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ABSTRACT

This year, 1988, is the tenth anniversary of the first use of RF

superconductivity to accelerate heavy ions. In June 1978, the first two

superconducting resonators of the Argonne Tandem-Linac Accelerator System

(ATLAS) were used to boost the energy of a 1 9F beam from the tandem, and by

September 1978 a 5-resonator linac provided an 16O beam for a nuclear-physics

experiment. Since then, the superconducting linac has grown steadily in size

and capability until now there are 42 accelerating structures and 4 bunchers.

Throughout this period, the system was used routinely for physics research,

and by now the total time vith beam on target is 35,000 hours. Lessons

learned from this long running experience and some key technical developments

that made it possible are reviewed in this paper.
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I. Some Early History

Most physicists and accelerator engineers seem to be well avare of the

planned future applications of rf superconductivity to the construction of

large electron accelerators, but many are surprised to hear that rf

superconductivity has already been used for many years for the acceleration of

heavy ions. This paper is a brief, somewhat personal review of early history

and the operating record of ATLAS, the first of the superconducting (SC)

heavy-ion acceleiators and one which has now been in use for a full 10 years.

The application of rf superconductivity to particle acceleration started

at Stanford [1] in the mid 1960's and was extended at several other

laboratories during the following decade [2]. To a large extent, this decade

was a learning period in which the major problems of the technology were

identified, studied, and partially solved. For electron acceleration,

relatively high-frequency multi-cell structures were studied, whereas slow-

moving heavy ions require much lower frequencies; this is the main difference

between the two applications.

For the heavy-ion structures, two classes of major problems were quickly

identified. One of these involves the quality of the SC surface: what is the

optimum surface treatment, is the surface stable in time, is it damaged by

radiation, etc.? All of these questions were partially answered and all but

one of the answers are favorable. The one unfavorable result is that electron

emission and acceleration from surfaces is a severe limitation on the maximum

accelerating field. Because of this limitation, the quality of the

superconductor itself is much less important for low-/? structures than for

high-frequency /? = 1 structures.

The second class of problems involves the mechanical stability of the

accelerating structure. Mechanical motion causes the rf frequency to vary,



and this makes it difficult to control the rf phase. Initially, when th»

springy helix structure was much in vogue, it was hoped that the phase could

be controlled entirely by electrical means, almost independent of the

magnitude of the mechanical motion. However, it gradually became evident that

there are practical limits to what can be done electrically and that the first

step should be to develop more rigid accelerating structures.

Some milestones [3-10] in the early development of SC linac technology

for heavy ions are listed in Table 1. These highlights include demonstrations

that superconducting resonators can be operated with surface electric fields

[7] as high as 37 MV/m and magnetic fields [11] as high as 1630 G, values that

are competitive with the best being reported now. Also, various refined

surface-preparation techniques ,-ire developed and the technique of helium

conditioning [12] was used [7] routinely to increase the maximum accelerating

field by reducing electron emission from the high-field surfaces. In spite of

these and other successes, the work was plagued by a lack of reproducibility

of the maximum field gradient and, for most of the resonators, by great

difficulty in control of the rf phase. As a result of these problems, during

much of the 1970s is was widely believed that the superconducting surfaces are

extremely fragile and unstable and that the technology as a whole is

thoroughly impractical.

II. The Prototype Booster Project at Argonne

The early work outlined above was aimed mainly at developing individual

superconducting resonators, with little serious attention devoted to the

technology of a complete accelerator system. The work entered a new era in

1975, when the Argonne group obtained funding to build a real superconducting

accelerator for heavy ions. Under this stimulus, the substantial advances in



technology already made were incorporated into the design of a complete

accelerator system [13], doubts about the feasibility of forming narrow heavy-

ion beam pulses were removed [IOJ, all other major problems were solved or

avoided, and by 1978 heavy-ion beams were being accelerated and used for

research. In a parallel development, in 1977 the group at SUNY Stony Brook

started the construction of a heavy-ion booster [14] based on the Cal Tech

technology [9], with lead plated on copper as the superconductor. Now, just

ten years after the start of work on the first prototype machine at Argonne,

nine superconducting heavy-ion linacs are in operation or under construction,

and others are being discussed.



