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ABSTRACT

Powcrful proton linacs are heing studied at Los Alamos as drivers
for high-flux ncutron sources that can transmute long-lived fission
products and actinides in defense nuclear waste, and also as
drivers of advanced fission-cnergy systems that could generate
clectric power with no long-tzrm waste legacy A transmuter fed
by an 800O-McV, 140-mA cw conventional copper linac could
destroy the accumulated **T'c and '21 at the DOE's Hanford site
within 30 yeas. A high-cfficiency 1200-McV, 14)-mA niobium
superconducting linac could drive an energy-producing system
generating 1-(iWe electric power. Preliminary design comcepts
for these different high-power linacs are discussed, along with the
principal technical issues and the status of the technology base.

Present ULS. plans for disposal of high level defense wastes,
namely vitrification and long-term storage in deep geolopic
repositories are meeting with public skepticism ad opposition. A
principal concem is that migration probabilities for the long lived
fission products (*T¢ and 1491 in these wastes may not satisfy
long term conlinement critenia for the environment of the
proposed repository. Current studies at Los Alamos! supgest that
an aceelerator driven intense thermal neutron source could
transmute all the e and 1297 accumulated at the DOE Hanford
s. ¢ (about 2000 kg) to stable or shont-lived products within about
10 years, eliminating them from the waste stream, anxd
overcoming a serious environmental objection to the repository
plans. Hipher actinides, such as <*“Np and 4’ Am, could also be
rapidly bumed by such a system il desired. Neutron sources
driven by high power proton aceeleratons have been studied
previously tor wiste transmutation and other nuclear process
apphicaions,? but the technolopy base has only recently reached
the pomnt that the teasibility of such machines is assured.

Inthe Los ALimos scheme! tor accelentor transmutation of
witste (A TW) i heavy metal target is used 10 produce a hiph flus
of spallation neutrons with an nwcident modiom energy hiph
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current proton beam. The primary ncutron spectrum is moderated
to yield an intense thermal flux (10'5 to > 10!6 n/em?2-s) in a D20
blanket surrounding the targel. Material 1o be converted 1s trans-
ported through the neutron ficld by continuously flowing

aqucous or molten-fluoride-salt camrier loops. Precision chemical
partitioning removes transmutcd material from the carricr flow
while the residue is retumed to the blanket for continued irradia-
tion. The Los Aiamos scheme differs from other transmutation
idcas in that it empioys a thermal ncutron spectrum. Other
schemes, both reactor-based and accelerator-based, have relied on
a fast spectrum which is inefficient for buming fission products.
With the right fractional loading of actinides, the tranmuter can
generate cnough fission emergy to power the aceelerator. Details
of the Los Alamos ATW scheme and its advantages in comparison
with previously described systems are discussed in severa' com-
panion papers in these proceedings.

If fertile material (32Th or 22U)) is added to the D0 blanket,
the ATW concept can be configured as an accelerator-driven
subcritical conventer/bumer. The fertile material is converied by
neutron capture to fissile fucl (3*U or 2%Pu), which is then
bumed directly in the blanket 1o produce power. Preliminary
studics reported at this meeting® suggest that such a system has
the potential to generate electricity at competitiv? prices, while
producing enough excess neutrons {0 conven its own high-level
waslte 10 stable or short-lived products. This concept could lead
cventually to a new safe fission-energy system fueled by abundant
fentile resources and requiring no off-site waste management.

Driver accelerator requiremenits for a defense-wasie transmuter
and for an advanced enerpy production system are somewhat
different, both in terms of performance goals and development
needs. Because disposal of defense wastes is a near-term con-
cem, we consider conventional linac techmnlogy as the appropriate
design approach for an ATW. By conventional we mean a linac in
which the radiofrequency (RE) aceelerating cavities ane fabricaled
from copper and are water cooled. For an energy production
aceelerator, on the other hinkd, preliminary studies show that high
power efliciency will be eritical, and that a more advano:d
approach would be the best solution. For this longer-range but
potemtially higher impact application, we consider a design in
which the high energy portion of the linac is mide up of super
condducting (niobiurm) cavities where RE losses are negligible.

