by a factor of 3 from the Main Ring. The ring has been designed to
have twofold rotational symmetry; Figure 2-3 shows the FMI lattice functions
for one-half the ring. Lattice functions, as generated by the program MAD,
are tabulated in Appendix D.

The 344 dipoles will be excited by 12 power supplies located in six

service buildings; the locations of these service buildings are used as the
basis for numbering locations in the FMI ring.

15
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The FMI contains eight straight sections. Their locations are shown in
Figure 2-1, and a detail of the layout of the MI-52 straight-section is shown
in Figure 2-4. Their numbering and their functions are as follows:

MI-10 - 8 GeV proton injection

MI-22 - (unused)

MI-30 - (unused)

MI-32 - (unused)

MI-40 - proton abort

MI-52 - 150/120 GeV proton extraction; 8 GeV antiproton injection
MI-60 - FMI rf section

MI-62 - 150 GeV antiproton extraction

Al]l straight sections are obtained by omitting dipoles while retaining
the standard 17.29-m quadrupole spacing. There are three different lengths of
straight sections. Straight sections MI-10 and MI-40 are 68 m long (two
cells), straight sections MI-22, -32, -52, and -62 are 51 m long (one and one
half cells), and straight sections MI-30 and MI-60 are 136 m long (four
cells). Straight section 60 is used for the rf; its length will allow flexible
spacing of the rf cavities and provide generous free space for diagnostic beam
pickups.

Three different quadrupole lengths are required: 2.13-m quadrupoles for
the normal cells, 2.95-m quadrupoles for the dispersion-suppressor cells, and
2.54-m quadrupoles at the boundary between the two types of cells. The lengths
have been adjusted so that all quadrupoles are powered off two main
quadrupeles busses. All straight section insertions are dispersion matched to
the cells. With at least 135° of phase advance in each straight section, there
is space within the long straight for kickers and septa, a situation not
provided for in the present Main Ring lattice.

The long straight sections are capable of beam extraction at the highest
FMI energy. Due to the fact the ring lies 11 meters from the Tevatron, two of
these (52, 62) are required to provide injection into the Tevatron, one each
for protons and antiprotons. On the opposite side of the ring two straight
sections (22, 32) are added for symmetry. MI-10 is necessary for injection of
protons from the Booster, and MI-40 is placed symmetrically for the proton
abort.

The FMI is situated in the southwest corner of the Fermilab site. The
details of its location are determined by the requirements of beam transfers
of both protons and antiprotons into the Tevatron. The MI-60 straight section
is parallel to the Tevatron FO straight section, separated by 11.823 m
(38’9.5") horizontally. The FMI ring lies in a horizontal plane
(perpendicular to the gravity vector at the center of the ring) at an
elevation of 715°8.7", 2.332 m (7'7.8") below the Tevatron (elevation
723'4.5"). The center of the MI-60 straight section lies directly opposite
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the transfer point into the Tevatron, which is 13.222 m (43’4.6") downstream
of the center of the FO straight section. For reference, the FMI tunnel floor
will be at an elevation of 713'6", and the Main Ring/Tevatron tunnel floor is
at 722°6",

2.2 Acceleration Cycles

There are four basic acceleration cycles, shown in Figure 2-5, serving
each of the four operational modes of the FMI:

(a) The antiproton production cycle: 1.5 second cycle, peak energy of 120
GeV.

(b) The 120 GeV slow spill cycle: 2.9 second cycle with a one second slow
spill at 120 GeV to the fixed target area.

(c) The Tevatron fixed target injection cycle: 2.4 second cycle for Tevatron
injection at 150 GeV.

(d) The Tevatron collider injection cycle: 4.0 second cycle with a 1.4
second flattop at 150 GeV for coalescing.

The operational limits for the rf cavities and power supply systems are
discussed in Sections 2.4 and 2.6, respectively. The 18 existing Main Ring
cavities in their current running mode are adequate for all of the above
cycles.

2.3 Magnets

The FMI uses conventional iron core magnets. A total of 216 6-m dipole,
128 4-m dipole, 128 2.13-m quadrupole, 48 2.95-m quadrupocle, 32 2.54-m
quadrupole, 108 sextupole, and 208 correction dipole magnets are required. The
magnet apertures need to be sufficient to provide a transverse admittance of
407 mm-mr and a momentum aperture of 1% at transition. The dipole and
sextupole are newly designed and manufactured magnets. The 2.1-m quadrupoles
and correction magnets are to be recycled from the Main Ring. Dipole and
quadrupole parameters are listed in Table 2-1. The sextupocle and correction
dipole magnets are described in Section 2.5.

The decision to construct the FMI using newly designed dipole magnets is
made for several reasons. First, the existing Main Ring magnets are straight.
Recycling these magnets into the FMI would result in a loss of about 16 mm of
aperture due to sagitta. This aperture is recovered by constructing curved
magnets. Second, the existing magnets suffer from reliability problems. Most
of the failures in the existing magnets occur at conductor joints within the
coil. The number of such joints per magnet will be reduced in the new magnet
and at the same time the reliability of the joints improved. Third, it is
believed that higher field quality can be achieved in a newly constructed
magnet so that the dynamic aperture is only limited by the magnet physical
aperture - a situation not achieved in the existing Main Ring.
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Table 2-1: Main Injector Magnet Parameters

Dipole Quadrupole
Strength (0150 GeV) 17.2 kG 196 kG/m
Full Aperture 12x5 cm2 12x7.6 cm2
Turns/pole 4 4
Maximum Current 9375 A 3630 A
Length 6 m 4 2.1m 2.5 m O m
Coil Resistance (mfl) 0.8 0.6 4.5 5.2 6.0
Coil Inductance (mH) 2.0 1.3 1.3 1.5 1.7
Peak Power (kW) 75 50 59 69 79
Number Required 216 128 128 32 48
Newly Constructed Yes Yes No Yes Yes

Once it was decided to build new dipole magnets, a cost optimization was
performed which minimized the sum of construction plus operating costs over
five years. The result is a magnet with twice as much conductor and half as
many turns as the existing Main Ring B2 magnet. The dipole magnet cross
section is shown in Figure 2-6. The longer magnet is 6.09 meters long, 1"
longer than the Main Ring magnets. The core is constructed from 0.060" thick
laminations which are split on the magnet midplane. The coil consists of four
turns per pole of a 1"X4" conductor. Since no conductor is contained in the
median plane of the magnet, the coil can be wound as two "pancakes" with no
bends along the long dimension of the conductor. This conductor is available
in 20 ft lengths so each coil can be made with eight joints. The joints will
be of a type with demonstrated reliability in which conductors are brazed
together with a ferrule inserted between the conductor water holes. The water
hole is 0.5" in diameter. A single water circuit in each pancake (two circuits
per magnet) provides sufficient cooling.

A four terminal construction has been chosen for the dipole magnet. In a
magnet of this design the role of return bus is filled by one of the conductor
turns within the magnet. This has the advantage of removing the need for
approximately 12,000 ft of 4 in.2 copper bus (0 $40/ft) in the FMI enclosure.
The price paid for this benefit is the requirement that the insulation be
sufficient to withstand 2,000 volts between conductors within the coil, and
1,000 volts to ground.
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Prototype Magnet

The dipole lamination shape is designed to provide a field at the
injection energy which varies by no more than 1x104 over the range -1.75" < x
< +1.75". The body field of the first prototype dipole has been measured
using four systems: a narrow loop moved in across the aperture ("flat coil");
a rotating coil positioned at three locations across the aperture; a Hall
probe; and an NMR probe. From each measurement the field B_(x) has been
reconstructed. Figure 2-7 shows the relative variation from thé central field
at the injection energy calculated by PE2D, measured with flat coil, and
measured with the rotating coil. Agreement is quite good.

