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THE CEBAF SUPERCONDUCTING ACCELERATOR--AN OVERVIEW®

Christoph W. Leemann
Continuous Electron Beam Accelerator Facility
12070 Jefferson Avenue
Newport News, Virginia 23606

CEBAF is a CW linac based on RF superconductivity and making use of
multiple recirculation. Its major components are a 50 MeV injector, two
linac segments of 0.5 GeV energy gain each, and recirculator arcs
connecting the two linac segments. Each linac segment consists of 25
cryomodules, separated by warm sections with quadrupoles, steering magnets,
and beam diagnostics. Each cryomodule contains 8, 1500 MHz, E-cell,
Cornell type cavities with waveguide couplers for fundamental power and HOM
damping, each cavity being powered by its own klystron. Recirculator
arcs are vertically stacked, large radius, strong focusing beam lines Qh?t
minimjze synchrotron radiation effects. A high quality (AE/E107",
€°10 "m) beam of 200uA, 100% duty factor, with 0.5 GeV  E < 4.0 GeV will

be generated. Key beam dynamics and design issues, will be presented.
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CEBAF—-PR~86-003 VWC3
Christoph Leemann

The CEBAF Supercond\n Overview
* 020592000094083

T

BO205920000940838
THE CEBAF SUPERCONDUCTING ACCELERATOR - AN OVERVIEW*
Christoph W. Leemann
Continuous Electron Beam Accelerator Facility (CEBAF)
12070 Jefferson Avenue
Newport News, VA 23606

I CEBAF-PR-88-003




THE CEBAF SUPERCONDUCTING

ACCELERATOR-AN OVERVIEW*

Christoph W. Leemann
Continuous Electron Beam Accelerator Facllity
12070 Jefferson Avenue
Newport News, Virginia 23606

Abstract

The CEBAF accelerator is a CW linac based on RF su-
perconductivity and making use of multiple recirculation, Its
major components are a 50 MeV injector, two linac segments
of 0.5 GeV energy gain each, and recirculator arcs connect-
ing the two linac segments. Each linac segment consists of 25
cryomodules, separated by warm sections with quadrupoles,
steering magnets, and beam diagnostics. Each cryomodule
contains 8, 1500 MHz, 5-cell, Cornell type cavities with waveg-
uide couplers for fundamental power and HOM damping, each
cavity being powered by its own klystron. Recirculator ares
are vertically stacked, large radius, strong focusing beam lines
that minimize synchrotron radiation effects. A high quality
(AE/E ~ 1074,¢ ~ 10~° m) beam of 200uA, 100% duty fac-
tor, with 0.5 GeV <€ E <€ 4.0 GeV will be generated.

Introduction and Overview

Scientific Background

CEBAT is a high energy, high duty factor, high current {4
GeV, 100 %, 200 pA) electron accelerator for nuclear physics.
The need for such a facility has firat been clearly stated in 1079,
has been endorsed on several occasions since, and represents
today nuclear physics’ highest priority in terms of new facili-
ties acquisitione. In the broadest tertns, the scientific mission
are experiments leading to an understanding of the nucleus in
terms of quarks and QCD. The envisaged experiments deter-
mine the stated performance objectives of the accelerator. The
energy range, 0.5 GeV to 4.0 GeV is determined by the goal of
establishing overlap with existing facilities on the low side, at
the high end by the minimum energy required to achieve the
spatial resclution judged necessary to meet the general mis-
eion’s goals. As will be shown below, the present design has
the capability to exceed this energy. The need for a high duty
factor beam, (“continuous™ beam) simply stems from the fact
that coincidence experiments will constitute an essential frac-
tion of the envisaged program. The relatively high average cur-
rent of 200 uA ensures adequate event rates for the processes
of interest that typically have low cross sections, and allows the
simultaneous operation of three experimental stations. Beyond
those basic beam parameters, good beam quality, particularly
a relative momentum spread of the order of 10~4 are desirable
because complexity of design and cost of high resolution spec-
trometers is reduced by such features. Construction begin is
planned for fiscal year 1087, the start of physics experiments
in fiscal year 1992,

Technology Base

The most straight-forward approach to generate the beam
described above is a continuous wave (CW) device. Such an
approach is feasible today, both technically as well as in terms
of capital and operationa! costs. The key elements are the use
of RF superconductivity {(SRF) and beam recirculation, i.e.,
the multiple passage of the beam through the same accelerat-
ing structure. In the energy range of interest, room temper-

ature cavity based systems encounter difficulties because the
necessary large number of recirculations, as in microtran like
machines, severely impact the achievable beam quality. The
use of SRF, allowing & low number of recirculations {3 1o §),
is therefore essential.