Table 1. Milestones in the early development of technology for accelerating
ion beams with superconducting rf structures

Date Development Institution Ref.

1970 Operation of a helix resonator made of niobium Karlsruhe

1971 Refinement of technique for plating lead super- Cal Tech
conductor; use on helix resonators

1972 Phase control of resonator by means of voltage- Cal Tech
controlled reactance

1973 First acceleration of an ion beam with a super- Karlsruhe
conducting structure

1974 Operation of a niobium helix resonator with a Argonne
very high maximum surface field (37 MV/m)

1974 First beam acceleration with phase-locked Argonne
resonators

1974 Development of the split-ring accelerating
structure

1974 Demonstration of the feasibility of forming
100-ps bunches of heavy ions

1968-74 Development of fabrication and surface-
preparation techniques for niobium resonators

Cal Tech

Argonne

Karlsruhe
Argonne
Siemens

10



What were the major challenges, decisions, and milestones of this long,

intensive effort, and what has been learner3"1 In view of the widespread

skepticism about the practicality of SC rf Technology, the first challenge

for us was to obtain funding. Finally, in early 1974, we asked the Atomic

Energy Commission for support to build a small SC linac that would serve as

an energy booster for heavy ions from an existing FN (9 MV) tandem Van de

Graaf. The main justification for the project was to develop a new

technology, not necessarily to build a useful accelerator. For this limited

objective and at a corresponding limited level of funding, the project was

approved. Eleven of us (including draftsmen, engineers, technicians, and

physicists, some working part-time) undertook to develop a new technology,

design an accelerator system, build the accelerator, and show that it worked,

all in just three years for about $2,000,000. In retrospect, this seems like

an absurd undertaking on this time scale.

The proposed linac was to be formed from a set of independently -

phased 5 X/2 helix resonators made of niobium, with a total accelerating

voltage of 13.5 MV. These 92-MHz resonators were to be cooled by flowing

liquid helium at a temperature of about 4.5 K from a 100-W refrigerator.

Each resonator would operate in its own self-excited loop, be independently

phased, and be phase-locked to a master oscillator by means of a voltage-

controlled reactance.

Although the official justification for the planned prototype linac was

to develop a new technology, we desperately wanted to end up with a useful

research tool. For us, this meant having a machine that could boost the

energy of heavy-ion beams from the tandem by a factor of 2 or 3 without

loosing the good beam quality or easy energy varir ,ility of the tandem. To

meet these objectives, good phase control, low rf frequency, and very narrow

beam pulses were required. Each of these requirements was a major technical

challenge.



In the mid 1970' s, the standard of performance for heavy-ion bunching

was a pulse about 2 ns wide and a bunching efficiency of about 10Z, whereas

we wanted pulses 100 ps wide and 752 efficiency. This substantial advance

was thought by many experts to be impossible but was achieved [15] rather

easily with a two-stage system that is still the basis for numerous high-

performance bunchers.

For a low-frequency helix resonator designed for low-velocity ions

(y0 = 0.04), reliable phase control turned out to be a real problem. Although

we had demonstrated [8] phase control with a two-resonator system of X/2

units, it was quite another thing to control simultaneously a large number of

5 X/2 units. Fortunately, we never had to solve this problem because, before

any money was available for the project, the much more rigid split-ring

structure was invented [9] at Cal Tech. We promptly abandoned the helix and

turned to the task of developing a split-ring resonator made of niobium (the

Cal Tech unit was lead plated on copper). Also, we were fortunate to be able

to induce Ken Shepard to move from Cal Tech to Argonne in order to undertake

this substantial developmental task. This experience, in which a major

problem was solved by the natural evolution of a new technology, was one of

several serendipitous developments from which we benefitted during the coming

decade.