At injection energy the field shape is dominated by the lamination shape,
and at transition by lamination shape and eddy currents. At the 120 GeV energy
used for antiproton production and slow spill some saturation has started to
set in on the edges of the aperture, but the 1x10°¢ tolerance still holds over
the range -0.9" < x ¢ +0.9". The beam size at 150 GeV has shrunk to 0.3" (95%
full width), so the shrinkage of the 1x10°4 region to -0.3" < x < +0.3" is
perfectly acceptable. Figure 2-8 shows the measured field shape for 8 GeV,
120 GeV, and 150 GeV. Both flat coil data and fields reconstructed from the
harmonics data are plotted, again demonstrating the good agreement. The high-
field deviations in field shape are predominantly a sextupolar field; the
strength of the horizontal chromaticity-correcting sextupoles is driven by the
desire to correct this deviation.

The end packs of the magnets will be tailored to match the field shape of
the body of the magnet at injection energy. This will allow use of the same
end pack on both the 6-m dipoles and the 4-m dipoles. The precise steel
length of the 4-m dipoles will be chosen so that the integrated field
strength, including the ends, will be exactly two-thirds of the strength of
the 6-m dipoles.

2.4 Power Supplies

The FMI power supply system has been designed to ramp the magnet system
from an injection level of 8.9 to 120 or 150 GeV/c excitation at a repetition
rate adequate to meet requirements for Antiproton Source stacking, Tevatron
injection, and slow spill operations. The power system consists of 12 new
rectifier power supplies for the bend bus, reuse of existing equipment on the
quadrupole bus including six main bus supplies, a new power feeder system for
all the supplies, a new harmonic correction system, and the reuse of many
smaller items from the present Main Ring. A summary of the FMI power supply
requirements is given in Table 2-2.
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Table 2-2: Power Supply Summary for the FMI System

Maximum

Power Supplies Voltage Current

Bend 12 new 1,000 V 9,375 A

Quad F 3 old 850 V 3,630 A

Quad D 3 old 850 V 3,630 A

Other Equipment Needed:
Quad regulator 2 new 300 volts 500 A
Regulation

Transductors 2 new 10,000 A

Transductors 2 new 5,000 A
Computer link 1 new
Harmonic filter 1 new

Power supply spacing for minimum voltage-to-ground requires an equal
impedance between power supplies on the dipole bus. The proposed system will
have six service buildings with two dipole supplies per building, one on each
of two busses, and one quadrupole supply. The buildings are spaced so that
there are 25 6-m dipole magnets (or an equivalent mixture of 4-m and 6-m
dipoles) between each supply, with the magnets on a folded bus loop. The third
supply in each of the six buildings is configured such that three are in
series with the focussing quadrupole magnet bus; three are similarly used with
the defocussing quadrupole bus.

Criteria for Ramps and Constraints on Power Supply Layout

The overriding design criterion was to design a combined magnet and power
supply system that would be cost effective during operation. A system was
chosen to have low power consumption and a safe power supply voltage without
being unduly expensive to construct and unwieldy in physical size. Two new 40
MVA power distribution transformers located at the new Kautz Road Substation
will be used in the new installation with an operational limit set at 120 MVA
peak and an rms value of 60 MVA. There will be a 13.8 kV feeder cable system
installed in a triple loop around the FMI ring. The rms current rating of the
entire system is 2,700 amps.

The maximum rate of rise will be set by the use of the existing Main Ring
rf system, which has at present an operational limit of about 240 GeV/sec. The
maximum ramp repetition rate is set by the 2,700 amp feeder current limit and
a chosen rms dipole bus current of 5,000 amps.
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The dipole configuration is two busses internal to the new magnets with a
fold at MI-60 allowing for six upper bus supplies and six lower bus supplies.
The impedance of the magnet load in the FMI dipole bus is 0.6 Henries and,
with the use of 4 in.“ cross section copper for the magnets and power supply
bus, will have a dc resistance of 0.32 ohms. The required peak power supply
voltage is 12 kV for the bend bus.

The quadrupole configuration is two separate busses in continuous loops
around the injector with current flowing in opposite directions, one focussing
and one defocussing, each having three supplies for ramping and a transistor
regulator supply for injection current regulation. Each quadrupole magnet loop
impedance is 0.15 Henries, and with the use of 2 in.” power distribution bus,
will have a dc resistance of 0.3 ohms. Thus the required peak power supply
voltage is 1,500 volts for each quadrupole bus.

Ramp Details
The ramp details are determined by a number of limitations which enter at

various points in the ramp: rf voltage; power supply voltage; feeder currents;
etc. For antiproton stacking, the voltage and number of power supplies are
chosen to provide a repetition rate of 1.5 seconds with a maximum rate of rise
of 240 GeV/sec. Figure 2-5 and Table 2-3 give details on the four modes of
operation. The fixed target injection ramp requires only a short flattop. The
collider injection ramp will need a longer flattop, but is only run at a low
repetition rate. The fixed target injection ramp is intended to be run twice
in succession, once a minute, with 120 GeV cycles the remainder of the time.
The transformers for the FMI are being sized for a current (average between
peak and rms) of 6,500 amps. If the fixed target injection ramp is run
repetitively (for studies) the repetition rate must be slowed to reduce the
rons current to ~3,600 amps (~5.4 sec rep rate).

With 12 kV maximum power supply voltage, the ramp rate will need to
decrease above 80 GeV from 240 GeV/sec to 225 GeV/sec at 108 GeV. This is
required due to the lack of power supply voltage to maintain high inductive
voltage and high resistive voltage at the same time. The lower rate of rise
slightly increases the rms current in the magnets and feeders.

Feeder current limitations require the ramp rate to decrease more
dramatically above 120 GeV, to 120 GeV/sec at 144 GeV. The result of this
restriction is that as one approaches the parabola coming into flattop, no
more than nine power supplies can be turned on. Ramp regulation which puts
supplies into bypass is required. While this lowers the peak feeder currents,
it raises the peak voltage-to-ground and bus-to-bus voltage that the magnets
experience.
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Table 2-3: Main Injector Ramp Parameters

Ramp Fixed Collider Antiproton Slow
Target Injection Production  Spill

Peak Energy 150 150 120 120 GeV
Cycle time 2.40 4.0 1.4667 2.8667 sec
Time (Booster cycles) 36 75 22 43
Injection Dwell .441 .841 .108 .441 sec
Flattop .250 1.45 .040 1.04 sec
DIPOLE BUS

Max. Current 9375 9375 7100 7100 A
RMS Current 5434 6659 3765 4988 A
Power 9.4 14.2 4.5 8.0 MW
RMS Feeder Current 1991 1311 2054 1473 A
Peak Feeder Volt-Amps 98 98 94 94 MVA
Average Feeder Volt-Amps 48 43 49 35 MVA

QUAD BUS (sum of both)

Max. Current 3630 3630 2904 2904 A
RMS Current 2095 2567 1540 2040 A
Power 4.8 7.1 2.5 4.4 MW
RMS Feeder Current 444 584 316 336 A
Peak Feeder Volt-Amps 21 21 16 16 MVA
Average Feeder Volt-Amps 11 14 8 8 MVA

Power Supply Control

The power supplies are assumed to be controlled differently on different
cycles. For the fast cycling 120 GeV cycle (with very short flattop) one
power supply is used at 8 GeV, but as the ramp begins, the remaining power
supplies are turned on simultaneously. For the 150 GeV cycle, the supplies
are turned on and off as required by voltage demands, with either 1,4,8,10 or
12 supplies on at once. For the 120 GeV slow spill cycle, 1,3 or 12
supplies are energized. This sequential turn-on is required to minimize
voltage-to-ground distributions and rms feeder currents.

Studies on the Main Ring supplies indicate that the regulation will not
be degraded in going to a ramp rate of 240 GeV/sec, twice that of the Main
Ring, with no changes in the power supply control. The regulation of the FMI
power supply system will be further improved by providing two 24-pulse power
supplies, one of which will be used as the regulating power supply and the
other as a spare. The remaining ten supplies will remain 12-pulse.
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Power Feeder Loading

The main 13.8 kV power feeders have an operating limit of 2,700 amps rms.
The power supplies around the ring will be supplied in a three feeder loop to
ensure proper current sharing. More details are given in Section 2-14.