The status of SRF technology is described elsewhere, a
recent update being presented at this conference.! The break-
throughs that make this a practical solution occurred recently,
mostly since 1983, and may be summarized as follows:

o Optimization of shape and coupling.
- Serious multipacting prevented by elliptical
and spherical cavity shapes.
- RF-coupling and HOM damping at beam pipe
avoid cell penetrations and their deleterious
effects.

o Better superconductor quality may reduce number
of defects, and stabilizes the remaining ones through
better thermal conductivity.

o Better manufacturing techniques include
reduced electron beam weld defects, improved
cleanliness in assembly, identification of defects
through surface inspection and thermometry, and
improved chemical procedures.

o Essential to the use in storage ring and
recirculated linacs is heavy damping of higher modes.

Accelerator Description
Conceptual Description

Figure 1 illustrates the CEBAF accelerator concept. Two
sections of linac, 240 m Jong and providing 0.5 GeV energy gain
each, are located in the two straight sections of the racetrack
shaped layout of the accelerator. Transport lines, consisting of
sections called “spreaders,” recirculation arcs, and “recombin-
ers” connect the two linac segments, While beams of different
energies occupy the same physical iocations in the linac sec-
tions, they are by necessity separated in the beam transport
lines of which there are four connecting segment 1 to segment
2, for four-pass recirculating, and 3 connecting segment 2 back
to segment 1.

Injection into the device is performed with a 50 MeV beam
from a linac consisting of room temperature structures up to
1 MeV, and the same SRF cavities, as used in the main iinac
segments, to accelerate from 1 MeV to 50 MeV.

Extraction is achieved by meane of RF separators in a
way that makes it possible to serve simultaneously all three
end stations with beams of the same or up to three different,
although correlated energies.
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Figure 1. CEBAT accelerator schematic.

Eey Issues and Design Choices

The preservation of beam quality and the assurance of
beam stability are the most outstanding beam dynamics ques-
tions for a machine of the type described. Important design
choices involve operating frequency, the basic choice of a cav-
ity design and judiciousty chosen design values of gradients
and Q-values. All of the latter are obviously tightly connected
with the task of effective and successful technology transfer to
industry, and have strong cost impact. High reliability and
protection against damaging beam loss is equally important.

Many aspects of design are pertinent to the issue of beam
quality and will be described below or in other contributions.?
The most fundamental concern, and cne that directly impacts
the accelerator Jayout, is to held the eflects of quantum exicita-
tion in the recitculation arcs at a tolerable level. A sufficiently
large bending radius is the only means to control growth of mo-
mentum spread og, while both radius of curvature and strong
focusing help in minimizing the growth in horizontal emittance.
The present design achieves these goals with a relatively loosely
packed, separated function lattice that results in an average ra-
dius of curvature of 80m. It has been shown? that within the
planned enclosure an alternate lattice design will fit that would
meet our criteria for energies up to ~16 GeV, i.e., an energy
that would appear achievable at a tirne when multicell cavities
achieve the gradients that are observed today in the best single
cell results.

With regard to beam stability it can be argued that at the
projected current levels, and with the planned cavities, the only
beam current limitation of importance could arise from mul-
tipass regenerative beam breakup that has, e.g., limited the
Stanford SCA to currents of tens of microamperes.® The phe-
nonmenoclogy of this instability is easily understood: a bunch
passing through a cavity off axis will excite higher order modes
(HOM’s) that are transversely deflecting. If & bunch, kicked
by a preexisting field corresponding to one of these HOM’s,
returns with a betatron and RF phase that adds to the HOM
field, the potential for inatability is given; steady state is main-
tained if the bunch excitation compensates for the loszes that
occur during the revolution time due to the finite Q of the
mode in question, and at higher currents instability sets in.
Key ingredients to analyze this phenomenon are knowledge
of HOM frequencies, corresponding impedances and Q values,
cavity to cavity frequency spread and the spatial arrangement
and transverse beam optics of the accelerator. Analytic esti-

meates, lumping all cavities in a single location and essuming
maximum conspiracy in the choice of the transverse matrix
elements result in a worst case threshold estimate that still
exceeds the design current by nearly an order of magnitude.?®