Having adopted the split-ring resonator for our booster, the challenge

was now to develop a unit that was affording and that provided a large

accelerating voltage. We chose an rf frequency of 97 MHz and worked

initially on a unit optimized for f) - 0.105, i.e., 14 inches long. Making

the two-drift-tube assembly out of niobium turned out to be straight forward

even though niobium is a relatively difficult material to work with; in

particular, beam welding is required. The real challenge was to make a

housing that can carry away heat without being immersed in a helium bath,
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a design approach that greatly simplifies radial penetrations. Our first

approach was to fabricate a double-walled vessel from 1/16-inch niobium sheet

metal. This unit was successful in the sense that it functioned as a

resonator, but it had several problems: the welding was more difficult than

expected, the Q was relatively low (~3 x 10 8), and the rather flimsy

construction may not have had adequate mechanical stability. Fortunately,

before we had to solve these problems, a new and better idea came along: to

make the housing from a composite material formed by explosively bonding

niobium sheet to a copper plate, a commercial process. The niobium (on the

inside of the housing) carries the rf current and the copper conducts any

heat generated to the liquid-helium-cooled base of the unit. This seemingly

radical idea (to most of us) came from Clem Scheibelhut, an engineer who knew

about explosive bonding from his background in reactor technology. After

solving numerous fabrication problems, the new approach led [16] in late 1977

to a successful resonator of the kind shown in Fig. 1.

Although the rigidity of our split-ring resonator made it possible to

control the rf phase, it was not easy. The basic idea of the control system

[17] is that a voltage-controlled reactance (VCX) is used to limit the rf

phase by modulating the rf frequency with a duty cycle determined by a phase-

error signal. The VCX, which is attached directly to the resonator, consists

of a parallel plate condenser that can be shorted out by a set of PIN-diode

switches. The main limitation in the tuning capability of the VCX is set by

power dissipation in the PIN diodes. An important early inovation in our

design was to operate the whole VCX at liquid-nitrogen temperature within the

cryostat, thus increasing the rf-current-carrying capacit' , increasing the

switching speed by more than an order of magnitude, and avoiding a high-power

coupling to room temperature. This design concept involved some big risks,

since if a VCX fails, it is inaccessible and the resonator to which it is



attached is useless. Fortunately, the average lifetimes of VCX's operated in

this way has turned out to be many years, and consequently VCX failure has

not prevented effective operation of the linac.

Although controlled rf frequency modulation is the primary mechanism

used to control rf phase, it turned out to be inadequate for some resonators.

These units were able to operate in stable phase lock for long periods of

time but, if once excited by some mechanical shock, phase lock could not be

recovered. Clearly, some form of active damping was needed. It had been

known for many years that, through electro-mechanical coupling, amplitude

modulation of the rf could be used to damp out mechanical vibration.

However, this idea had not been used because amplitude modulation tends to

destroy beam quality. Finally, our problem was solved when Ken Johnson had

one of those obvious but brilliant ideas: while a resonator is out of lock,

the linac is useless and one may use as much amplitude modulation as is

needed to provide adequate damping. This strong, short-term damping, when

needed, coupled with very weak steady amplitude modulation was all that was

needed to obtain long-term stable operation of all resonators.

Our small team felt an intense sense of excitement in attacking the

many problems that had to be solved before we could hope to have a useful SC

linac. In addition to the inherent interest of the subject, we were driven

by the urgency of staying on schedule. In view of the negative attitude of

the nuclear-physics community toward the practicality of rf

superconductivity, we felt that we had to have a working linac at the end of

a 3-year effort; otherwise, funding would probably be terminated. Thus,

there was no room for delay, and most decisions had to be made on the basis

of very inadequate information. For example, we had to design and build a

beam-line cryostat before we knew the size of our resonators 1 Under these

circumstances, we developed a systematic approach for making decisions:
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first outline the options, then analyze the danger associated with each

option, and finally choose the course of action that minimizes the danger,

even though this path might not have the potential for ultimate perfection.

An important aspect of choosing an optimium path is to make sure that a back-

up approach exists and that the rest of the system is designed so as to be

able to use the back-up, if necessary.