The use of rectifier power supplies on this system draws current pulses
from the feeders which then drive harmonic resonances, causing higher voltages
at the resonant frequencies to be imposed on the power equipment. The present
Main Ring has an harmonic filter to limit the peak voltages of higher
frequencies superimposed on the 60 Hz line voltage. The FMI will run with 12
power supplies at 120 MVA peak versus 70 MVA for the Main Ring, requiring the
filter to damp more harmonic power. Therefore, in the FMI a new filter needs
to be designed to correct for the higher harmonic driving force of the system.
This new filter will be installed at the switch in the feeder system where the
feeders change from direct feed to loop feed (near the MI-50 service
building), and will consist of a new section in parallel with the Main Ring
filter.

2.5 Correction Elements

The FMI correction element inventory includes steering dipoles, trim
quadrupoles, skew quadrupoles, sextupoles, skew sextupoles and octupoles.
Wherever possible existing components will be reused. The steering dipoles,
trim quadrupoles, skew quadrupoles, skew sextupole and resonance-compensating
sextupoles will be recycled Main Ring components. The chromaticity-controlling
sextupoles will be a modified version of the Antiproton Source sextupole.
Correction elements will be placed next to each quadrupole. A horizontal
(vertical) steering dipole will be placed at each focussing (defocussing)
quadrupole. Sextupoles will be placed next to quadrupoles in the arcs where
the dispersion is large. The trim quadrupoles and skew quadrupoles will be
placed around the ring as needed. In addition, a small number of sextupoles to
cancel harmonics due to the chromaticity sextupoles will be located in the
straight sections. A typical installation showing the ends of two dipoles, the
lattice quad, a chromaticity sextupole, a trim quadrupole, and a correction
dipole, is seen in Figure 2-9.

Steering Dipoles

The steering dipoles correct the closed orbit. The primary sources of
orbit distortion are quadrupole placement errors, dipole strength errors, and
dipole rotations. These errors cause orbit distortions proportional to f,
which, if uncorrected, would yield rms errors on the order of 6 mm. Although
the present Main Ring trims have adequate strength for correcting these errors
at low field, the effort of shimming and recentering them and engineering a
new mounting scheme is nontrivial. Therefore, new trim dipoles for the FMI
ring will be fabricated, with strengths a factor of two greater than the
present Main Ring correctors, allowing correction of errors up to 4 mm
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horizontally {3 mm vertically) at 150 GeV. The Main Ring correctors will be
used in the beamlines, providing correction at every quadrupole, which
requires 60% of the existing correctors. The power supplies will be moved
from the Maim Ring to the FMI to allow programming the steering dipoles
through the acceleration cycle.

Trim Quadrupoles

The main quadrupoles of the FMI will run on two separate busses and will
be used for all necessary tune adjustments. Trim quadrupoles are needed for
harmonic generation or cancellation. A sufficient number of Main Ring trim
quadrupoles will be installed around the ring to cancel half-integer
stopbands, if they are significant. In addition, slow extraction will require
a small number of trim quadrupoles for excitation of the half-integer
resonance.

Sextupoles
Sextupoles will be used primarily for correction of the FMI chromaticity.

The natural chromaticities of the FMI are -33.65 horizontally and -32.87
vertically. The lattice has been designed to have low f and (58 m and 1.9 m
are the maximum values in the arcs). Thus, very strong sextupoles will be
needed to cancel the natural chromaticity. The configuration chosen places an
F(D) sextupole at each F(D) main quadrupole in the arcs where % is large.
Fifty-four of each sextupole type will be needed. There are also large
sextupole components in the dipole magnet induced by saturation of the steel
as the beam emergy approaches 150 GeV (horizontal sextupole) and by eddy
currents in the beam pipe (vertical sextupole). These effects produce
"natural" chromaticities of -77 horizontally (at 150 GeV) and -55 vertically
(near 20 GeV). The correction sextupole magnets must also be capable of
compensating this effect. Based on a requirement that the sextupoles be
capable of producing a corrected chromaticity of +20 in each plane the
sextupoles are designed to have a maximum field strength of 625 kG/m“-m. These
magnets will be similar to the debuncher sextupoles built for the Tevatron I
project, but with a reduced aperture (4.25" vs. 5.625") and increased length
(24" vs. 8").

With the strong sextupoles required in this ring there may be some
concern that the dynamic aperture of the machine might be adversely affected.
Tracking studies completed to date indicate that there is no loss of dynamic
aperture due to the sextupole correction system. However, we will still
distribute eight individually powered sextupoles for control of third order
resonant driving terms.

Skew Quadrupoles

Prelimary work has begun on calculating the magnitude of the coupling in
the FMI. Twelwe skew quadrupoles will be installed to cancel coupling. They
will be recovered from the Main Ring.
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2.6 Radio Frequency System (rf)

h=588 cavities

The 18 existing 53 MHz Main Ring rf cavities will be installed in
straight section MI-60 and operated at harmonic number 588. The operating
levels below transition are determined by an interplay between cycle time,
bucket area, and synchrotron frequency. A bucket area of at least 0.5 eV-sec
is required to accept beam out of the Booster. Historically, it has been
necessary to keep the synchrotron frequency in the Main Ring below 720 Hz to
avoid resonance with power supply ripple at the sixth harmonic of the line
frequency. Figure 2-10 shows the rf voltage, bucket area, synchrotron
frequency, and synchronous phase through the 120 GeV antiproton production
cycle. A bucket area of 0.5 eV-sec is maintained, but with the synchrotron
frequency rising above 720 Hz. The ramp would have to be slowed down to avoid
this. The momentum spread in the beam, 6p/p (95% half width), is 20.2% at
injection, increasing to about #1.0% near transition, and decreasing to #0.1%
at extraction.

Since the FMI must accelerate antiprotons as well as protons, a degree of
simplicity can be achieved in the fanout/fanback system by placing the
cavities at spacings that are multiples of one-half the rf wavelength. The
elimination of the present switching system will increase the system
reliability and provide greater flexibility in cavity control during
coalescing.

The rf system has the capability of generating enough voltage at
injection to produce a 1.0 eV-sec bucket area at injection. In this mode the
synchrotron frequency lies well above 720 Hz at injection and descends
rapidly, crossing 720 Hz when the beam energy is about 15 GeV. Operational
experience will dictate which scenario is used.

One drawback of the existing Main Ring rf system is the power that it can
deliver. The present requirements are 55 kW per cavity, which will grow to 70
kW after the Linac upgrade. The FMI will require 112 kW for accelerating the
full intensity at 240 GeV/sec, which is close to the present capability. To
overcome this limitation, new 200 kW power amplifiers and 30 kV series tube
modulators will be provided. The new 200 kW amplifiers will be a cathode-
driven, grounded-grid design with the cathode having a dc bias voltage. The
design will retain the existing Main Ring final PA tube module. The cathode of
the final tube will be biased by a new 20 amp, 500 volt supply and be driven
through a matching network by a new solid state 5 kW rf driver. A Tevatron
power amplifer (grid biased to -230 volt) has already produced more than 200
kW of output power when the final tube cathode was driven by 4 kW of rf drive
power. This demonstrates the feasibility of the new design and is also a
possible alternative to the biased cathode design.
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The transient beam loading from 6x1010 protons per bunch will require
about 1.25 amp delivered to the cavities, supplied by 15 amp (12:1 cavity
step-up ratio) of rf current generated by the power amplifier. A 200 kW rf
power amplifier operated at a dc plate voltage of 20 kV will produce a peak rf
current of approximately 21 amp providing 40% surplus capability.

Coalescing Cavities
The Main Ring coalescing rf cavities (2.5 MHz and 5 MHz) will also be

employed in the FMI for use during collider loading. The change in harmonic
number, coupled with the change in 7,, results in the coalescing cavity bucket
height increasing by a factor of 1.% relative to the Main Ring. This should
improve the coalescing efficiency, enhancing the ability to make bunches of
the desired intensity for delivery to the Tevatron collider. Alternatively, if
the need arose the voltage in these cavities could be reduced keeping the
coalescing bucket height the same as currently used in the Main Ring.