Bisognano® and Gluckstern® have performed more realis-
tic calculations along two distinctly different paths that yield
the same numerical predictions. One approach is based on sim-
ulation, reslistically modeling all 400 cavities and the beam
transport optics, and is based on a modification of & SLAC
code by R. Helm. The other approach iz based on the fact that
finding the complex frequencies that correspond to the zeros
of the determinant of & 2(n-1} dimensional matrix solves the
problem for an n-pass configuration, irrespective of the num-
ber of cavities involved. The matrix elements are relatively
lengthy, trancendental expressions but numerical gearches for
the zeros have been successfully demonstrated. We summarize
the results of these investigations by quoting from Bisognano®
the determined threshold values st 4 GeV that exceed specifi-
cations by more than 2 orders of megnitude.

Table 1
Computer Simulation Estimates of Beam
Breakup Thresholds

1888 MH: 1060 MH:z 2086 MHz 2110 MH:z
Lin  21mA 18 mA 56 mA 26 mA

The above analysis wae only possible after a cavity design
had been adopted. The choice of the Cornell 5-ceil, 1500 cav-
ity with waveguide, beam pipe couplers for fundamental power
and HOM damping was based on the advanced state of this
design that virtually eliminated the need for further lab scale
R&D, the need to demonsirate a feasible overall accelerator
design on a very short time scale, the proximity of the Cornell
group, and the appropriateness of the frequency. Frequencies
below ~000 MHz would have violated the CW bearn concept,
implying undesirably high microbunch charges from the ex-
perimenter’s point of view, while very high frequencies become
undesirable because transverse impedances will scale as the
third power of the frequency, given similar shapes. Based on
the experience at Cornell and worldwide a design gradient of
5 MeV/m and a design residual Q of 3-10° was postulated.
Industrial prototyping is in progress and the successful results
and will be reported below and in a separate contribution to
this conference.”

The parameters of the CEBAT accelerator are summa-
rized in Table 2, Figure 2 shows a cavity prototype.

Detalled Description of Machine Sectors

Injector

The injector has the task of providing beam with & nom-
ina! energy of 50 MeV, & norminal 1500 MHz bunch struc-
ture and the capability of modulating bunch to bunch inten-
sity with periodicity three, i.e., matching the requirement of
serving three end users with beams of different intensity.

The injector consists of a warm section providing beam of
0.95 MeV, followed by a section of superconducting linac con-
sisting of 18 SRF cavities contained in the sequence 24848 in
three separate cryogenic modules. The only difference from the

main linac segments to be described below is the one module
containing only 2 cavities.
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Figure 2. CEBAF/Cornell cavity.

Table 2

CEBAF SRF C¥ Linac Design Parameter List

Bean cheracteristics
Electron energy E [GeV¥]
Average currest [pA

Traosverse emittasce (85%, 1 GeV) (]

Boergy spresd [G5%;
Duty facter
Sisultanecus beams
Simultaneous snergies

Linac Parsmcters
Concept

Nusber of pasacs

Nusber of linac wegmeots
Segment length [)]

Mazimus wnergy gaic per pass [GeV)
Recirculstion Lime par pass [uS]
Focusing

Phase advance per cell (pass 1)
Balf-cell Jeng:ib [=}

Nuzber of cavities per bhalf-cell
Number of balf-cells per megrmert
Vacuus (before cooldown) [terr)

Carity parameters
Type

Frequency [MBa!
Electric length [
Shurt impedance (
Design gradiest [WY/o]
Desigr residual §
Trpical BOM Qeyternal

Clear aperiure x3,
Transverse BOM 2°/§!chms/e3)

IF systes

Nugber of ilystrons
Kiystron EF power coupled
to beam [kW

Injector parameters

Gup epergy (Me¥)
Injection eaergy [WeV)
Average eurreal [wA!

