LOW-[3 SC LINACS: PAST, PRESENT AND FUTURE*

Lowell M. Bollinger
Argonne National Laboratory, Argonne, lllinois 60439 USA

Abstract 2 FIRST SC ION LINAC

This paper is a ger_1era_1| review of super.con.ducFing ﬂOW'The demands on SCow-f3 studies at Argonnehanged
technologyandapplications from its beginning in 1969 greatly in 1974 when the Atomic Energiommission

into the near-term future. The emphasis is on studies é?(ﬁreed tosupport construction of a small SC linde.,
accelerating resonatoesd on SClinacs that boost the we had toconsiderall aspects of the system: R#hase
energy of heavy-ion beams frotandem electrostatic control, beam optics, cryogenics, etc. - not just the
accelerators used for nuclear-physics research.  Ottamcelerating structures. Our initial plan was to bisell
topics are positive-ion SC injectors taeplace tandems helix resonators for a 13-MV linac to boost #ergy of
andthe needfor acceleratingstructures withB outside of heavy ions from our 8.5-MV tandem. Fortunatedgfore

the present proven range, 0.008 < 0.2. our fundingarrived inlate 1975 wewereable to replace
the helix with the Callechsplit ring, but with several
1 EARLY HISTORY changes: (1) Nb as tl#®C, (2) a smallerfrequency (97

) ) MHZz) so as to increase the active lengihd(3) an outer
The development ancbnstruction of thesuperconducting housing made of Nb explosively bonded to copper.

(SC) electron linac atStanford stimulated others to Figure 1 compares our design to other structuresibet
investigate SC technology needed to accelerateBlaons  avaijlable at the time.

[1]. This effort started (1969) at Karlsruhe, Germany.
Much of this work was devoted to Nb helix resonators and
relatedtechnology. Accelerating fields of 2 to 3MV/m
were achieved fo = 0.04, suggesting that it wésasible

to build a useful SC loy- linac. However, it was

difficult to control the RF phase of a helbecause of its  _J -
mechanical instability. i — |

In 1970, a small group at Cakchalso started studies —-35 =
of the helix, but later found that other geometries provided I
greater accelerating fields and mechangtability. These CAL TECH
new units includedthe “split ring”, two curved RFarms ARGONNE LEAD SPLIT RING
driving two drift tubes with opposite phases. Unlike the  NIOBIUM SPLIT RING 150 MHz
helix, for the split ring the RFand the field-formation 98 MHz
elementsare independenthus allowing the RF arms to
be mechanically stiff. All of the loy-structures at Cal
Tech used lead plated on copper as the SC.

In 1971, a group at Argonne joined the study of SC —:— - —- -—
low-B technologyand,from the beginning, the goal was l
to build a SC linac to boost thenergy of heavyons KARLSRUHE
from a tandem electrostatic acceleratdygain, thiswork HELIX
started with the single-cell helix,and two such Nb 108 MHz STANFORD
structures § = 0.06) with independentphase control 9 10 20 30cm REENTRANT

accelerated aion beam (proton) for the first time. This CACITY 430 MHz

and other achievements led to a proposal to buddall ) ) ) )
SC low$ linac. Figure 1: Heavy-ion accelerating structures in 1977.

A fourth effort (1973) on a lov# structure was at ) _
Stanford, where a small group studied a Nb cavity @ith ~ The layout of thetandem-boostefinac system [2] is
= 0.04 and f =430 MHz. For thesegarameters, the shown in Fig. 2. Note the beam bunching system [3], 2
accelerating gap was very narrow (~ 1 cm), whiuired bunchers and a chopper, which converts ~ 65% of the DC
the accelerating field to be exceptional largetfos unit ©€am of the tandenmto narrow beanpulses (~ 200 ps).

to be competitive with other structures, whizadactive  Initially the pulse rate of the beam was 97/2 = 48.5 MHz
gaps ranging from ~ 5 to 15 cm. but, at theuser’'s request, itvas soonreduced t097/8 =