Transition Crossing

Concerns over emittance dilution (Johnsen and Umst8tter effects) during
transition crossing have led to a prosposal for a higher harmonic cavity which
will avoid the rf-focussing effects which contribute to the dilution. Results
from simulations of transition crossing in the presence of a second harmonic
rf voltage for the FMI are very encouraging. Presently the Main Ring
longitudinal emittance is about 2.5 times smaller than that for the FMI, and a
third harmonic rf cavity should be enough to reduce the emittance blow-up
during transition crossing. Therefore, an experiment to study transition
crossing in the Main Ring using a third harmonic rf cavity was proposed and is
underway. For this purpose, a single-cell 200 MHz copper rf cavity has been
acquired from CERN and modified to resonate at 159.09 MHz. The cavity is
required to operate in the frequency range of 159.059 MHz to 159.123 MHz
during the transition crossing. This frequency swing is about a factor of 4
larger than the natural resonance width of the cavity. To tune the cavity in
this frequency range a low loss orthogonally biased tuner using Trans-tech
G510 ferrite has been built and tested. Also, a power amplifier which is
capable of delivering sufficient third harmonic current to excite the cavity
to full amplitude of 280 kV has been built. This cavity is being installed in
the Main Ring and will be tested during the next collider run. If such studies
successfully demonstrate the ability to transmit the beam through transition
without blow-up, then construction of a dedicated second harmonic cavity for
the FMI will be undertaken.

2.7 Vacuum System
The vacuum system for the FMI will be similar to the Main Ring system.

Each dipole magnet chamber will have two ports for 30 liter/sec ion pumps,
with three pumps installed on each pair of dipoles. The fourth port will be
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blanked off or fitted with a valve for connecting temporary pumping capacity.
The straight sections will have a port approximately every six meters for the
same type of pump. Care will be taken in the design of the vacuum chamber to
limit the impedance presented to the beam. Ion pumps from the Main Ring will
be reused. The stainless steel vacuum chambers will be electro-polished and
baked at 400°C. Since 5 cm aperture magnets are used throughout the FMI, the
conductance will be higher, and an average pressure lower than the Main Ring
should be achievable. The design goal is an average pressure of 1x10™" Torr.
With this pressure the beam lifetime will be an order of magnitude larger than
in the Main Ring.

Gate valves will be used to divide the FMI into sectors. There will be a
gate valve at the end of each straight section with appropriate interlocks.
There will be a total of 32 gate valves in the system.

The beamlines will use 30 liter/sec ion pumps of the same type as the
FMI, spaced approximately every 12 meters.

Vacuum pressure during pump down will be monitored by a combination of
thermocouple and cold cathode gauges; high vacuum will be monitored by the
current readout of each ion pump. Vacuum pump down will be done using
portable turbomolecular units that can be wheeled to any area being worked on.
Ten units are provided.

2.8 Instrumentation

Beam Position Detector (BPM)

The beam position system for the FMI is patterned after the existing Main
Ring system. At each F(D) main quadrupole there will be a horizontal
(vertical) pickup. Twenty quadrupole locations in the vicinity of beam
transfer points will have both horizontal and vertical pickups. New BPMs will
be built for the FMI. The processing electronics are the Fermilab standard
amplitude-to-phase conversion style with a center frequency of 53 MHz. The
system will be capable of producing first turn orbits, turn-by-turn readouts,
and closed orbits.

Beam Loss Monitors (BLM)

The loss monitor system will utilize the recently constructed Main Ring
ion chambers at each quadrupole in the ring and be of the same type as the
present Tevatron system.

Dther Special FMI Diagnostics

The FMI will employ a second harmonic dc current transducer. This will
enable accurate acceleration efficiency measurements and will also be used for
dc storage studies.
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In order to analyze longitudinal and transverse instabilities, the FMI
will be equipped with a broadband longitudinal pickup and two broadband
transverse pickups, one for each plane. These detectors should be very useful
in studies of coupled bunch and head tail instabilities common to such high
intensity rings.

The FMI will also be equipped with three flying wires to allow dynamic
emittance and momentum spread measurements during acceleration.

Dampers and Scrapers

The FMI damper systems will be patterned after the Tevatron bunch-by-
bunch system. The system will allow damping of injection oscillations and
coherent instabilities, as well as providing the capability of knocking out
selected bunches or heating the beam transversely in either plane.

The FMI will have beam scrapers for measuring the acceptance of the
machine in both planes and a momentum scraper to aid in beam transfer function
measurements.

2.9 Controls

The entire accelerator complex, from the ion source to the Tevatron and
antiproton rings, is controlled by a uniform system known as ACNET (shown in
Figure 2-11). As shown, each accelerator subsystem has a front end computer
which drives a link attached to all appropriate hardware for that subsystem;
all links constructed recently are CAMAC while some older systems utilize
different technologies. Application programs and file storage, as well as a
central database detailing all electronic components, are under control of VAX
computers networked to the front ends. Also connected to this network are a
number of operator consoles, attached in such a manner that any console can
monitor and control any accelerator.

ACNET is currently being upgraded in a number of important aspects, with
more modern hardware and software being added. However, the basic structure
described is not being changed. A recent major upgrade was the reworking of
Main Ring controls in CAMAC. Much of the FMI hardware will be these CAMAC
modules and associated equipment moved to the new location. Also ongoing as
part of the Main Ring upgrade is the installation of 24 channels of fiber
optic cable as the conduit for various controls and timing links. Similar
cable will be used for the FMI, with a path from the Cross Gallery roughly
along the 120 GeV beamline. This path is chosen so that beamline controls can
be handled by these same links.

The FMI fits naturally into the existing system. To the current

complement of ten front ends will be added one for the FMI; there exists
sufficient network bandwidth and VAX computer cycles that this addition can be
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Figure 2-11. Schematic diagram of the Accelerator Controls Network (ACNET).



made with minimal impact. (Remember the Main Ring will be disappearing.) A
new front end is needed because the one installed for the Main Ring system
cannot be easily moved since it has been convenient to attach some Tevatron
devices to it. The new computer will drive a CAMAC link running to and around
the FMI; this link will connect to a number of crates and relay racks, and
will have a number of cable terminations, scaled according to experience with
the Main Ring. Twelve thousand feet of fiber and 84 repeaters are appropriate
to provide this link, as well as to distribute timing signals and real-time
accelerator data, and to extend the laboratory-wide Token Ring network.

Since most of the new hardware connected to the control system will be
copies of existing modules, the software effort necessary for support is
expected to be manageable. Applications and front end code should be
straightforward migrations of what is currently being created for the Main
Ring. However, there are other computers associated with the current Main Ring
beyond those normally associated with data collection. The ramp is presently
generated by a pair of PDP-11’s (DEC-B and DEC-C), which are in the process of
being replaced with 68040-based processors. With the variety of FMI
operational modes some software effort may be needed in transferring these
machines to the FMI, although the initial implementation of these will be done
with the FMI in mind.

The Main Ring high level rf is controlled by one of the few remaining
Lockheed "MAC" computers in the Laboratory, along with its associated MIU
(module interface unit). A new computer and hardware system, and associated
software effort, will be required for this function.

2.10 Abort System

The proposed proton abort system for the new FMI relies heavily on the
technology and design utilized in the existing Main Ring abort system
commissioned in 1983. This system has successfully provided clean single-turn
abort capability for all subsequent Main Ring proton beam operation. The abort
system for the new FMI reuses much of the hardware of the present Main Ring
system, with the exception of the beam dump. Because of the low intensities
transported, there is no p abort.

The system will track the energy of the FMI ring, and be capable of
aborting the beam at any point in the 8.9 - 150 GeV/c range, within 50 psec (5
turns) of the abort command. A 1.5 pgsec abort kicker risetime matched to a
corresponding minimum gap in the circulating beam allows abort efficiency
approaching 100%.