Trunsverse exittance (at 0.7 MeV)[mw-pr]
lLopgitud:cal emittance [keV-degrees]

Bupch length [degrees)
Pulee capabality [us]

Becirculation mres
Number

Magnetic radii [m)

Phase advance per period
Fer:ods per arc

Superconducting
¥ recirculating
linac

Superconducting
1500

0.5

960.0

5.0

3 x 109

104 to 1
70

5 16 4 2104

418

11.5 to 2B.6
25(5/4)
L]

The room temperature section consists of an electron gun
in Pierce geometry capable of providing 8 2mA DC beam with
an emittance of 10~%m at 0.1 MeV, sbout an order of mag-
nitude better than the design goal of ~ 2.107%m at 1 GeV.
The gun will have the capabilities for fast pulsed operation,
mostly for tune-up and diagnostic purposes. Two cavities and
an adjustable 3-slit aperture system provide chopping and in-
tensity control. The slits can be adjusted from 0° to 60° bunch
length for each of three succeeding bunches. Both cavities are
excited at f,/2 and f,/3 in two orthogonal directions, the first
cavity providing the sweep pattern over the 3-slit aperture,
the second serving to eliminate the introduced transverse mo-
mentum. A buncher cavity operating nominally at 1500 MHz
reduces the bunch length to below 10°. Two 5-cell cavities,
graded in 8, and each driven by the same type of klystron as
used in the mein linac capture the beam and accelerate it to
0.95 MeV with an energy spread of 18 keV and a bunch length
of 1.7°. The whole room temperature section relies strongly
on the NBS/NPL/LANL design®, and the whole injector has
been extensively modeled with PARMELA.

Linac

The tota! accelerating structure comprises 400 cavities and
is arranged in the form of two separate linac sections, each ap-
proximately 240 m long. The linacs are built in &8 modular fash-
ion consisting of cryogenic medules separated by warm sections
thet contain quadrupoles, steering magnets, beam diagnostics
and vacuum equipment. The focusing sequence and strength
corresponds to & 120° phase advance FODO structure for the
first pass through the accelerator, later passes at higher energy
obviously have weaker focusing, particularly in the “low energy
end,” i.e., the first linac close to the injector. The sequence of
beam’ envelopes through the accelerator, Figure 3, shows the
regular pattern on the first pass s well as the decreased but
still adequate focusing for higher energy passes.
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Figure 3. Beam envelope traces through four linac passes.
An identily transformation is substituted for the beam trans-
port section between linac 1 and linac 2.

Each cryogenic module, Figure 4, is made up from four
cryo-units, cryostats containing two 5-cell cavities, representing
the smallest self-contained building block of the accelerating
structure. Figure 2 depicts the cavity and Table 2 summarizes
its key parameters. The design of the cryostet, and issues
pertaining to the cryostat-cavity assembly and their solution
ere discussed by Biallas.® As is evident from Figure 4, the
orientation of the fundamental power couplers alternate from
cavity pair to cavity pair in e left-right-right-left pattern.
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Figure 4. CEBAF c¢ryogenic module.

This arrangement ensures that the very small beam emit-
tance is not degraded by the head to tail variation in the
transverse deflections that are inexocrably associated with the
field asymmetry across the aperture at the power coupler end.
With all cavities powered equally the compensation is essen-
tially perfect, but as illustrated in Figure 5 very good results

are obtained even if a standard deviation of 1 MeV in energy
gain per cavity is allowed.’® Even this effect can be reduced
by individual adjustments of the cavity gradients on the few
percent level.!!
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Figure 5. Uncorrected differential head to tail deflections
after four passes with 400 cavities with G = 5MV/m.og =
1MV /m. Ellipses correapond to ¢ = 5-1071%m and head,
center, and tail of bunch, respectively.

The latier observations are important because each cavity
is powered by its own klystron. This results in increased system
availability and provides an extra margin of safety for reach-
ing or even exceeding design energy. We can expect a spread
of several MeV/m between different cavities, and the planned
rystem allows maximum utilization of the available cavity ca-
pabilities. The demands on the control of the RF system are
quite demanding: amplitude must be controlled within 1074,
phase within 1°, and this in a severely beam loaded situation.
A contribution by J. Fugitt!? to this conference describes the
RF-system design.

Beam Transport

Under this heading we subsume all the beam transport el-
ements not contained within the linac sections proper. The key
requirements are to provide matching in all three phase planes
from linac section to linac section, isochronicity {or sufficiently
small deviations from it), total circumference lengths of exact
multiples of the RF wave length, and minimal degradation of
beam quality due to synchrotron radiation effects.