Ncutron tanspont cilculitions supgest that the pnmary sousce
strength tor a defense waste transmuter should be approximat *ly
210™ nyx, based on a plan for destroying Hanfond site wastes
within 3 yeas, Figure 1 plots the calculated neutron yield versus
coerpy fot protons axially incident on a 0.5 m dizmeter, S m long
cylindrical lead tarpet - Also shown are the proton curnrent and
beam power needed to produce this ieutron soutee stienpth, The
required beam powet is nearly constant ot 10 MW above 1000

1J



MeV, so that current can be traded inversely for beam encrgy.
Below this energy the neutro’i yield drops rapidly, and more bcam
power is needed. The relations in Fig. 1 provide inputs to a
simple cost model that has been used to help sclect the linac
parameters that would produce a minimum-cost ATW system.
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Fig. 1. Energy dependene of neutron yicld from lead target. Also
linac heam power and current for specified ATW source strength.

A linac for ATW will be similar to the concept developed in the
recent study of an accelerztor for production of tritium (APT).S
Parameters for APT were 1600 MceV and 250 1nA, cw. At that
high current level much more RF power is delivered to the beam
than is lost in the accelerating structures, resuiting in a high RE
cfficiency - nearly 0 8 in the high-cnrgy portion of the linac.

Since the ATW heam power requirement is only 1/5 to 1/4 thai
of APT, the current, energy. and duty-factor tradeolTs must be re-
cxamined (o determine the best design space. Power-ctficiency is
critical because of the very high cost impact of the RF power
system. ‘This criterion could lead to cither: 1) a lewer energy
high-current ew machine; or 2) a pulsed high-enemgy n:ach’ « with
high peak current. In order to obtain a first-order quantiti 1ve
comparison of these two possibilitics, simple accelerator cost
maxdels have been constructed. ‘These models assume a common
machine architecture srnilar to AT, with duad RFQAYIT. 180
MH7 beam inpus tu,aeled into a 700 MHz CCL. Because most
ol the accelenitor cost ix contained in the CCT, these models trea
the linac tront ends simply as fixed sums, and locus on algorithms
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Fig. 2. ATW construction cost and annual cost versus proton
carergy, for cw and pulsed linac models.
that parameterize the CCL costs. While the models are incomplete
in terms of structural detail, the principal cost factors are included,
along with the usual multiphiers for contingency, project manage-
ment, ED&I, etc. Results are displayed in Fig. 2, which show s
the estimated construction cost and annual cost versus beam
cnergy for cw and pulsed linacs.

Table 1 lists values of the key model parameters for cach kind
of linac. Average accelerating gradient for the cw linac was
chosen as 1.0 MV/m, a value that is close to minimizing construc-
tion cost , but slightly above the annual cost minimum. The
pulscd linac duty facior was taken as 0.25 at 1600 MeV, which
would require 240) mA peak current. The cost-optimized gradicni
for a pulsed machine with that duty factor is about 1.§ MV/m. An
RF system (inxtalled) capital cost of $2/wait was assumed for a
¢w machine, based on about 85 2-MW power modules. For a
pulsed michine, with the high duty factor and pulse length that
would be required o keep peak current at or below APT levels,
the capital cost (per average watt) was doubled, hased on
preliminary comparisons of cw and pulsed RE system costs.

Tahle §
ATW Linac Cost Model Parameters

Cw ulscd
CCL el estte grinbent (MV/in) 1.0 1.5
Duty fixctor 1.0 0.29
RE umit capital cost ($/avg. watt) 2.0 40
CCL suacture cost (M€/m) 0 10%) 0.100
CCL shunt impedance, avg. (Mohm/m) 125 My
Cost of elecuie power (3/&AWh) 0.0% 008
Time on (raction 075 0.75
Number of operaung stall on N1

Power conversion efticiency (1f/a0) 0ol 060



Figure 2 shows that construction costs for a cw linac minimize
ncar 700 MeV, while annual costs minimize closer to 1000 MeV.
Annual costs are dominated by clectric power (at $0.05/watt) and
the capital charge (at 10%/year). The position of the annual cost
minimum is remarkably insensitive to modcrate variation of the
principal modcl parameters. Fifty-percent changes in accelerating
gradicnt, average CCL shunt impedance, CCL structure cost, and
RF power unit cost shift the cost minimum less than SO MeV.