By mid-June, 1978, after three years of frantic effort, we had a small

prototype linac assembled on line, ready to accelerate a beam. The linac

consisted of 6 resonators, of which 2 were in a small prototype cryostat and

4 in a standard full-size cryostat. On the evening before the planned

acceleration test, Ken Shepard and 1 were in the lab making final

preparations. I went home at about 11:15 pm and he left at about 11:45 - and

at a little after midnight the assembled linac blew up in a cryogenic

explosionl When we arrived back half an hour later, a gyser of cold helium

gas was still spouting to the ceiling, and a large U-tube that had been blown

out was dangling precariously on top of a cryostat.

What had happened? How much damage was done 7 How long would it take

to fix it? We soon established that the large cryostat had been damaged

internally and was not usable. The small cryostat (with 2 resonators) was

filled to atmospheric pressure with helium gas, but when this was pumped out,

the unit seemed to be functional. We decided, than, to recondition the 2

remaining resonators, remove the damaged cryostat, replace it with a beam

pipe, and proceed with a beam-accelerator test as soon as possible.

Beam acceleration was successfully carried out one week later, on

June 28, 1978, by boosting the energy of a ^ 9F^ + beam by about 9 MeV. By

September the damaged cryostat and 3 of its resonators were back in service,

and a 5-resonator iinac was used to provide a 78 MeV l 6o 6 + beam for a real

nuclear-physics experiment.
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Once these first tests had been carried out successfully, the attitude

of the nuclear-physics community changed dramatically. Earlier, it seemed to

us, most observers (except those at Argonne) had been very negative about our

prospects for success. But now, suddenly, they acted as though all problems

had been solved. Those of use close to the project knew that both attitudes

were wrong.

After the small beginning in 1978 the booster linac was enlarged step

by step until it was finished in 1982, and after each step the system was

used with increasing enthusiasm as a research tool. The running time

provided to users is summarized in Fig. 2.

III. The ATLAS Project

Because of the success of the booster linac, in 1982 we obtained

funding for a line-item project [18] to enlarge the linac and to add a large

new experimental area. By this time, the main technical problems had been

addressed, but there were many refinements to be made and some new problems

to solve. Also, an important new class of requirements was to develop

management procedures and controls that satisfied all concerned.

One significant technical question that had to be answered early was

how to measure the output-beam energy with precision. One of our primary

goals was to have a machine with excellent beam quality and especially one

that could provide very narrow (100 ps) beam pulse to the user. For our

rigid beams and our beam-quality requirements, magnetic analysis of the

energy would be expensive, space consuming, and would badly distort the

desired layout of the new experimental area. The alternative was to use a

time-of-flight method, but this involved two kinds of risks. First, we

needed continuous, non-destructive, and accurate measurement for weak beams,

and this would require development of new technology. More important, a
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time-of-flight measurement would not remove unwanted contaminants in the

beam; that is, the linac output had to be contamination free. With some

concern, we decided to take che risks. This turned out to be the right

choice: the ATLAS beam is remarkably free of contamination, and Richard

Pardo has developed [19] an excellent system for continously monitoring the

ion time of flight by measuring the phase difference between two widely-

spaced resonant detectors excited by the pulsed beam.

By the time the ATLAS project was finished in 1985 the accelerator had

grown into the national user facility shown in Fig. 3. Its superconducting

linac consisted of 42 accelerating structures and 4 SC bunching resonators,

all of which are independently phased. The active length of this array is

14.7 m. One of the most satisfying aspects of the ATLAS project was that,

when the assembly of the linac was finished, we were able to turn on this

substantial system and almost immediately deliver beams to users on a regular

basis; no "commissioning" period was needed.

Figure 3 summarizes the steady evolution of ATLAS. Until 1985, only

the booster linac (or part thereof) and Target Area II were available. Then,

the full ATLAS linac and Target Area III went into operation in 1985. In a

third phase, now underway, the tandem injector will be replaced with a

positive-ion injector (extreme left) and Target Area IV (upper right) will be

added. The system has been used for research almost continuously throughout

these many changes.

