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Abstract

This paper reviews the present status of superconducting
linear accelerators for heavy ions with emphasis on the newest
facilities and developments which are in progress at various
laboratories around the world. There are currently five rou-
tinely operating facilities, two new ones being commissioned,
and four new ones under construction. Recent developments,
R&D projects, and new concepts related to the technology and
applications of superconducting ion linacs are discussed.

Introduction

Superconducting (SC) rf resonators for accelerating ions
with velocities below about 0.5¢ were developed, beginning
about 1970, primarily as the basis for boosters for existing
electrostatic accelerators for nuclear physics. Linacs based on
this technology have been providing high quality, CW beams
for research for nearly two decades now, but methods continue
to evolve and improve. SC linacs for highly relativistic parti-
cles, which utilize the now-familiar elliptical cavity structures,
are not discussed in this paper, but all types of SC rf accelera-
tors are covered in a recent review.! There are several other
fairly recent reviews which cover the histories and specifics of
SC linac facilities and associated technologies™>**. This pa-
per primarily covers developments since the Linac Conference
of 1992.

A wide variety of resonator structures have been devel-
oped for SC heavy ion linacs. There are quarter-wave, half-
wave, helical, and split-ring types, for example. In such a
linac there are typically 10’s of resonators which are indi-
vidually controlled and phased to permit tuning over a wide
range of velocities and particle types. The resonators are
normally cooled with liquid helium at 4.5 K and utilize either
niobium or lead as the superconductor. Typical accelerating
gradients achieved in practice are 2.5 to 5 MV/m although
higher numbers are often observed in off-line tests. An ex-
ample of a quarter-wave bulk niobium resonator recently de-
veloped by INFN Laboratori Nazionali di Legnaro® in Italy is
shown in Fig. 1.

To date all but one of the SC heavy ion linacs are config-
ured as boosters to electrostatic accelerators to increase the
beam energy while maintaining excellent beam quality in both
longitudinal and transverse phase spaces. The resonators are
packaged in groups of 2 to 8 per cryostat with transverse fo-
cusing elements as superconducting solenoids within the cry-
ostats or conventional quadrupoles between cryostats. The
configuration of the new booster currently being commis-
sioned at the Department of Physics at JAERI' in Japan is
illustrated in Fig. 2. A very low beta superconducting linac
which accelerates ions directly from an ion source on a high-
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Fig.1 A bulk niobium 80 MHz superconducting quarter-wave

resonator and its measured Q-curve vs. accelerating-ficld

gradient. ¢

voltage platform rather from an electrostatic tandem is shown

in Fig. 3; this is the Positive-Ion Injector at ATLAS at ANL®
The status of facility upgrades, new facilities, and various

technical developments related to SC ion linacs is given be-

low.
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Fig.2  The layout of the JAERI tandem booster which comprises

40 SC accelerating cavities packaged in 10 cryostats.’
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Facilities with Superconducting Linacs

Reviews such as ref. 4 list the detailed parameters of all
existing SC heavy ion linac facilities so the present discussion
will be brief and emphasize recent changes.

Existing Facilities

Since the Saclay SC linac is ceasing operations there are
now five operating facilities, all in the United States: ATLAS
at Argonne National Laboratory, Florida State University, and
Kansas State University based on niobium resonators all fabri-
cated at ANL, and SUNY/Stony Brook and the University of
Washington, Seattle based on lead plated resonators. All five
facilities have active nuclear and/or atomic physics programs
which use the beams from these accelerators.

The new Positive-lon Injector (PII) at ATLAS has worked
well since it was commissioned in 1992; the combination of
PII and the original tandem injector delivered the distribution
of beams shown in Fig. 4 to users during fiscal year 1993.
Uranium beam currents of 5 particle nanoamps are available
(see ref. 8 for more details).

The Stony Brook facility has been upgraded significantly
during the past couple of years due to a combination of replac-
ing their 16 low-beta split-loop resonators with quarter-wave
units and, at the same time, improving the lead plating proce-
dures considerably.” The improvement obtained with their
new lead alloy plating procedure is discussed in the technol-
ogy section below.