For a pulsed linac the energy cannot be decreased much below
1400 McV without incurring excessive peak current levels in the
CCL (> 300 mA) or duty factors greater than 30%. Figure 2
shows that at 1400 MeV the construction cost of a pulsed linac
would be significatnly higher than for an 800-McV cw machinc,
but the annual cost is ncarly the same as that for a cw system,
within the credibility of the model. This cost result, which on
balance tavors the cw sysiem but not overwhelmingly, Icaves the
real choice to technical considerations. A cw linac would simplify
RF control aspects, climinate modulators and cnergy storage from
the RF rystem, and pcrmit substantially lower peak currents in th
1iccelerator, with lower resultam beam-losses, These are impor-
tant advantages. We therefore propose that a linac for the ATW
application should be a cw machine, with energy and current
sclected as 800 MeV and 140 mA.,

A first approach to a peint design for a cw ATW could be
based on the APT architccture.® and would thus consist of a beam
launcher (comprising two dc injectors, two 350-MHz RFQs, amd
two 150-MHz DTLs) funncling beams at 20 MceV inte a 700-MHz.
CClL.. Figure 3 sketches the configuration. For the beam
parameters selected above, each Ieg of the AT'W beam launcher
would provide a 70-mA beam,,

The CCT. would be a 1-km-long 800-MeV side-coupled linac,
carrying 140-mA cw current . It would be divided into six
sections, cach made up of modules consisting of n accelerating
cells, a quadrupole magncet, and a diagnostic station. ‘The number
(n) of coupled cells per module increases from 2 to 10 as the
proton energy increases from 200 MeV 1o R(X) MeV. ‘The average
accelerating gradient is relatively low 1| MV/n 10 minimize RF
structure power losses, and the CCT. aperture is large (Yem to 7
cm) to achieve a very high ratio of apenture to rms beam size (9 1o
22). 'Thix high ratio sssures the extremely small fractional beam
losses (<. 10*m) required for hands -on maintenance. The CCT,
cavities are somewhat more efficient than those in the APT desipn,
providing an RIF efliciency of 0.70. Because of the lower beam
current and smaller beam size in ATW, smaller CCL apertures
may he wolerable, which could push the RE efficiency up to 0.75.

Table 2 lists desipn values for the REFQ, DYFL, and CCT.. Other
teatures of the desipn, including the avoidance of penmanent mag
nets inthe DY drift tubes (hecause ol the sdiation theeat), tran



sition to a CCL structure a: the low energy of 20 MeV, possible
use of emittance fillering, and strong transverse focusing are
similar to those in the APT study, and are discussed in Ref.6.

. 140 mA)

N l_
840 |
800 MeV
: 0Vm _i 1015 m i
Fig. 3. Refercnce cw linac concept for ATW
Table 2
ATW Linac Parameters

REQ DIL CCL
Frequency (MHz) 350 350 700
Encrgy (MeV) 0.11025 25w 0 20 10 800
Synchr. phase (deg) 90 1o -37 40 -60 w 40
Radial aperture (cm) 041003 0.8 141035
Beam current (mA) 150 'n 140 140 140
Length (m) 34 11.3 1015
Accel. grad. (MV/m) 1.11t0 3.1 1.0 (avg)
Copper power (MW) 0.4x2 1.3x? 47.6
Beam power (MW) 0.2x2 1.2x2 108.9
Total power (MW) 1.2 50 156.5
Beam loading 0.33 0.48 0.70
No. of klystrons 2(1-MW) 6 (1-MW) 82 (2-MW)
Accel. structure 4.vane 2BA side-coupled

Temitt (kmm-mrad) 021w 024 02910 061 0.65100.72
L emiit. (10 8 eV-sec) 00w 1S 1Twl2 121047

For the nominal ATW current specification, funncling is not an
absolute mquircment. A current of i 40 mA could be obtained
from a single 350-MHz RFQ and DT1., which would simplify the
accelerator front end. However, runncling allows a significanty
lower emittance in the CCL for the same rotal current, and reduces
the charge-per-bunch by a factor of two. This can be translated
into smaller cavity aperturcs and improved CCL RF cfficicncy.
The cost of RF power (both capital and operating) dominates the
transmuter facility cost to such a degree that there is a premium in
designing for as high an ~fficicncy as practical. ‘This factor alone
appears o outweigh the extra complication introduced by funnel
ing. In addition. the ion-source current demand would be
reduced by a factor of two n a funneled sytem.