Two 2.2-m long kicker magnets are located at the upstream end of long

straight section MI-40. The peak kicker field required is 1.9 kG with the 90°
phase advance between the kicker location and the Lambertson magnets at the
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center of the long straight section. The first of these will be located
upstream of the quadrupole in the middle of the straight section. A horizontal
displacement of the aborted beam of 28 mm (at 150 GeV) to 38 mm (at 8 GeV) =at
the first Lambertson magnet positions the beam appropriately for the zbort
channel.

The two Lambertsons and one C-magnet, with peak fields of 11 kG, deflect
the aborted beam vertically downward at an angle of 24 mr so as to clear the
quadrupole at the downstream end of straight section MI-40 and exit the FMI
tunnel toward the abort beam dump. The geometry of the MI-40 straight section
is similar to that of MI-52, shown in Figure 2-4. The aborted beam will pass
through 2 short quadrupole and through two B2 magnets rolled at a 40 degree
angle. The rolled B2s level the beam off and deflect it outwards, so that the
abort beamline remains above the floor level and diverges from the circulating
beam more quickly, simplifying the civil construction of the straight section.
Two additional quadrupoles further downstream maintain a reasonable beam size
up to the beam dump. The Lambertson, C-magnet, B2 and abort quadrupole
magnets must track the FMI ramp in order to abort the beam at any energy.
This will be accomplished by tailoring the design of the abort line so that
all these elements are powered in series with one of the quadrupole busses.
Steering adjustments will be made using the separately powered trim coil
windings in the Lambertson and C-magnets.

The beam dump will be constructed with a graphite core of length 4.4 m,
similar to the existing Main Ring beam dump. The kicker power supplies will be
located in the MI-40 service building, which will be situated so that
relatively short cables (<25 m) can be used between pulsing units and kicker
magnets. This is crucial for maintaining the kicker pulse shape. The beam
dump will be located approximately 70 m downstream of the end of the MI-40
straight section; at this location, the beam dump will be about 6 m outside of
the tunnel, in the vicinity of quad 409.

2.11 Slow Extraction

The slow extraction system has been designed to provide 120 GeV/c
resonant extracted beam with a uniform spill over times of one second with
losses of less than 1%. Slow spill of the entire beam is easily achieved with
half-integer extraction. Extraction is implemented by using special
quadrupoles and octupoles to bring the beam onto the half-integer resonance in
such a manner that the amplitude of betatron oscillations will grow in a
controlled fashion until the particles are deflected by an electrostatic
septum. The kick supplied by the electrostatic septum provides enough space
between the circulating beam and the extracted beam to allow magnetic septa to
be used to extract the beam.
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Septa
The extraction septa are located in straight section MI-52. This region

must accommodate transfers of 8 GeV, 120 GeV and 150 GeV beams. The geometry
of the Lambertson and C-magnets is identical to that of the abort, except the
bend of the Lambertsons is vertically upwards. For 8 GeV transfers, only the
second Lambertson is excited.

The placement of the electrostatic septum is made easy by the fact that
the straight section has sufficient phase advance that both the septum and
extraction kicker magnets can be placed within the straight section. It is
desirable to have a separation of 6 mm at the magnetic septa between the
circulating beam and the extracted beam. A 135 ur kick from the electrostatic
septum will achieve this with an applied voltage gradient of 44 kV/cm.

Harmonic Elements

The appropriate harmonics for quadrupoles (53rd) and octupoles (Oth) will
be provided by recycled Main Ring trim quads and octupoles. The harmonic
quadrupoles are distributed around the ring in two families of ten quads each.
The orthogonality of these families provides the capability both to cancel the
natural half-integer stopband of the machine and to manipulate the orientation
of the phase space at the septum during slow extraction. A harmonic octupole
is situated at every harmonic quadrupole location. For resonant extraction the
harmonic octupole circuit is augmented by the (large) octupole component of
the 128 Main Ring quadrupoles in the ring. At all other times the harmonic
octupole circuit will be used to cancel this detuning influence of the Main
Rizg quads, The total strength required of the quadrupoles is 20 kG-m/m and
10" kG-m/m”~ for the octupoles.

Phase Space
Extraction starts by raising the normal horizontal tune from 26.4 towards

26.5, while turning on the Oth harmonic octupoles. The octupoles provide an
amplitude-dependent tune; thus, larger amplitude particles have a higher tune
and are closer to the half-integer. One of the 53rd harmonic quadrupole
circuits is then used to increase the width of the half-integer stopband.
Small amplitude (smaller tune) particles are stable while larger amplitude
particles stream out along the separatrix until they encounter the
electrostatic septum. Phase space distributions produced by these elements at
the electrostatic septum and at the magnetic septa are shown in Figure 2-12.
The rough angle of 45° exhibited by the beam is a compromise between high
extraction efficiency (where the angle would be zero) and aperture
considerations at the location of the magnetic septa. For the extracted phase
space shown, the emittance is 6x with an extraction inefficiency of 1%.

Quadrupole Extraction Regulator System (@XR)

The goal of the slow extraction system is to provide a constant rate of
extraction during the slow spill. This is accomplished by moving the stopband

42



3

0 r -
p ‘I.
s e
[ A

0 -
L
3

or
I
o
s ,I
b Ve
L e

-n- .o
- . °
+34 PN T TN VWY TUUNT PO TR PO

-13 -10 -3 0 8 10 11 20

XPSEP VS XSOP

3

ﬁ,ﬁw.f,,
.
///

AN M A i A

3
PP PWWWE SWWW |

PTWEE FWOWY PUEWWE PUWEY FOUWY e

-18 =10 -$ [ 8 10 9
XPLAM VS BAM

Figure 2-12.

Phase space distributions at the electrostatic septum (left)

at the extraction Lambertson (right) during slow extraction.




smoothly through the beam using the quadrupole extraction regulator system,
QXR. There are two parts to this system, distinguished by strength and
bandwidth. The stronger, lower bandwidth components are tied to a normal beam
intensity monitor which is insensitive to fast fluctuations. After the signal

is sampled during the spill and compared to an ideal signal, the resultant
smoothed error signal is used to modify the power supply output. This system
is the base from which the weaker, faster responding system works. Monitoring
is based on a fast reacting detector in the extracted beamline itself. Power
supply ripple up te 360 Hz can be compensated by this system.

2.12 Environmental and Shielding Considerations

The proposed construction of the FMI lies in approximately 400 acres
southwest of the existing Main Ring tunnel, between the FO building
(MRRF/TEVRF) and the site boundary. Access to the construction project will be
via the existing Kautz Road. Efforts will be made throughout the constructien
period to protect and enhance the local conditions. Both an Environmental
Assessment (EA), which proposes and justifies the publication of a Finding of
No Significant Impact (FONSI), and a Preliminary Project Safety Analysis
Review (PSAR) have been prepared and submitted to the DOE, and are hereby
cited as references in this discussion in the current CDR. These documents
replace the appendixes inserted in previous editions of the FMI CDR. Also, an
Army Corps of Engineers permit for wetlands and floodplain mitigation has been
issued to the DOE for this project.

During the first half of calendar 1991, the Fermilab Accelerator Division
completed an extensive and complete review of radiation shielding for the
entire accelerator complex at Fermilab. A parallel effort was completed for
the extracted beamlines and associated areas managed by the Research Division
at Fermilab. For the purposes of this review, management of these two
Divisions, in consultation with the Fermilab ES&H Section and the Laboratory
Directorate, have created more restrictive definitions of the "accident
conditions® for which shielding must be provided.

To be slightly more specific, a shielding assessment for an accelerator
at Fermilab is dependent upon three independent pieces of information. The
first is the penetration power (measured in earth equivalent) of a particular
energetic particle. This is a measurable (and calculable) result. The second
is the definition of exposure for both occupaticnal workers and members of the
general public. This definition, which includes consideraticns of the
equivalency of various degrees of protection, is contained in the Fermilab
Radiation Safety Guidelines. Alsc contained as part of this definition are
the types of exposure to be permitted for both normal and accidental losses.
The third consideration is the definition of the source and duration of
accidental losses.
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The 1991 laboratory-wide shielding assessment did not involve any
alteration of the first 2 items discussed above. The Accelerator Division,
however, decided to make the most conservative estimate of shielding possible.
Therefore, except in cases where accident conditions CANNOT persist
continuously (e.g. the Tevatron will quench under loss conditions and take a
long time to recover), it is now assumed that accident conditions might
persist indefinitely and that shielding and/or active interlock protection
must be provided to prevent exposures to workers, or the general public, under
these very conservative considerations. This change of the definition of
accident conditions and especially the consideration in most instances of an
indefinite duration, did lead to an increase in earth equivalent shielding
requirements for the existing accelerator complex. In those places where the
now required earth equivalent was found not to exist, mitigations in the form
of either increased passive shielding, or increased exclusion (fences, etc.)
or interlocked detectors to inhibit accelerated beam were introduced. Also,
where possible, the goal of achieving unlimited occupancy was pursued.