ATLAS Beams for FY 1993

oH (0.62%)
0-16 (3.31%)
19 (0.62%)
0-20 (4.96%)
g-24 (2.48%)
Al-27 (0.82%)

Si-28 (2.89%)
i-30 (4.13%)

-32 (3.51%)
Xe-136 (12.61%)
-35 (2.89%)

Mo-100 (1.45%

Fig.4 A “PII chart” which shows that ATLAS users extensively
utilize the heavy beams made available by the new Posi-

tive-Ion Injector which was commissioned in 1992.°
New Facilities

Two new SC heavy ion linacs are being commissioned
this year, one in Japan, and one in Italy. In both cases at least
some of the niobium resonators were fabricated by industrial
companies in their respective countries and not exclusively in
national labs or universities as has been the standard proce-
dure for similar heavy ion accelerating cavities elsewhere.
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A histogram of the gradients achieved for the new JAERI
resonators in the test stand before installation (at 4 watts
input power). At higher powers maximum gradients
achieved averaged 10 MV/m.’
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Fig. 5

The JAERI Tandem Booster.  The new SC booster re-
cently completed at JAERI comprises 40 niobium quarter-
wave resonators operating at 130 MHz and designed to add 30
MV to the voltage output of the tandem alone. See Fig. 2
above for the floorplan of the facility. The resonators were
fabricated by Mitsubishi Electric Corp. and given final elec-
tropolishing and cleaning at JAERI. Very high gradients were
achieved during tests of these structures’ as shown in Fig. 5.
Early tests with beam have already achieved 28 MV and ac-
celerated a Ni beam to over 10 MeV/A; details of the early
performance are presented in paper TH-24 at this confer-

ence.'”
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The floorplan of the ALPI facility at LNL, Legnaro. There
are currently 48 intermediate beta resonators installed and
commissioning is in progress.

Fig. 6

The ALPI Facility in Legnaro. The components of
phase 1 of the ALPI project are in place and the accelerator is
being commissioned. A test nuclear physics experiment was
done in May, 1994 with a Ni beam with 12 MV of accelera-
tion by the ALPI booster.'" Phase 1 uses 48 lead-plated quar-
ter-wave resonators optimized for B,=0.11. Phase 2 will add
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21 lower beta and 21 higher beta resonators. Some of these
new resonators will be bulk niobium structures® and others
will use copper structures coated with thin niobium films via
sputtering.'” It is the bulk niobium-type of resonator which is
being fabricated for ALPI by Italian industry. The physical
layout of the ALPI linac relative to the large XTU tandem
injector is shown in Fig. 6. An additional proposal to add a
SC RFQ and ECR ion source as an alternate injector is also
discussed below.

Facilities Under Construction

There are currently SC heavy ion booster construction
projects in progress in Australia, Brazil, and India.

Australian National University, Canberra.  The inj-
tial goal is to install a booster to increase the energy of the
15.5 MV tandem by 6 MV. This will be done by using lead
plated resonators which were received from the Nuclear
Structure Laboratory in Daresbury, UK, with plans to have
beam from this phase by September, 1995. Plans exist to fur-
ther upgrade the booster voltage to 18 MV during the follow-
ing couple of years.13 The Canberra group has been doing
development of niobium sputtering methods also."

Nuclear Science Center, New Delhi. This institute
has plans to add about 16 MV to their 16 MV tandem via a SC
booster linac consisting of 32 quarter-wave 97 MHz niobium
resonators.'®  There is currently a collaboration between the
Nuclear Science Center and the Physics Division of ANL to
develop a new structure for this purpose.'®

There is also an independent, smaller, ongoing develop-
ment project in Bombay, India. This is a collaboration be-
tween BARC and the Tata Institute to produce a few lead-
plated quarter-wave resonators of the Seattle type and to in-
stall them at the Tata 14 MV tandem.

University of Sao Paulo, Brazil. This group is con-
structing a SC linac booster for their 9 MV tandem using the
existing ANL split-ring resonator, cryostat, and electronic
designs.]7 The 14 split-ring resonators for the first stage have
already been fabricated in the ANL shops. They could com-
plete the initial project by late 1995 or 1996 depending on the
rate of funding for the building and other components.