12.125 MHz. Two classes of resonatars used in the
*Work supported by the U.S. Department of Eneryyiclear booster: = 0.065and3 = 0.105. The split rings are
Physics Division, under Contract W-31-109-ENG-38. closely mounted in groups of @parated by SC beam-




focusing solenoids, the firsccelerator ofany kind in Table 1. Heavy-Ion Tandem-Linac Accelerators

which SC was used for both acceleration and beam opticgacation Accelerating Structure f(Mhz) B
Argonne--(In USE) Split Ring (Nb) 97 .065 — .105
lon Source Stony Brook--(In USE) SR + 1/4 Wave (Pb) 150 06 - .10
N i1 - Tandem-Linac Sy stem Florida State--(In USE) Split Ring (Nb) 97 105
Saclay--(Terminated) Helix (Nb) 135 08
=p Buncher . X
Key Design Features U. Washington--(In USE)  1/4 Wave (Pb) 150 10 20

1. Buncher JAERI (Japan)--(In USE) 1/4 Wave (Nb) 130 10

2. Independent Resonators Kansas State-«In USE) Split Ring (Nb) 97 105
Stripper #1 3. Resonator Performance

Legnaro (Italy)--(In USE) 1/4 Wave (Pb, Nb, Nb/Cu) 80, 160 055 - .11 > .15
Sao Paulo--(?) Split Ring (Nb) 97 105
Bombay--(?) 1/4 Wave (Pb) ? 7
Delhi--(Under Construction) 1/4 Wave (Nb) 97 .08
Canberra--(In USE) Split Ring (P'b) 150 .10
Stripper Ni20* ] ) .
#2 Linac with Independently-Phased Resonators The second SC linac was built at Stony Brook [5] with
e split-ring Pb/Curesonatorgrovided by Cal Tech. The
Phase Superconducting other parts of the linawere handled by amall group of
Buncher Detector Resonator Solenoid
faculty membersand students at Stony Brook. | was

especially impressed that students, after trairditywork
Figure 2: Main components of a tandem-linac system. suych as welding large pipes.
The linac at U. of Washington [8] was the first to use

The phase control afachresonator is controlled by a the quarter-wave resonator (QWR), a new class of
VCX (voltage control reactance) but, in spite of the sturdytructuredeveloped atony Brook [17]. Two types of
arms of our split rings, our initial VCR’providedonly  units are usedd = 0.10 and3 = 0.20, both with Pb/Cu as
marginal control. After several major upgrades, the the SC. These relatively large values @f indicatethat
control problem was removed by a VCX that hastared the goal was toacceleraterather light ions, including
energy of 30 kwW. protons, as needed by the research program.

As soon as a small part of the booster wpsrable it The linac at JAERI (Japan) [9] was the first to use Nb
was tested (June, 1978)and soon used for research for QWR. Theoval-shapeduter shell of these units are
(September, 1978).  This step-by-stepproach was explosively-bonded Nb t&€Cu. Theseunits provide an
continued forthe next 3yearsuntil the booster was average accelerating field > V/m, much greaterthan
completed. The goals of the projeeére more than met: other SC low linacs in routine use.
an accelerating/oltage of ~ 22 MV, excellenbeam  The most ambitious of all SC lofprojects [11-13] is
quality, short beam pulsesdequateacceptance of the at Legnara(ltaly). It's injector is a 15-MV tandem, and
tandembeam, easy change of beam energyd future the linac is designed to provide 48 MV, both substantially
expandability. larger than any othetandem-linacsystem. The initial
In late 1983 funding wasbtained to extenthe booster plan was to use QWR units with Pb/Cu as the SC, and
linac and toadd anadequateexperimental area. The goal some such unitsvereinstalled, testedand used. These
was to be able to accelerate ions witlk A30 toenergies jnitial structuresarenow beingreplaced byseveral kinds
above theCoulomb barrier (~5.5 MeV/A). Since the of RFQ units in which the SC is bulk Nb metal in some
original linac was operating well, wesed the same and Nb sputtered on Cu in others [11,12,13,18].
technology for the addition. Aftecompletion in 1985, An interesting aspect of the teams that hdesigned and
the entire linacprovides ~ 38MV; and the enlarged built the SClow-B linacs is thatvery few persons who

tandem-linac system [1,4] was named ATLAS. played major roleshad much experience in accelerator
technology before entering the SC Ifwgame;indeed, |
3 EXISTING SC LOW-[( LINACS can think of only one American who did have earlier

. . , - experience. Orthe other handmost of the leading
During the twenty-year periodfollowing the initial fiqures were phvsicists who had a thoro erstandin
success of thdandem-linacsystem at Argonnegther Igures were physicists w ugte ng

laboratories undertook similar projects [5-15], listed irPf their goals.