The shielding criteria for the FMI have been reviewed for the CDR in view
of the 1991 shielding assessments discussed above. It has been found that
for the FMI, unlimited occupancy for both the FMI service buildings and for
outside areas may be achieved in almost all cases. For the design intensity
of the FMI, the required shielding for unlimited occupancy is 24.5’ of earth
equivalent for circulating beam inside magnets in the enclosure. The
shielding required for all other configurations throughout the FMI project has
been calculated and published for civil designers. Several design alterations
have been made for this CDR to reflect the more conservative shielding
approach reflected in the 1991 assessment. These include the removal of the
FMI service buildings from on top of the accelerator enclosure, and the
redesign of the shielding for the preserved MRRF building at FO. Some areas,
such as the 120 GeV transport line through the existing Main Ring F-Sector
for extracted FMI fixed target beam, may not achieve the shielding
requirements solely by the addition of passive shielding, but the mitigations
in these areas will be consistent with the evaluation procedures used for the
1991 assessment.

Calculations have been made of radiation dose near the tunnel when beam
is lost on the magnets or dumped intentionally. These calculations are
consistent with the shielding of 24.5’ of earth equivalent for unlimited
occupancy as mentioned above. The dose is estimated both on the earth berm
covering the tunnel and at the site boundary at the point of closest approach
(approximately 75 m) to the FMI. The integrated levels from any continuous
loss of beam is less than the 500 mR/yr limit for permanent occupancy. The
off-site dose is at least a factor of 5 below the required limit of 10
mR/year. Attention has been given to the particular problems associated with
the culverts crossing over the FMI ring, and the radiation at those points has
been reduced to acceptable levels. The dose rate in the vicinity of the abort
dump (Section 2.10) has been investigated and found to be lower than required.
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For accidents originating in the plane of the FMI magnets, the highest
muon dose is only 0.3 mR and occurs about 70 m downstream of the loss point,
if one assumes that the berm meets grade level at that point about 10’ above
the center of the tunnel. In most cases, grade level is higher than this,
but the highest muon dose is not significantly affected, although the location
of emerging muons relative to the berm may be altered. For accidents
originating in the rising sections of the 120 GeV/150 GeV transfer lines,
muons associated with hadron showers will be more directed toward the surface.
Considering that earth equivalent shielding is of only modest utility for muon
shielding, the locations of the emerging showers may be locally enclosed with
fencing, since they will be very restricted in extent. The exact location and
extent of these regions containing ’rising muon showers’ will only be defined
when the final transport line configurations are complete in detail. The
nature of the problem, however, is similar to that found on the rising arc of
the Main Ring overpasses at the collider detectors at present. The problem at
those Main Ring locations has been considered in the 1991 shielding assessment
and is not severe, indicating that it is possible that while the muon dose
rate from accidents in the rising transport lines may exceed that accepted for
unlimited occupancy, it may be consistent with minimal occupancy which would
not even require fencing. Calculations will be made.

2.13 Utilities

FMI Low Conductivity Water System and Magnet Bus Connections

The proposed system for connecting the power and water to the FMI is
similar to the Main Ring. This system requires minimum maintenance. Stainless
steel headers supply low conductivity water (LCW) to copper pipes which
conduct both power and cooling water to the magnets. Ceramic feedthroughs,
with flexible metal braid hoses, electrically insulate the piping from the
copper bus system. All connections are either brazed or welded.

The FMI components and associated utilities are grouped together at the
outside wall of the tunnel leaving most of the enclosure space for servicing,
as shown in Figure 2-13. All connections to the magnets are designed so they
are accessible from the inner space of the tunnel. There will be six utility
buildings uniformly spaced along the perimeter of the FMI. These are labelled
MI-10, 20, 30, 40, 50, and 60. Each utility building will supply power and
cooling water to about 1,815 feet of circumference in the FMI.

Four service building will have three pumps each, and the remaining two
buildings will have four pumps all connected in parallel. Each pump has a 50
hp motor, and delivers 300 gpm of LCW with a pressure head of 162 psi (375
TDH) . The heat from the magnets is transferred to the LCW and dissipated in a
tube and shell heat exchanger placed above the pumps in each service building.
Pond water is circulated in the tube side of the heat exchanger to remove the
heat by evaporation.
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From the existing LCW system in the Main Ring, 12 pumps with starters and
controllers, and six heat exchangers will be reused for the FMI. Seven
existing spare pumps will also be used, and one new pump will be required. The
remaining water cooling equipment in the Main Ring will remain as part of the
Tevatron. New extra strong copper bus (2.875" o.d. by 1.771" i.d. for the
dipoles, and 2.00" o.d. by 1.2" i.d. for the quadrupoles) will be used for the
FMI. The old copper bus from the Main Ring (1.625" o.d. by 0.187" wall) with
the porcelain clamps will be reused for the beamlines.

Two 4" stainless steel pipe headers will be installed over the magnets
along the 10,891’ circumference of the FMI. A total of 20 pumps (300 gpm
each) will be connected in parallel across the supply and return pipes. All
magnet and bus systems will also be connected in parallel across the LCW
headers. For 120 GeV operation (5,000 amps rms), the water temperature rise
across the magnets is calculated to reach about 7°C. An average of 950 gpm of
LCW from each of the six service buildings will be required to cool magnets,
bus, power supplies, chokes, and electronics equipment. The heat load removing
capacity per building is about 2 MW limited by the cooling pond.

At each utility entrance, as well as at locations half-way in-between,
the enclosure will have a ceiling one foot higher than the regular tunnel. The
purpose of this extra space is to make room for expansion joints for the 4"
stainless steel pipes, copper bus, and trays. At this position the enlarged
enclosure allows the utilities to cross over without obstructing the regular
tunnel clearance for the magnet moving vehicle.

A net counterclockwise flow in the ring will be accomplished with
restricting valves at each of the entrances. In each service building around
the ring, portable mixed-bed deionizer bottles will be installed. A continuous
polishing flow of about 30 gpm per service will be required to keep low
conductivity in the water. The bottles are only used for polishing action. An
average of 9 M-cm resistivity of the LCW will be maintained in the ring. LCW
fills will be done from the Central Utility Building (CUB) via the 8 GeV line.
There we have large industrial deionizer columns with the appropriate EPA
guidelines for the effluent discharge system. The portable deionizer bottles
will be regenerated in the CUB with the existing regeneration system. In
service building MI-60, a 3,000 gallon combination storage and expansion tank
will be installed for emergency LCW make-up. The FMI will require an estimated
29,000 gallons of LCW to fill the pipes, tanks, bus, and magnets.

Power Distribution for the FMI

There are three separate power systems associated with the FMI system: 1)
power system for pulsed power supplies; 2) conventional power system; and 3)
power system for beamlines. The power distribution system is shown
schematically in Figures CDR-28 and -29 (Appendix E).
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Power System for Pulsed Power Supplies

This system consists of two new 40 MVA transformers at the Kautz Road
Substation and a new 13.8 kV distribution system to the FMI. A 13.8 kV
switchgear area, located near the MI-50 service building, allows
sectionalizing of the system. From this switchgear, three loop feeders,
situated within a ductbank, are used for the pulsed power to the ring.

At each service building, there is a disconnect switch to supply power to
the power supplies. From the disconnect switch to the power supply
transformers, the feeders are routed in a ductbank. Paralleling switches at
the south side of the ring enable uneven loading of each segment without
overloading the feeders. These switches can also be used for feeder isolation
for maintenance purpose.