Proposed Upgrades

All of the SC heavy ion linacs built to date, except for the
new ATLAS Positive-lon Injector, have been as boosters to
electrostatic tandem-type accelerators. However, it is now
recognized that tandems are not effective injectors for the
heaviest beams such as lead and uranium. The ATLAS PII
was the first to replace the tandem as the injector at such a SC
linac facility. Others are investigating the use of SC RFQs to
address this issue:

SUNY/Stony Brook Injector.  The concept of a series
of independently phased, short SC-RFQ’s as the basis for a
positive-ion injector to replace the tandem was proposed by a
Stony Brook/Legnaro collaboration.'® A prototype of one
short SC-RFQ using a Pb/Sn alloy plated on copper was built
and tested.'® The results were promising, except no attempt
was made to phase-lock the resonator. The Stony Brook group
does not have funding to pursue this concept at this time, but
it is being developed by the Legnaro group.

ALPI Injector. This group is pursuing the ECR ion
source/SC-RFQ option to replace the XTU tandem as the
ALPI injector for heavy beams.” Two aluminum cold models
have been studied and will be evaluated to select a geometry
for a next prototype SC-RFQ study.

Research and Development

In these sections are listed recent developments in the
technology of SC linear ion accelerators (limited to heavy and
light ions at energies per nucleon less than about 200 MeV).
The topics are divided into “Recent Results”, for advances
which are relatively mature or proven, and “New Concepts
and Initiatives”, for preliminary or speculative ideas. The
number of topics listed here indicates the field is still fertile
and not yet fully exploited.

Recent Results

Bulk niobium resonator construction.  Most niobium
resonators currently in use have solid niobium inner conduc-
tors and explosively-bonded copper/niobium sheets for the
outer surfaces. The inner structures are typically filled with
liquid helium while the outer surfaces are cooled via conduc-
tion through the copper sides of the sheets. The Legnaro
group has designed annular outer surfaces of bulk niobium
sheet with space for liquid helium in the space between,
thereby eliminating the need for the bonded laminate. They
have had such structures fabricated commercially in Italy, and
recent tests have been very promising® as indicated in Fig. 1.
One advantage of such a fabrication method is the possibility
of high temperature treatments which are not possible with the
copper laminate material.

A variation on this method developed by K.W. Shepard at
Argonne uses a stainless steel outer jacket with small amounts
of stainless steel/niobium laminate for hermetic seals at beam
and coupling ports.'® Heat exchanger channels for rapid
cooldown of the structure are welded to the stainless steel
outer jacket. The structure is practical and cost effective.

Sputtered niobium films on copper. It has been
shown that thin films (in the microns thickness range) sput-
tered onto copper structures can produce SC resonators with
excellent properties.“ However, the high-beta structures with
simple elliptical cross sections are much easier to coat uni-
formly than typical low-beta structures. Both the Legnaro and
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Canberra groups have been doing R&D on this topic.'*'? The
Legnaro group has demonstrated good Q’s and gradients at
low rf power into the quarter-wave resonators they tested re-
cently. They are preparing to install some of the B,=0.15
sputter coated resonators in ALPI for beam tests very soon. In
fact, very soon, ALPI will contain bulk niobium, lead plated,
and sputtered niobium resonators all at the same time for
comparison. The electrode/resonator geometry developed for
making uniform sputtered coatings is shown in Fig. 7.

Fig.7  The electrode and resonator geometry (left) used for sput-

tering thin niobium films at LNL, Legnaro.12 The resonator
without the electrodes is also shown (right).

Improved VCX fast tuners. SC RF structures which
otherwise have desirable properties are useless if they can’t be
phase-locked. The ATLAS fast tuner system,?? a voltage con-
trolled reactance (VCX) operating at liquid nitrogen tempera-
ture, was upgraded a couple of years ago and is now imple-
mented throughout the 3 linacs. The new system can provide
up to 30 kVA of reactive tuning, but switches at 25 kHz so
that relatively large frequency vibrations (up to 900Hz has
been demonstrated) can be compensated without introducing
significant phase jitter in the beam.