Table 1. Their primary goalserethe same adiscussed
in Sec. 2, but often with significantifferences in 4 ACCELERATING RESONATORS

technology, asndicated inTable 1and in[1,16]. For The SC lowp resonators available in 19Zfeshown in
lack of space, only &w of thesetandem-linacsystems Fig. 1. Since then, many other structures hbeen
arementionedbelow. Accelerating structureare treated  studied,starting with thequarter-waveresonator(QWR)
in Sec. 4. developed [17] at Stony Brook in 1983. Tlboratories
involved in these investigationare listed in Table 2,
which includes(a) work before 1983, (b) otherdesigns



that have been fully tested, and (c) work now in progress. ‘}T’

Most of these unitsvere designedor use inplanned or
existing linacs.

Table 2. Development of Accelerating Structures

Split Ring 1974-1982
Cal Tech - Pb
Argonne - Nb
Stony Brook - Pb
2-Gap Quarter Wave 1982 —>
Stony Brook - Pb
Rehovot (Israel) - Pb
U. of Washington -  Pb
Argonne - Nb
Bombay - Pb
JAERI (Japan) - Nb
Legnaro - Pb, Nb, Sput. Nb, NsSn
Canberra - Sputtered Nb
4-Gap Interdigital 1985-1990
Argonne - Nb
2-Gap Half-Wave 1990 —

Cal Tech + Argonne - Nb
Argonne + CEBAF - Nb

2-Gap QW with Nb Outer Jacket 1992 —>
Legnaro - Nb

2-Gap QW with SS Outer Jacket 1992 —>
Argonne + Delhi - Nb

RFQ 1990-1993
Stony Brook Pb

Liquid
Helium
Nb Fast
Housing Tuner
Port
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Figure 4. New resonators.

The long-term efforts at Legnaiand Canberra to use

Figure 3 shows some of the resonators initiated in trgputtered Nb on Cu ahe SC surface arenow being
1980’s: all but thenalf-waveunit arenow in use. The tested onthe linac atLegnaroandthe resultsare very

units in Fig. 4are more recent products fowhich an

encouraging18,19]. It seems unlikely that sputter Nb

important objective is to reduce fabrication costs. Desigwill be superior to bulk metal, but it may reduce costs.

changesand improvements inwelding appear tohave
reduced costs by a factor of ~ 1.5.
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Figure 3: SC resonators from the 1980's.

In SC lowf resonator design, many factaneed to be
considered: the SC material, RFrequency,optimum 3,
number of acceleratinggaps, mechanicalstability, the
number ofdifferent resonatortypes neededthe ratio of
accelerating field tomaximum surface field, fabrication
difficulties, and costs. Many of these factors interact with
eachother, making it impossible tdetermine a unique
solution. For example, for resonators in routine use, the
split ring in ATLAS has thegreatest accelerating voltage
because ofts large sizegenerated byts threegaps, low
frequency, andhigh 3. However, thehigher-frequency 2-
gap QWR in the JAERI linac has greater accelerating
field, is more stable mechanicallgnd is effective over a
wider range off. Which one is better?

5 POSITIVE ION INJECTOR

The linacs discussedabove were energy boosters for
tandems, an injector which requires a negative-ion source.
By 1983 we at Argonne recognized that our tandesded
to be replacetbecause it couldiot produceuseful beams
for the upper half of theeriodictable. After considering
several possibilities, including a mutdrger tandem, we
decided to build gositive-ion injector (PIl) consisting of
an ECR ion source on a voltage platfoiotiowed by a
very-low{3 SC linac [20,21].