Each feeder consists of three 750 MCM aluminum 15 kV power cables, each
2,000’ long so that no splices are needed between service buildings. Feeder
construction will be cross-linked polyethylene, concentric neutral with
overall jacket.

Two harmonic filters will be installed at the MI-50 switchgear area to
prevent possible component damage due to excessive harmonic distortion caused
by the power supplies. One of the filters will re-use the existing components
from the present Main Ring pulsed power distribution system. The second
filter will consist of newly procured components.

Conventional Power System for the FMI

This system will consist of one 13.8 kV feeder around the FMI ring with a
500 kVA transformer at MI-10, MI-20, MI-30, MI-40, MI-50, MI-52, and MI-62, a
750 kVA transformer at the 8 GeV service building and a 1,500 kVA transformer
at MI-60 service building. The conventional power will be used for smaller
power supplies, building power, lights, pumps, etc. Power is derived from the
existing 82B transformer relocated to the Kautz Road Substation. At each
service building there will be a disconnect switch between the ductbank
connection and the 500/750/1,500 kVA conventional power transformer.

The feeder will consist of three 750 MCM aluminum 15 kV power cables,
each a maximum of 2,000’ long so that no splices are needed between service
buildings. Feeder construction will be cross-linked polyethylene, concentric
neutral with overall jacket.

Power for Beamlines/RF

This system consists of a 40 MVA transformer at the Kautz Road Substation
and 13.8 kV feeders to the beamlines and rf at MI-60. Power is delivered to
the 8 GeV beamline through the FMI ductbank to the 8 GeV service building.
All other beamlines will be fed via a new ductbank from the Kautz Road
Substation to the existing Main Ring ductbank at E3. This feeder will stop at
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FO, F1, F2, F3 and F4. Power for the rf systems will be delivered to the MI-
60 building via a feeder in the FMI ductbank.

Each feeder consists of three 750 MCM aluminum 15 kV power cables. Feeder
construction will be cross-linked polyethylene, concentric neutral with
overall jacket.

The ductbank between Kautz Road Substation and the Main Ring ductbank at
E3 will also function as the cross connect between the existing Master
Substation and Kautz Road Substation. This cross connect will allow the
transfer of 40 MVA during routine maintenance and failures at either
substation.
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3. BEAMLINES AND BEAM TRANSFERS

Five new beamlines with a combined length of about 1,400 m are required
to integrate the FMI into the existing Fermilab accelerator complex:

1. A 760-m beamline for transport of 8.9 GeV/c protons from the Booster
(straight section L3) to the FMI (MI-10 straight section) for injection.

2. A 260-m Tevatron injection beamline which transports 150 GeV/c protons
from MI-52 straight section in the FMI to the Tevatron (TEV-60).

3. A 260-m beamline which transports 150 GeV/c antiprotons from MI-62
straight section in the FMI to the Tevatron (TEV-60).

To link the new FMI complex to the Antiproton Source and Switchyard, the
existing magnets and power supplies in F-Sector (from FO to A0) of the Main
Ring and of APl will for the most part remain in place. The 150 GeV/c line
from MI-52 will provide the link between the FMI and the F-Sector magnet
string of the Main Ring. This is made possible because the Lambertsons used
for Tevatron injection will act as a magnetic switch for selecting either the
Tevatron or Main Ring F-Sector. Figure 3.1 shows an elevation view of the
Tevatren FO straight section.

4, A 15-m section of magnets used to match between the Tevatron injection
Lambertsons and Main Ring station F-11.

The 120 GeV protons used for antiproton production will be transferred at Main
Ring station F17 into the existing APl beamline. This section of beamline
will alsc be used to transfer 8.9 GeV/c antiprotons from the Antiproton Source
to the FMI station MI-52 for injection into the FMI. The 120 GeV/c protons
used for the "test beam" are transported through the entire F-Sector to AO
where the fifth beamline is to be installed.

5. A 130-meter section which connects F49 tc the upstream end of Switchyard.

The site coordinates of all beamline elements have been determined and
the beamline layout is shown in Figure CDR-10 (Appendix E). Optical designs
exist for the 8.9 GeV/c Booster to FMI line, the two 150 GeV/c FMI to Tevatron
beamlines, and the FMI to Main Ring F11 beamlines. Longitudinal beamline
sections showing the disposition of the elements within the beam transfer
lines are shown in Figures CDR-13 to CDR-18. These sections are of the
previous design and are considered obsolete. They will be modified during
Title I.
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3.1 The 8 Ge¥ Line

The 8 GeV line is comprised of four major sections: a matching section
between the Booster and the main body of the beamline; descent from the
Booster to FMI elevation; a long section of periodic FODO cells; and a final
matching section into the FMI. Design of the 8 GeV line is driven both by the
desire to optimize utilization of recycled Main Ring magnets and to minimize
the impact of the line on existing roads and structures.

Protons are extracted horizontally from the Booster at straight section
L3. Two EPB dipoles centered 10.6 m downstream of the extraction point provide
9.37° of horizontal bend to steer the beam into the existing AP-4 enclosure. A
third EPB, centered 18.2 m further downstream, bends the beam through 4.64° to
put it on a line parallel to, and 2’6" away from, the wall of the enclosure.
The line extends another 34.4 m to the end of the existing enclosure. Two SDB
dipoles, separated by 26.7 m, then provide 11.0° of bend each to steer the
beam sharply away from the existing AP-4 line’s trajectory. This completes the
Booster matching section.

Immediately following this matching section a recycled Main Ring B3
dipole pitches the beam downwards by 3.0°. Once the 10’9" corresponding to the
Booster-FMI elevation difference is obtained, another Main Ring B3 cancels the
beam’s downward pitch. The 360° of betatron phase advance of this special
insert section ensures that the vertical drop is achromatic, with vertical
dispersion not exceeding 0.70 m.

One hundred and twelve degrees (112°) of horizontal bend are achieved in
the next 555 m of the line by 51 recycled Main Ring B2/B3 dipoles embedded in
a regular 90° FODO lattice. The trajectory of the line through this section
takes the protons 10°9" below the existing AP-2/AP-3 enclosure, or 16°9" below
the AP-2/AP-3 beamlines. The line never approaches the Tevatron closer than
approximately 100’. The final 2° of horizontal bend from the recycled AO
Lambertson places the protons on the horizontal closed orbit of the FMI. The 8
GeV proton linme terminates at the D quad (quad 101) 17 m upstream of the MI-10
straight section center.

The lattice functions for the 8 GeV line are illustrated in Figure 3-2.
Horizontal dispersion does not exceed 3.12 m through the arcs. With the choice
of a 51.0 m maximum beta in the FODO cells, the transverse beam size is less
than #16 mm for a normalized transverse emittance of 407 mm-mr and Ap/p of
0.002. With each dipole producing a bend of 2.20° the sagitta is only 1.15",
which is perfectly acceptable.

FMI Injection
Injection of 8.9 GeV/c protons is accomplished in the FMI straight

section MI-10. The straight section is approximately 69 m long and has to
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accommodate the horizontal injection Lambertson and vertical kickers. The
Lambertson is located at the D quad 17 m upstream of the straight section
center; this quadrupole must be rotated by 90° to provide adequate vertical
aperture for the injected beam. The beam trajectory in the horizontal plane
at the entrance to the Lambertson is displaced 38.9 mm from center with a
34 mrad angle. Vertically the beam is 40 mm above the center of the aperture;
the FMI circulating beam is displaced 10 mm downwards. The Lambertson removes
the 34 mrad angle to bring the beam onto the horizontal closed orbit of the
FMI. Figure 3-3 shows the Lambertson and quadrupole magnet apertures and
407 pp-mr beam profiles at 8 GeV and 150 GeV.

Four vertical kicker modules located 90° downstream of the Lambertson
remove the vertical offset present at the Lambertson to place the injected
protons onto the vertical closed orbit of the FMI.