High power pulse conditioning.  For niobium resona-
tors which are usually limited in field gradient by electron
loading due to field emission, high power pulse conditioning
normally improves performance. This limit seems to be
mainly determined by the amount of peak rf power available.
For example, at ATLAS the full output of a 1500 watt rf am-
plifier is used for conditioning, whereas at B~1 facilities such
as CEBAF 10’s of kW are now used.! At ATLAS we now
have plans to acquire a higher power amplifier with the expec-
tation that higher on-line gradients will be achieved.

Improved lead-alloy resonator performance.  During
the upgrade to replace many split-loop resonators with quar-
ter-wave types and the RFQ test project at Stony Brook im-
proved lead plating procedures were developed.” With the
recent improvements to the Pb/Sn alloy processing, gradients
of 3-4 MV/m have been achieved on-line.

Freon conditioning to reduce multipacting. When
first turning on resonators which were not recently condi-

tioned it is normal to experience some degree of mutipacting
at low field levels. This is usually eliminated by rf pulse
power conditioning, but in some cases it can be persistent or
severe. At Stony Brook a procedure of Freon plasma surface
treatment has been found to be very effective in eliminating
multipacting barriers in their Pb/Sn alloy resonators.”

Characterization of hydride formation. It has been
known for some time that hydride formation on the surfaces of
high frequency B~1 resonators under certain circumstances
can lead to severe Q-degradation. This phenomenon has been
observed to also be a problem in some cases in the types of
niobium resonators discussed in this paper.7 The JAERI
group has done a careful job of characterizing this phenome-
non as shown in Fig. 8. By cooling quickly through the criti-
cal 130-90K temperature range the effect is minimized, but in
several severe cases the JAERI resonators have not recovered
from the Q-degradation even with several temperature cycles
to 100C.
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Fig. 8

Cryogenic efficiency upgrades. To increase cryogenic
efficiency and/or capacity several laboratories have incorpo-
rated or added wet expansion engines to their helium refrig-
erator systems. Since the electrical and liquid nitrogen cost to
run a SC linac facility of the general types discussed here can
be several hundred thousand U.S. dollars per year, careful
attention to cryogenic efficiency is prudent. With liquid nitro-
gen precooling a typical electrical efficiency value with a wet
expansion engine (or possibly a double JT-valve as used by
CClI, Inc.) is about 1W of refrigeration at 4.5K per SOOW of
electrical power to the helium compressors. With careful de-
sign and using new efficient helium compressors®® it now
seems possible to increase this efficiency to around 1/300.

New Concepts and Initiatives

Coupled-cavity development.  In order to improve the
cost-effectiveness of 2-gap, quarter-wave resonators, a pro-
gram to strongly couple pairs of such resonators is in progress
by the Argonne/New Delhi collaboration.'® A superconduct-
ing coupling loop would connect the two quarter-wave resona-
tors which would then be excited and controlled as a single, 4-
gap resonator. However, since the coupled cavities could be
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operated in-phase or out-of-phase, the effective transit time
curve of the pair is similar to that of a 2-gap cavity rather than

a 4-gap type.

Very low ¢/m SC linac for radioactive beams.  There
is currently world-wide interest in developing facilities capa-
ble of producing intense, high-quality radioactive beams for
nuclear physics and other applications.25 One challenge is the
acceleration of very low ¢/m ions from very low energies while
maintaining excellent beam quality. SC linacs will almost
certainly play an important role in meeting this challenge.
R&D is underway at ANL to address these issues.”®

Very low-beta, 8-gap SC resonator development.
Related to the radioactive beam post accelerator issues men-
tioned above is the desire to increase the cost-effectiveness of
SC heavy ion linac technology. Preliminary design studies of
extending the ATLAS PII 4-gap, low-beta resonators to 8-gap
structures was done under a U.S. DOE Small Business Inno-
vative Research Phase 1 grant27 in an AccSys Technology, Inc.
collaboration with K.W. Shepard of ANL. The concept of the
proposed structure is shown in Fig. 9 and the beam dynamics
studies look very promising.

1

Fig. 9 A schematic drawing of an 8-gap, very-low beta resonator

concept. It is a 48 MHz structure and is designed for ions
with initial velocities about 0.008c.