RF power for the ATW RFQs and IJT1.s would be provided by
cxisting, commercially available, | MW cw 350-MH/ klystrons;
cight bes are needed. For the CCLL it would be necessary to
develop a new high power RF amplifier tube at 700 MH,. In
onder o reduce capital costs and improve system reliability, we
propose a power level of 2 MW per unit or preater.
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JECHNOLOGY ISSUES AND TECHNOLOGY BASFE

Accelerator technology improvements in the past few years and
advances in understanding of high-current beam behavior provide
high confidence that a machine of the ATW power level can now
be built and operated. The major technical concerns for a high-
power proton linac are 1) beam-loss activation of machine com-
ponents, threatening hands-on maintainability; 2) RF system
efficiency and capital costs; 3) reliability and longevity of
components; and 4) operability of an integrated cw system.

The APT point desigrn study addressed the above technical
issues in detail S for a 4 x more powerful machine. It included
complctc beam simulations with matching crrors, a machine con-
figuration layout, engineering assessment of critical components,
and an analysis of off-normal conditions and beamAargel safety
issucs. The design codes have been benchmarked in the relevant
encrgy and charge- {ensity regimes through simulation of high-
currcnt behavior on the Los Alamos NPB Acccelerator Test Stand
(ATS), and by an end-to-end simulation of LAMPF that predicts
measured emittance values as well as bcam loss locations and
approximate magnitudes.

A number of accclerator systems have operated at or near ATW
-level parameter values. Existing ion source designs appear
capable of delivering the nceded proton current with the desired
brightness. Performance requirements are not as demanding as
thosc for the NPB programn. A 267-MHz (0.6-McV proton RFQ
at CRNL has opcrated at 70 mA cw, ? and pcak H- currents of
100 mA have been demonstrated in a 7-MeV ramped-gradient
425-MHz DTL. at Los Alamos. Beam funncling in the relevant
current and frequency range has been successfully demonstrated at
Los Alamos.® A coupled-cavity accelerating structure at NIST has
operated cw with a 1-MV/m gradient, at 4 x the ATW frequency.

Expenience with existing rescarch linacs that have operated for
ycars with high availability as beam "factories” hes provided a
scrong foundation for making extrapolations to the ATW perfor-
mance regime. Because of its high average <urrent (1 mA),
operational expericnce at LAMPF is especially relevant, and also
directly addresses the important beam-loss issue  For most of the
LLAMPF CCL. length, the beam loss fraction is estimated o he
< 2x 10 7/m, and radiation levels afier shutdown allow unlimited
access hands on maintenance. Because all CCLREF buckets
contain charge in the ATW concept and the duty factor is 1.0,
compared with LAMPE'S 1-n-4 bucket filling a.ad 0.06 duty
factor, the chargeMunch in ATW is only 2.5 times greater than in
LLAMPE. ‘Thereflore, even though the average beam power is 1-4)
times greater in ATW, the beam dynamics in a well-understood
range. Given the very large aperture (o beam-size ratio in the
ATW CCL. ardd the high quality input beam, we can be conlident
of achicving the low friactional beam loss (1710 that of 1LAMPL)
needed tor hands on maintenance



RE TECHNOLOGY: RF SYSTEM COST IMPACT

High power cw RF tubes (klystrons) in the 0.5 10 1.0-MW
class are available at frequencies near 350, 50C, and 1000 MHz.
Operating lifctime information for 1-MW cw tubes is sparse, but
vendors are confident that 50,000 bours is a reasonable expec-
tation. The tube longevity is somewhat addresscd by LAMPF
operaling statistics, which show the average lifetime ¢! the 1.25-
MW peak-power 805-MH.. klystrons (up to 12% duty facior) as
> 50,000 hours, with many tubes surviving for > 80,000 hours.