Since ECRsourceswere well developed bythe mid-
1980’s and the bunching concept used at our tarcteid



be used aPll, the main challenge was the linaghich
had to acceleratons from 3 = 0.008 up top = 0.05
without destroying the excellent quality of beafram
the ECR. The fronend of the linac seemedespecially
difficult because of the verlow velocity and the rapid

Split-Pole
Spectrometer
50

(feet)

Approx. Scale

change in velocity of the beam. = g

One of the four interdigital resonators [22] used to spargs c® o
the required@ range isshown in Fig. 3. The housing is g; %;
Nb explosively bonded to Cu, and this housing is = §'§
compressed arourthe beam line so as to form awal- CF

g
like shape. As in the booster linacs, SC solenoids are g
located after one or two resonators so as to minimize the §
beam size within resonators. The PII linac is easitgd ©
and, in practice, the whole ATLAS linac (including PIl) is
now usuallytuned tothe samerecordedvelocity profile
for many ion speciesand consequently tuning is
exceptionally easy and rapid [23].

A different positive ion injector [24] is planned for the SC
linac at Legnaro. The ion source is BEBR, ofcourse,
andits output isinjectedinto anarray ofthree Nb SC
RFQ’s followed by a QWR section. These RFQ 80 MHz : rmrcare
units are designed to cover tRerange0.009 to 0.05. A I@i —_—
full-scale stainless-steel model of an RFQ Haeen ' A
studied and a Nb unit is under constructiddased on the 2 T8
experienceor other SC lowB resonators, phase control N
for a large SC RFQ may be difficult. In tearly 1990's

a SC lowB RFQ was builtand tested atStony Brook
[25], but phase control was not attempted.

6 OPERATIONAL EXPERIENCE AT
ATLAS

ATLAS is the largest and most intensivelged SC low- )
B linac now in operation. The overall layout of theFigure 5: ATLAS in 1998.

system is shown in Fig. 5. The primary injector is PII,
where a second, more powerttlCR ion sourcehasbeen
addedrecently. Thetandem isstill usedfor very light Small linacs might be useful in materiasience and
ions and for radioactive species. industry. For example, most ion implantationdsne
The first experiment with a small part of ATLAS waswith small electrostatic accelerators which provide limited
20 yearsago, Sept. 1978. Since then the system hagpths ofimplantationandrange ofion species. These
been used steadily as the linac grew, and in recent yearsjititations could be removed by a small SC Ifviinac.
beam has beerused for research andoccasionally However, it is not obvious that thisapproach is
development formore than 5,000 hr. annually [23]. optimum, especially since CW operation may not be
Overall, since 1978 ATLAS has provided ~ 70,000 hr. ofieeded.
useful beam time. SC acceleratingtructures fointermediatel ions may
Because ofits positive ion injector, ATLASprovides pe attractive for a number odicceleratorsnow being
beams for all parts of the periodic table. Twsle range considered, of which | will mention two. One class is the
is used regularly; for example, 28&different isotopes high-current high-energy machines thaive beerstudied
ranging from hydrogen to uraniumere used ifFY1997.  at Los Alamos. Thefave tested?00 MHz SC cavities
Altogether, there were 63 separate runs ranging from 8 Ryith g = 0.48, 0.64, and 0.82, and have concluded that for
to 8 days. them, room-temperature structures are bettefer0.48,
and SC is optimum for the other two [25].
7 NEEDS FOR NEW ACCELERATING Another active proposal is aadioactive ion beam
STRUCTURES accelerator (RIB) at Argonne. The driver of this system is
Several future applications of SC linacs come to mindo be a 200-MV linac that can accelerate both protons and
(1) small linacs for purposes other thamclearphysics, much heavierions. CW operation is highlgesirable,
(2) accelerating structures for intermeditins, and (3) which makes SC technology very attractive. In an
radioactive ion accelerators (RIB).
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Argonne-CEBAF collaboration [27], a SQ/2-wave [2] J. Aron et al., Proc. 1979inear Accel. Conf.,
resonator with f = 350 MHz arfél= 0.4 is being built for Montauk, NY, 511-34 (1979).