SC RFQ developments. The development of a high
gradient SC RFQ is also in progress as an AccSys/ANL col-
laboration under a DOE SBIR Phase 2 grant.”® Such a devel-
opment could lead to a compact, light-weight, low-energy ion
accelerator for medical or industrial applications.

High brightness SC linacs for light ions.  There have
been several studies recently of the issues related to extending
the technology associated with the types of resonators dis-
cusstzadmhere to various high brightness light ion accelera-
tors.”’-

971

References

'H. Padamsce, K.W. Shepard, and R. Sundelin, Ann. Rev. Nucl.
Part. Sci. 44(1994).

R, Delayen, Proc. 1989 Particle Accel. Conf., IEEE Cat. No.
89CH2669-0 (1989)1451.

*1. Ben-Zvi, Nucl. Instr. Mcthods A287(1990)216.

‘D.W. Storm, Nucl. Instr. Methods A328(1993)213.

SLM. Bollinger, Proc. 1992 Linac Conference, AECL Report #10728
(1992)13.

“A. Facco and J.S. Sokolowski, Contribution to the European Particle
Accelerator Conference, London (1994).

"T. Ishii, M. Shibata, and S. Takeuchi, Nucl. Instr. Methods

A328(1993)231.

®R.C. Pardo, et al., paper TU-74 at this conference, and references
therein.

’JW. Noé, J. Rico, and H. Uto, Nucl. Instr. Methods
A328(1993)285.

1%S. Takeuchi, et al., paper TH-24 at this conference.

"G. Fortuna, er al., Nucl. Instr. Methods A328(1993)236 and L.
Badan, ef al., Contribution to the European Particle Accelerator
Conference, London (1994).

12y Palmieri, et al., Contribution to the European Particle Accelera-
tor Conference, London (1994) and Proceedings of the 6-th
Workshop on RF Superconductivity, CEBAF, Newport News, R.
Sundelin ed. (1993).

D, Weisser, ANU, Canberra, private conversation (1994).

M. Malev and D. Weisser, Proceedings of the 6-th Workshop on RF
Superconductivity, CEBAF, Newport News, R. Sundelin ed.
(1993).

5P.N. Potukuchi and A. Roy, Proceedings of the 6-th Workshop on
RF Superconductivity, CEBAF, Newport News, R. Sundelin ed.
(1993).

18K .W. Shepard, A. Roy, and P.N. Potukuchi, contribution MO-89 to
this conference, and references therein.

"jC. Acquadro, et al., Proc. 1992 Linac Conference, AECL Report
#10728 (1992)175.

"*1. Ben-Zvi, A. Lombardi, and P. Paul, Part. Accel. 35(1991)177.

A Jain, er al., Nucl. Instr. Methods A328(1993)251.

¥G. Bisoffii, et al., contribution TH-29 at this conference.

2l Benvenuti, Proceedings of the 5-th Workshop on RF Supercon-
ductivity, D. Proch ed., DESY, Hamburg(1993)189.

2N. Added, B.E. Clifft, and K.W. Shepard, Proc. 1992 Linac Con-
ference, AECL Report #10728 (1992)181.

2J.W. Noé, Nucl. Instr. Methods A328(1993)291.

M1.P. Kelley, et al., Proceedings of the Cryogenic Engineering Con-
ference, Albuquerque, NM (1993) and J.P. Kelley, Babcock and
Wilcox, private communication (1994).

3 M. D’ Auria, invited talk TU2-2 at this conferences and references
therein.

%J -W. Kim and K.W. Shepard, ANL, private conversation (1994).

ZR.W. Hamm, AccSys Technology, Inc. “An Extended Interdigital
Niobium Superconducting Linac Structure for Low Velocity
Heavy lons,” U.S. DOE SBIR Phase 1 Study (1994).

BR W, Shepard, J. Givens, and J.M. Potter, contribution MO-90 to
this conference.

BIR. Delayen, et al., Proc. 1993 Particle Accel. Conf., IEEE Cat.# 0-
7803-1203-1/93 (1993)1715.

¥rp. Wangler, et al., Proc. 1993 Particle Accel. Conf., IEEE Cat.#
0-7803-1203-1/93 (1993)1712.