Major leverage for reducing the cost of an ATW linac could
come from reducing the unit capital costs of the CCL RF power
system, and/or from development of higher efficiency RF gener-
ators. The capital cost (per watt ) of installed RF capacity is ex-
pected to scale inversely as the square root of the module output
power, so there should be an advantage in going to larger tubes
than the 1-MW cw generators now available. A smaller number
of tubcs should also improve overall accelerator reliability. Candi-
dates for ATW use are the klystron, klystrode, and the magnicon

The klystron, which operates by velocity modulation of an
clectron beam, represents mature high-power technology. Devel-
opment of a new 1-MW cw klystron for service at 700 MHz
would be well within the explored design space and a straight-
forward enterpise. It is thought that 2 MW is probably the
practical upper power limit for klystrons at this frequency. The
klystrode, a relatively new device, produces RF power through
amplitude (grid) modulation. Pushed by SDI program require-
ments, high power klystrodes (up to (0.5 MW) are being
developed at ATW-relevant frequencics. The power limit is
thought to be about 1 MW, due to grid heating, but the tube has
thc advantage of compactness and retains high efficiency (0.70)
ovcer a large output range.  Although there is no lifetime data for
the new high power tubes, expericnce with the S0-100 kW
klystrodes widely used in television transmitters is good. The
magnicon, a ncw RF tube invented in the USSR, produces RF
power by using circular deflection of the clectron beam to pmduce
a rotating electromagnetic wave.® It may be capable of genenating
4 MW cw at very high efficiency. However, a cw high powe
version not been demonstrated and a significant development
program will be needed to assess the promise of this technology.

Initial estimates for an accelerator-driven power-producing
system specified at 10O0-MWe generating capacity call for a
neutron source strength somewhat greater than required for
defense-waste transmuter, about 3.3x10' n/s. This translates to
about 160 MW of beam power for proton energies in the lirsar
spallation neutron yield ransee (1200 2000 MeV). To genernite
clectric power at competitive prices, the aceelerator elficiency must
be i hiph as possible and ihe capital and operating costs as lov as



possible. Initial studies using a cost model similar to that for
ATW suggest that these objectives can best be achieved with a
linac whose high-energy section (ahove 20 MeV) consists of
superconducting RF (SCRF* accek rating cavities. The ac-to-
beam power efficiency could be > 0.65. The best that can be
achieved with a conventional macaine is about 0.45. SCRF
niobium cavity technology, developed over the past 20 years, has
reached a high level of maturity, culminating recently in major
(clectron) accelerator projects at several high-energy physics
laboratories (CEBAF, CERN, KEK). Standard accelerating
gradients achievable within the accelerating structures are in the
range S to 8 MV/m, and cavity fabricatiion costs, initally high,
have come down to $200K/m, with further decreas=s anticipated.

The simple ATW linac cost model was extended 10 accomodate
a superconducting CCL. While RF power losses in the accelerat-
ing cavities become very small, there are significant refrigeration
requirements to handle them as well as the ambient heat leaks.
Table 3 lists the relevant parameters, including refrigeration as-
sumptions, included in the model. The structure gradient was
chosen as 5§ MV/m, even though costs appeared 1o be somewhat
lower at higher gradients, in order to avoid an excessively large
RF drive power per unit length. SCRF (cw) linac construction
and annual costs are compared in Fig. 4 with costs for a room-
temperature (RT) cw linac as a function of bcam energy.
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Fig. 4. Construction cost and annual cost versus proton enrergy
for superconducting and room-lemperature cw linac 1nodels.

The construction cost and annual cost dependence on beam
cncigy for the SCRF linac appear (o have considerably broader
minima than those for a room-temperature system, and the cost
optimum is at highcr cnergy. 1his effect is due to the elimination
of cavity RF power consumption in the CCL, which is only partly
offset by the refrigeration requirements. The cost comparisons
suggest that a supcrconducting linac for cnergy production could
be 25 to M)% less expensive to build and operate than a room-
temperature system. Because SCRF cavities can operate cw at
higher gradicnis than RT copper structures, a superconducting



CCL can be wuch shorter than its room-temperature equivalent,
cven if the SCRF linac has a higher output energy. Another
advantage of a superconducting CCL is that