IV. Operating Experience

As may be seen from Fig. 2, by now ATLAS has provided users with about

35,000 hours of beam on target, more time than any other superconducting

accelerator of any kind for ions. Certain lessons can be extracted from this

long running experience.
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1. Independence Phasing of Resonators

The idea of using independently-phased resonators in a SC linac

was initially motivated by three considerations: (1) the need to accelerate

ions incident from the tandem with a wide range of velocity and charge-to-

mass ratio, (2) easy energy variability, and (3) fabrication feasibility.

Operating experience has shown, however, that another consideration is at

least as important. This is the ability to overcome to a large extent the

impact of a failure of one or several resonators simply by retuning the beam.

This exceptional flexibility has resulted in good overall operating

efficiency.

2. Beam Quality

The beam quality of ATLAS is excellent. In particular, the

longitudinal emittance AEAt (FWHM) has been measured to be about 60 keV-ns

for ^2S ions and 120 keV-ns for ->8Ni ions. This good emittance permits beam

pulses in the range 100-150 ps to be formed. However, we still need better

diagnostic tools in order to be able to achieve these good results rapidly

and consistently.

An important feature of the ATLAS beam is that it is exceptionally

free of background and tails on the energy distribution, as inferred from the

clean spectra measured in demanding accelerator-mass-spectroscopy

experiments. Perhaps this high degree of beam purity results from the

combined effects of (a) velocity selection by the linac, (b) magnetic

analysis at the 40-degree bend about half way through the linac, and

(c) time-of-flight selection at this bend.
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3. Beam Stability

A special aspect of beam quality is long-term stability. Our

experience has been mixed. There have been long periods of time when the

beam energy, as inferred from the flight time, appeared to be stable to one

part in 10^, but during other periods the energy occasionally changed

suddenly by as much as 11. We now believe that these jumps were caused by

malfunctions in the phase-control system, and a recent upgrading of the

system appears to have eliminated the problem.

4. Accelerating Field

Off-line tests have shown that individual split-ring resonators

can support surface electric fields E s u
m a x a s high as 50 MV/m. Our linacs

were designed under the assumption that we could achieve an average value of

Esu^
ax=20 MV/m for on-line operation. To date, the typical average value for

on-line operation has been about 13 MV/m, including units that are working

poorly or not at all. The non-functioning units always result from

uninteresting problems such as bad electrical contacts inside cryostats, etc.

On a time scale of a few years, we expect to increase the average on-line

E s u
m a x to at least 16 MV/m by replacing the present fast tuner with an

improved model and by removing miscellaneous known problems.

5. Voltage Effect for Accelerating Field

In the preceeding paragraph it was implied that the operating

field depends only on maximum surface electric field, whereas it is well

known that it depends in a more complex way on voltage and electrode spacing

for dc fields. The results for our various resonator designs strongly
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suggest that the maximum surface field also decreases with increasing total

voltage for the superconducting RF structures, although the effect is at most

rather weak. Qualitatively, the data suggest that the dependence of E s u ^
a x

on voltage might be something like V~^*^^.

6. Multipactoring and Deconditioning

As with most high-field rf devices, our resonators exhibit strong

multipactoring when rf voltage is first applied. Typically, about 4 hours of

low-level conditioning followed by an hour of high-level high-power pulsed

conditioning is used to bring a unit into operation. For some resonators, a

small part of the benefit obtained from the high-power conditioning decays

away in a few days of operation. Usually we do not repeat the high-level

conditioning unless there is some specific need to achieve high-field

operation because most of our users want or are satisfied with a beam energy

that is easily achievable.

7. Refrigeration System

The helium refrigeration system for ATLAS now consists of three

coupled refrigerators that provide a total cooling capacity of about 550

watts. This parallel operation is remarkably stable without computer

control. Once conditions in the linac have stabilize, the excess capacity of

the refrigeration system varies by only few watts over a period of days.

Overall, our operating experience is that the refrigeration system

(which now contains 3 refrigerators, 9 helium compressors, about 340 ft of

coaxial liquid-helium transfer lines, 11 cryostats, 3 1000-2. dewars, and ~76

liquid-helium control valves) operates almost trouble free for several months

until some unusual event generates a sequence of difficulties that may cause

shaky operation for a few days or even for a few weeks.
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The two kinds of events that upset operation most frequently are

power failures (typically 5 times annually) and helium-compressor failures.