possible use in the RIBriver. Animportantfeature of [3] F. J. Lynch et al., Nucl. Instr. Metl159, 245-263
the 1/2-wave design (se€ig. 3) is that its ratio of (1979).

accelerating field to surface field substantiallygreater [4] J. Aron et al, Rev. Sci. Instrumb7, 737-739
than for all other low resonators and, consequently, in  (1986).

an earliertest [28] on aB = 0.10 unit, the maximum [5] J. R. Delayen e&l., IEEE Trans. Nucl. SciNS-26
accelerating field was 18 MV/m, ~ 50% greater toémer (3), 3664-3666 (1979). .

low-B units as shown in Table 3 of [20].However, [6] J. D. FO?( et al., Rev. Sci. Indi7, 76.3 (1986).
additional experience isneeded before the optimum [7] IIBE.ECEaUGV(IJri eltgzlé, Proc. 1989 Particle Accelonf.
structure can be chosen. y ( )

. . . WL o l. Instr. Meth. 287, 247-
The third need for resonators is time rangebelow 3 = €] I2352V\é1959tg)rm et al. Nucl. nstr. Meth. 287

0.008, the present limit set for SC by the fiestonator ég] S. Takeuchi et al., Nucl. Instr. Meth382 153-160
in PIl at Argonne. The requirements for the Argonne RI (1996). T

are extreme: to accelerate a CW beam of radioaithv@ 10 T. J.Gray, Rev. Sci. Instr. 5783 (1986).

with /A = 1/120 through the range frgbn= 0.001 t0f  [11]G. Fortuna et al., Nucl. Instr. Meth. 388 236
= 0.008 without seriouslgeteriorating the beam quality. (1993).

The systemplanned[29] has two steps: a CWbom- [12]G. Fortuna et al., ProcXVIIl Intl. Linear Accel.
temperature 12.125 MHz RFQ on a 300 kV platform for ~ Conf., Geneva, 905-909 (1996).
the3 range0.001 to 0.0025followed by a second RFQ [13] A. Dainelli et al., Nucl. Instr. Meth. 282 100-106

on an independent voltage platform for feange0.0025 (1996).
to 0.008. The first RFQ is undergoing tests now [29] and4] A. Roy, Proc. 8Th Workshop RF Superconductivity,
seems likely to be an excellestlution, and the second Legnaro, 1997, to be published.

RFQ should be lessemandinghan the firstoecause of [15]A. E. Stuchberyand D. C. Weisser, Nucl. Instr.
the greater velocity of the beam. Note that the very low Meth., A382 172-175 (1996).

RF frequency is an essential desfgature because of its [181D. W. Storm, Nucl. .Instr. Meth. 228 213-220
low RF-power requirements. It appeatisen, that if a (1993); K. W. Shepard, Nucl. Instr. Meth.382,
very low RF frequency isacceptableand if the 12.125 128-131 (1996)'

MHz RFQ's function as well agxpected,then SC [17]1. Ben-Zwi and J. M.Brennan,Nucl. Instr. Meth.

" 212 73 (1983).
structures are not competitive bel@w 0.008. ST : .
As has been hinted gy the top?lc:entioned in this ﬁg% X Eﬂalg'e”’ |'|n proceeldmg?)of thlbsipﬁn:;erence.
. ) ) . M. Porcellato et al., to be published.
section, there are still many questions to banswered [20]L. M. Bollinger, Nucl. Instr. Meth. 828 221-230

about SC lowg linacs. Unlike most of the padtese (1993).
questions are concerned with the two fringes ofithef  121]R. C. Pardo eal., 1992Linear Accel.Conf. Proc.,
spectrum, and answers areededor small but important AECL-10728, 70-72 (1992).

parts of futureacceleratosystems. The subject ®till  [22] K. W. Shepard, Proc. 1986 LineAcceleratorCont.,
interesting - but, for me, not as exciting as it was in the Stanford, 269 (1986).

1970’s. [23] G. Zinkann et al., Nucl. Instr. Meth. 382 132-139
(1996).
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