Table 3
Energy-Production Linac Cost Model Parameters

RT SCRE
CCL real estate gradient (MV/m) 1.0 30
CCL structure gradient (MV/m) 1.3 5.0
Duty factor 1.0 1.0
RF unit capital cost ($/avg. watt) 2.0 2.0
CCL structure cost (K$/m) 100 200
RF structure losses (W/m) 72,500 20
Refrigerator cfficiency 0.002
Cost of electric power ($/&k'Wh) 0.05 0.05
Time-on fraction 0.75 0.75
Number of operating staff 200 200
Power conversion cfficiency (rf/ac) 0.60 0.60

beam apertures in coupled SCRF cavities can typically be much
larger than those in RT cavitics of the same frequency, allowing
lower becam losses. Since negligible RF power is lost in SCRF
cavitics, there is no design imperative to reduce apertures in order
to maximize the shunt impedance. On the contrary, apertures arc
made large in order to provide adequate on-axis coupling for the
fundamcntal accelerating RF mode and to prevent trapping of
destructive beam-excited high-order modes.

A possible accelerator for driving an energy-producing system
might have an architccture as skeiched in Fig. 5. Table 4
summarizes some of the expected machine parameters.

Table 4
Parameters for an Energy-Production Linac
REQ DIL CCL

Frequency (MHz) 350 350 700
Encrgy (McV) 0.1 25 251020 20 1w 1200
Radial aperture (cm) 04 w0.3 0.8 10w 15
Beam current (mA) 75 0 70 70 140
Length (m) 14 11.3 515
Accel. grad. (MV/m) 1.1to 3.1 10 (avp)
Copper power (MW) 0.4x2 1.3x2 0.006
Beam power (MW) 0.7x2 1.2x2 165.2
Total power (MW) 1.2 50 165.2
RF etficiency 0.11 0.48 1.00
No. of klystrons 1(1-MW) 4 (1-MW) 87 (2-MW)
Accel. structure 4-vance 2B axis-coupled
Refrigeratr power (MW) 5.6

The beam launcher for this machine could be a oom - temper-
ature funneied system identical to that described for ATW, The

coupled cavity linac, from 20 MeV to 1200 MeV would consist of

multicell superconducting niobium cavities, with the number of
coupled cells per module increasing from 2 10 about § s the

10



energy increases. If an average packing factor »f 0.6 can be
achieved (as at CEBAF), and assuming a structvre gradient of

5 MV/m, the real -estate gr:dient would be 3 MV, m, which leads
to a CCL length of only 0.5 km.

Beam performance for the superconducting linic should be
very similar to that estimated for the ATW linac. ''ransverse and
longitudinal emittance are determined esscrinally ir “he beam
launcher. Only a small growth is anticipated in the *ZCL. The
ratio of structure aperture to ;ms beam size in the SCRF CCL
could be 2 x larger than for the RT machine, with thx machine
aperture limit orobably determined by the quadrupole bores.

1200 MeV

1_
-

Fig. 5. Superconducting linac fi:r energy production.

The SCRF cavities for an energy-production linac would be
cooled at 4.2 K by 2 refrigeration system comparable in scale o
those now in use at CERN, DESY, and KEK. Estimaled residuval
R:‘ losses in the niohium cavities (at 5 MV/m) will be aboui 20
W/m. Ths Icaa o the static heat load to the cryostat (also about
20 W/m) mu.st be rejected at room temperature by the refrigeration
plant, vhich would require about 6 MW of ac power, assuming
an overail efficiency of 0.0022. This is to be compared with the
R0 MW of ac power saved by eliminating CCL RF power losscs.

With a 140-mA c¢w beam, the CCL RF power input require-
ment averages 700 kW/m; at the 1200 MeV point this implics a
700 kW power coupler feeding cach S-cell module. This high
power coupling requirement constiwtes one of the technology
challenges for development of a superconducting linac. The
practical levei that has been reached is 100 kW per feed (at 500
MHz). but Comell University is novs developing a S00-kW
coupler (also at 5{0 Mi{z). Additional areas that nced 1o be
addressed in an R&D program tor high-power SCRF linacs
include the sensitivity of niobium cavities W radiation damage,
cavity Q-degradation duc to adsorbed residual gas layers, handling
of beam-cxcited high-order RF modes and other control issucs,
and development of cavitiy designs appropriate for Une large range
of proton velocitics in the linac “v/c = 0.2 100 9).
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