Interruptions in power can be quite destructive because, if a refrigerator is

off for as much as thirty minutes, accumulated contamination in the unit can

migrate, resulting in a sericus loss in refrigeration capacity. If the power

failure is short and the refrigerators are restarted promptly, contamination

does not have time to migrate and ATLAS can be back in operation in 30

minutes.

The compressor failures, which on average occur roughly once a

year, usually result from the age of units which typically last for 30,000

hours of operation.

8. Mechanical Vibrations

Although no exceptional means have been taken to isolate the

resonators from mechanical vibrations, the resonators can easily maintain

phase control most of the time. However, occasionally, after months or years

of stable operation, the linac is incapacitated by the onset of mechanical

vibration in one or more resonators. This problem usually results from

vibrations induced by some specific source (e.g. a mechanical vacuum pump),

and once the source has been identified the problem is readily eliminated.

9. Operating Schedule

Our normal schedule for ATLAS is to operate continuously during

the week and shut down for some part of the weekend. Except for occasional

equipment failures, the operation is very reliable once the operation is

under way but it is often a struggle to get started. Thus, overall operating

efficiency would improve if we did not have week-end shut downs, but this is

not economically feasible now.
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10. Major Accidents

Excluding normal equipment failures, four kinds of accidents have

caused serious damage and/or resulted in a serious loss of running time.

These are (1) vacuum failures caused by carelessness in opening beam-line

valves, (2) vacuum failures caused by liquid-nitrogen spillage on gaskets,

(3) vacuum failures caused by welding on vessels under vacuum, and (4)

contamination of helium refrigerators by careless operating procedures.

Accidents of these kinds occur with a total frequency of about once or twice

a year. In almost every case they result from human failings: errors in

judgement, carelessness, or failure to notice warning symptoms. Typically,

these major vacuum accidents cause an initial loss of a few days of running

time and sometimes a long-term degradation in performance because of dust and

debris blown into resonators. The long-term problem can be corrected only by

expending several man weeks of effort.

11. Breakage from Thermal Cycling

Our liqiuid-helium distribution system has roughly 1000 ft. of

cold tubing and at least 1000 welds. For all of this complex assembly, there

has been only one failure of material caused by thermal cycling. This was

the fracture of a small commercial tee during its second cool down.

The explosively bonded material of which the resonator housing is

formed is a source of worry because copper and niobium have very different

thermal-expansion coefficients. Nevertheless, thermal cycling has never

caused a failure of this bond, to our knowledge. On the other hand, thermal

cycling has caused cracks to develop, in some resonators, near the interface

between the copper and niobium of rf-power-input ports that are formed by
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pulling the material with a die. These failures occurred after extensive

testing and years of on-line use. For our small machine, this problem was

solved by changing the design and repairing the damaged units at a total cost

of only a few tens of thousands of dollars and a loss of a few weeks of

running time; but it is frightening to think what an equivalent mechanical

failure would do to one of the planned SC electron accelerators, which are

about 20 times larger than ATLAS.

121. Sources of Lost Time

Table 2 gives estimates the extent of which various components of

our tandem-linac system are responsible for lost running time. Foil changes

in the tandem terminal and routine weekly maintenance are not included. As

seen from the table, most of the lost running time results from the same

kinds of problems as are common at all accelerators.
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Table 2. Estimates of running-time loss (in percent of total loss)

attributable to various components of ATLAS.

Component Loss

Ion source

Tandem

Pre-linac bunchers

Accelerating resonators

Rebunchers

RF electronics

Phase control

Cryostats

Liquid nitrogen system

Liquid helium refrigeration system

Liquid helium distribution

Beam-line components

Computer control system

Compressed air

Chilled water

Electric power

23

17

3

13

1

7

3

2

3

11

3

3

3

1

2

5

Total 100
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Figure Captions

Fig. 1 The three types of niobium split-ring resonators used in ATLAS.

Fig. 2 Beam-acceleration time of the Argonne SC linac.

Fig. 3 Layout of ATLAS.
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