No other magnetic elements are required for the injection of 8.9 GeV/c
protons. The injection of 8.9 GeV/c antiprotons from the Accumulator takes
place in straight section MI-52 which is also used for extraction as discussed
in Section 3.3. The antiproton injection process uses the same vertical
Lambertson and horizontal kicker which are used for proton extraction.

3.2 The 150 GeV Lines

Two beamlines connect the FMI to the Tevatron. One of these simply
provides transport of the 150 GeV/c antiprotons. The other, in addition to
delivering 150 GeV/c protons to the Tevatron, must transport 120 GeV/c protons
destined for the antiproton target or Switchyard and 8.9 GeV/c antiprotons
destined for injection into the FMI. These additional functions are described
in the following sections; here are described only the two optically similar
beamlines which transport particles from the FMI to the Tevatron. The
difference between the proton and antiproton transfer lines originates in the
slight asymmetry of the injection point in the Tevatron with respect to the
two particles: the two beamlines must match into different lattice functions.

The elevation of the FMI is 2.332 m below the Tevatron. Protons
(antiprotons) are extracted by kicker magnets which deflect the beam across
the septa of vertically bending Lambertson magnets located in the MI-52 (MI-
62) straight section. A C-magnet (current septum magnet) follows the second
Lambertson. The Lambertson and C-magnets deflect the beam upward by 24 mr and
are followed by three vertical C-magnets which reduce the vertical pitch to 3
pr. The horizontal dipoles are rolled to produce the desired horizontal and
vertical trajectory for vertical injection into the Tevatron. The total
beamline length is 260 meters. Each of the lines include 15 recycled 6-m Main
Ring B2 dipoles and 14 quadrupole elements, composed of 17 recycle Main Ring
quads. The five vertical C-magnets and the three Lambertson septum magnets
will be constructed based on a current Fermilab design.
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The lattice functions for the 150 GeV/c Tevatron injection lines for
protons and antiprotons are shown in Figures 3-4 and 3-5. The current optical
solutions have all eight lattice functions well matched to the Tevatron. Both
transport lines have an identical design with the exception of minor
differences in the location and gradient of the last four quads in each line
to accommodate the match into the optically asymmetric Tevatron FO straight
section. The lines basically consist of continuing the cell structure of the
FMI lattice to a pair of doublets used for matching into the Tevatron. The
vertical dispersion generated by the vertical extraction components is almost
canceled by the vertical injection magnets. To complete the cancellation and
satisfy the extremely tight geometrical constraints four families of rolled
dipoles were utilized.

FMI Extraction

Extraction takes place at the two long straight sections near Tevatron
straight section FO: MI-52 (proton extraction) and MI-62 (antiproton
extraction). Figure 2-4 shows a plan view of long straight MI-52 and the
beginning of the extraction line.

Transfer is initiated by a kicker (or electrostatic septum in the case of
slow extracted protons) located 90° upstream of the Lambertson septum magnets.
The kicker displaces the beam horizontally across the Lambertson septa; the
Lambertson and C-magnets deflect the extracted beam upward by 24 mr for both
transport lines. The 24 mr angle is the minimum required for just clearing the
top of the FMI quadrupole at the end of the long straight section.

The requirements on the proton extraction Lambertson aperture are
dictated not by the 150 GeV/c extraction, but by its use as the injection
Lambertson for 8.9 GeV/c antiprotons. Thus a Lambertson magnet of the "F17
style" design will be used at MI-52. This is the magnet currently used for
injection of 8.9 GeV/c antiprotons into the Main Ring. With the reduced f
functions at the straight section, the aperture is sufficient for the
acceptance of 407 mm-mr antiproton beams from the Antiproton Source. The
Lambertson magnets are the same type as those used for the abort in MI-40.
Figure 3-6a shows the Lambertson and quadrupole magnet apertures and 407 mm-mr
beam profiles at 8.9 GeV/c and 150 GeV/c. Generous clearance for the injected
and circulating beams is afforded. Only the second Lambertson magnet is
excited for 8.9 GeV/c beam transfers, so the beam passes through the
quadrupole with no vertical offset. Figure 3-6b shows the magnet aperture and
beam size at the entrance to the C-magnet.

Tevatron Injection

Injection into the Tevatron is moved from its present location in the EO
straight section to the FO straight section. This move leaves the EO straight
section completely free for possible use as an interaction region or for other
purposes.
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The FO region will continue to be used to accomodate the Tevatron rf
systems. By rearranging the accelerating cavities in the upstream end (proton
beam direction) of the straight section, the proton and antiproton injection
lines can converge toward a common set of injection septum magnets located at
the downstream end of the straight section. This reduces the number of such
elements needed for injection into the Tevatron. In the present Tevatron, the
accelerating cavities are arranged in a manner such as to ensure proper
phasing between the proton and antiproton systems and to minimize the effects
of cavity trips. Thus, a new layout of the cavities is necessary and its
consequences must be investigated.

The present injection scheme into the Tevatron is one in which the
incoming beam approaches the accelerator vertically. This injection scheme is
maintained in the current design where the last vertical bend is produced by a
pair of Lambertsons common to both proton and antiproton injection lines. The
closure onto the horizontal orbit being produced by a kicker magnet downstream
of the injection point. The nearest points on either side of the long straight
section where kickers may be placed are the F17 medium straight section (for
clockwise proton injection) and the E48 short straight section (for
counterclockwise antiproton injection). The present kickers for proton
(antiproton) injection into the Tevatron will be recycled.

Injection System Layout
The Tevatron rf system occupies roughly 26 m of the 52 m straight

section. In the remaining 26 m, two Lambertson magnetic septa are placed
symmetrically about a point 13 m upstream (proton direction) of the end of the
straight section. Both the proton and antiproton beams pass through the field
region of these magnets upon injection. With the Lambertson off, the 120 GeV/c
protons and the 8.9 GeV/c antiprotons will pass through the same field region
(de-energized) to get to/from the Main Ring remnant. To accommodate the 120
GeV/c proton and the 8.9 GeV/c antiproton trajectories, a Lambertson is being
designed with a larger field region. This design is based on the present
Fermilab F17 Lambertson design. The same Lambertson design will be used for
FMI extraction (proton, antiproton, and abort) discussed earlier. To provide
more clearance at the ends of the free space, each of the injection lines
incorporates one C-style magnet just in front of the Lambertsons. An elevation
view of the FO region is shown in Figure 3-1.

3.3 120 GeV Antiproton Production

The existing AP-1 beamline, which is used to target 120 GeV/c protons for
antiproton production and transport 8.8 GeV/c antiprotons back into the Main
Ring, will remain intact. The Main Ring magnets from F11 to F17 will also be
used in their present locations, with only minor modifications to the bus and
power supplies. The 120 GeV/c protons will utilize the Tevatron proton
injection line from the FMI (MI-52) to the Tevatron injection Lambertsons.
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With the Lambertsons off, the protons will enter the Main Ring remnant at Main
Ring station F11 for transport to Main Ring station F17. A vertically bending
Main Ring B-3 dipole, located immediately downstream of the Main Ring F17 quad
will, if energized, deflect the beam into the existing AP-1 beamline. De-
energized, this magnet will allow the 120 GeV/c slow spill to be transported
to the Switchyard. Figure 3-7 shows the retune of the Tevatron proton
injection line for matching into the Main Ring remnant.

Modifications to Main Ring F11 to F17 Magnet String

This section of magnets will be used in their current location. Only
minor modifications to the magnet bus will be required to power the dipole and
quadrupole circuits. The Bl magnets (1.5"X5" beam pipe) will be replaced with
B2 magnets (2"X4" beam pipe) to increase the acceptance for antiproton
transfers. In addition, it may be determined advantageous to replace the six
B2 magnets at the largest vertical f-function locations with B3 magnets (3"x5"
beam pipe). The quadrupoles at F11 will be modified to produce a doublet that
matches into the Main Ring FODO lattice at Main Ring F13. The four Main Ring
F11 dipoles will be replaced by two B3 dipoles running at twice the field of a
standard B2 dipole and rolled by about 40°. The Main Rin