The transport systems from linac section 1 to section 2
contain the same basic components as those connecting sec-
tion 2 back to section 1, if we abstract from the fact that the
corresponding energies are different and that we deal with four
beam lines in the first case, and only 3 in the second. Starting
at the exit of a linac we first encounter the vertical spreader,
an achromatic bend, followed by a matching section containing
extraction elements (after section 2) or the space to implement
them at a later stage (section 1). The 180° bend is then exe-
cuted by the recirculation arcs proper, which in turn are fol-
lowed by a {shorter) matching section and another achromatic
vertica! bend, the recombiner.

These arrangements are depicted in Figure 6. One of the
central concerns in the design of the arcs was minimization of
beam degradation and a solution that could be implemented
with uncomplicated magnets. The present design foresees arcs
composed of four periods each, with a total phase advance of
5 x 2% in both planes. Each period is an isochronous second
order achromat. Basically the same guadrupole arrangements



are employed in all beam lines but the number of dipoles is
reduced for the lower energy lines. Magnetic radii thus {all
between 11 m and 29 m. Table 3 summarizes key parameters
of the recirculation arcs.
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Figure 8. Details of beam transport following linac 1 and
linac 2, respectively.

Table 3

Table 3 Bearr Line Lattice Properties !

Lattice Preperty 0.52.0 GeV 25 GeV 3.0-3.5 GeV
Lines Line Lines \
# Dipoles 16 32 40 !
i Orbit Radius in Dipoles (] | 3746 22,92 2865 |
Dipoie Magnetic Length () 2.25 1 2,25 ! 2.25 i
= Quudrupoles | 32 32 i 32 |
Min. Quad Focal Length {mi | 4.56 4.30 | 430 i
Phase Advances v, , I 2ex5 I 2rab
Muiched 4, .8, (m! 3535 35 3.5 35.35
(M} {m} ' 114 167 .269
x,y Natura! Chromaticilies -78-811 -8.56.-7.76 -9 26.792 -
: # Sexupoles B 3 ] 3 1
| Pead Sextupole (B Ba) (=7} 151 . 1.4 T 1.24 i

The design of these arcs is described in detail by Douglas?.
The key features are:

v Alignment, field quality and energizing
tolerances within current practice result in
negligible beam quality degradation and/or
are sufficiently well compensated by the
planned set of beam monitors and correction
magrnets.

o The induced momentum spread g /E
is only 1.2.10~? to be compared
with the undisturbed value of 2.5 108,

indeed negligible in quadratic addition. The
resulting emittance growth is completely
negligible at Ae ~3.4-10"11lm

compared to the expected £ >~ 5-10~1%m

at 4 GeV.

o The resulting average arc radius of 80 m
will accommodate alternate lattices for higher
energies that would result in similar
performance at up to four times higher
energies,

We finally discuss the extraction process, RF-separators,
i.e., cavities excited in a deflecting mode are used Lo achieve
extraction on a bunch by bunch basis. An obvious but prac-
tically undesirable frequency is 500 MBz for the task at hand,
namely to affect three interspersed sequences of bunches differ-
ently. In fact any frequency [ = /3. fo = £-500M Hz, where
£ is not an integral multiple of 3 will do, and the design choice
iz 5/3 - 1500M Hz = 2500M Hz. Three RF separators are in-
stalled in the extraction/matching straight sections follewing
the spreader downstream of linac segment 2. If an RF sep-
arator is not energized all bunches continue for another pass
through the accelerator. If extraction is desired the separa-
tor is energized and deflects, if properly phesed, every third
bunch maximally cutward across a thin magnetic septum that
completes the extraction process while all other bunches are
deflected inwards receiving a kick of only half the maximum
strength whose effect is compensated by a static magnet fur-
ther downstream. After four passes all remaining beam exits
without further manipulations. A vertical recombiner brings
the beame back into the horizontal plane. The extraction chan-
nels are tuned such that at this point the beams are slightly
divergent such that, some distance downstream, they can be
peparated by magnetic septa. This is obviously only achieved
if each beam is extracted at a different energy. For the case
where more than one beam is extracted at the same (full four
pras) energy, & fourth separator is located following the last
recombiner element. This separator is phased such that the
relative kick strength is +1, 0, -1, +1, ... to distribute the
beams to the three end stations.

Key issues in the design of this extraction system are the
choicé of technology, SRF versus conventional, and the mini-
mization of emittance growth due to differential head to {ail
deflection. The present design achieves extraction with negligi-
ble emittance growth at deflection angles of the order of 1074,
and with these modest kick requirements room temperature
deflectors appear to be the simpler and more cost effective so-
lution.

Overview over Other Systems

Yacuum

Vacuum requirements as set by beam loss criteria are mod-
est. The ares and other beam transport lines are pumped by
discrete jon pumps and at a pressure of 2:10~7 Torr tote! beam
loms is at the very most a few 10~% for four full passes. This
presgure is initially exceeded due to the desorption of gas by
synchrotron radiation!? but is reached afier only four days of
operstion during which beam loss will not exceed the 10 to 20w
level if full beam power is used. More stringent requirements
are established by the need to protect and keep clean the cavity
gurfaces. Fast gate valves placed between every fifth cryomod-
ule will limit damage in the case of a sudden vacuum accident.
The warm sections between cryomodeles will be treated such
that & pressure < 10~° Torr is reached with the end valves to
the cryomodules closed. At the ends of both linacs an addi-
tional length of beam pipe will be kept at 2K,

1&C and Correction Systems

The CEBAY accelerator will be extensively instrumented
and equipped with & cornmensurate set of correction elements.
Essentially at every quadrupole a beam position and beam cur-
rent monitor wiil be installed. These will be based on cavities
resonant at 3000 MHz oscillating in the TMi;0 and TMoio



modes, respectively, and providing X, Y position and current
information. With every quad location in the linacs an X and
Y steering dipole will be associated, while in the beam trans-
port lines steering dipoles will act only in the quad’s focus-
ing plane. Beam profile monitore for the beams of only a few
100um width are being evaluated, with synchrotron radiation
devices and “flying wires” being the leading candidates.

The key features of the contro! system will be heavy em-
phasis on hardware versus software, the extensive use of dis-
tributed intelligence, and the general orientation towards the
user and operator, and his evolving needs and demands.

Cryogenic System

A sizeable cooling system is required to operate the su-
perconducting accelerator.! After lengthy and careful analysis
2.0K has emerged as an optimum temperature with regard to
technical complexity, capital and operating costs. The system’s
cooling requirements are summarized in Table 4.

Table 4
Cooling Eeguirements
Calcu-

Be Inted Refrig. Pres.

temp (k Joad tapacity m (atz
Linse
cavities 2.0 200w 4,800 X (150 003
Lisac
heat
skields 40.-52, 8000 ¥ 12,000 ¥ (150) ape
Exd Sta.
liguefac. 4.4 154 1/br 280 1/br (189) 1.2

The distribution system is designed with a flow safety fac-
tor of 200, and quite generally design features were employed
that would allow upgrades by the simple addition of compres-
sors, expanders, and cold compressor capacity. The latter are
at the forefront of helium refrigeration technology and have
becorne operational as the result of intensive development by
both U.S. and European manufacturers. They are central to
the operation allowing on one hand 2.0K at 0.031 atm and
positive pressure (1.05 atm} in the ambient suction piping and
COMPressors.

Status and Qutlook

The present CEBAF design is the result of an effort that
started with a review of the applicable technology base be-
ginning in June 1985, and concluding in August 1955 that a
complete redesign based on SRF was the most appropriate and
effective approach. This new design has passed the review pro-
cess required for & 1987 construction start, culminsating in a
Conceptual Design Report (CDR) that established in Febru-
ary 1086 a baseline for technical features, cost and achedule.
The design is currently being defined and optimized with all
major areas undergoing through scrutiny for opportunities for
improvements. The single most important activity is the devel-
op:nent of industrially fabricated eavities and cryostats. This
program is well on schedule and results of early prototypes’,
Figure 7, corroborate the conservative nature of the key design
parameters: E> 5 MeV/m, Q, > 3+ 10°.

PROTOTYPE CAVITIES PERFORMANCE
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Figure 7. Results of first industrially fabricated CEBAF
cavities. Design gradients and Q-values (5.0 MeV/m, 3 - 10%)
are substantially exceeded.
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