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ABSTRACT

A development program is underway to apply rf superconductivity to the design of continuous-wave (cw) linear accelerators
for high-current, high-brightness ion beams. During the last few years, considerable progress has been made both
experimentally and theoretically toward this application. Recent tests of niobium resonators for ion acceleration have yielded
average accelerating gradients as high as 18 MV/m. In an experiment with a radio-frequency quadrupole geometry, niobium
was found to sustain cw peak surface electric fields as high as 128 MV/m over large (10 cnr) surface areas. Theoretical
studies of beam halo, cumulative beam breakup and alternating-phase focusing have also yielded important results. This paper
summarizes the recent progress and identifies current and future work in the areas of superconducting accelerator technology
for high-current ion beams.

1. INTRODUCTION

The technology of radio-frequency superconductivity (RFSC) offers a number of advantages for the production of high-
current, high-brightness ion beams [1]. A fundamental advantage is that thermal management of the accelerator is
accomplished inherently due to the very low wall losses in the constituent superconducting resonators. This has been exploited
in the construction of a number of superconducting linacs designed to produce either high-energy electron beams or low-
current, high quality ion beams for scientific applications [2,3]. These linacs are economical to operate, and they run cw (a
duty factor of 100%) virtually unattended for long periods. Another key advantage is that superconducting low-velocity linacs
are comprised of relatively short, independently-phased accelerating cavities. This adds reliability because, if a fraction of
the cavities are off-line, the linac can still be operated with full performance by increasing and rephasing the fields in the
remaining cavities. Additionally, superconducting structures can be built with large apertures thus reducing the potential for
activation in high-current accelerators.

Our recent efforts have focused on extending the existing technology base for low-current, low-frequency ion accelerators
into that required for high-current, high-frequency linacs. In this paper, we summarize recent experimental results in niobium
resonator development and recent theoretical results concerning beam halo, cumulative beam breakup, and alternating-phase
focusing.

2. NIOBIUM RESONATOR DEVELOPMENT

2.1. Resonator Geometry

Superconducting accelerators for new applications often require new cavity designs. Designs which are optimized for
normal-conducting cavities generally are poor for superconducting cavities. Because of their low power dissipation,
superconducting cavities do not need to be designed to maximize the shunt impedance, and new designs which would be
inefficient for normal-conducting cavities can be explored. Successful superconducting cavities operate with a minimum
amount of electron loading in the form of multipactoring (resonant electron emission) and/or field emission (nonresonant
electron emission). Electron loading is difficult to predict accurately, but it is known to be a function both of cavity geometry
and conditions at the surface of the superconductor. Our designs of niobium resonators for the acceleration of high-current
ion beams incorporate coaxial resonant lines with the beam traversing the high-voltage region. This approach was found to
be successful in the development of existing slow-wave structures at lower frequencies [3]. These resonators are 2-gap
structures and therefore can efficiently accelerate a broad range of particle mass and velocity.

The first superconducting accelerating cavity to be fabricated as part of our development effort was a 400 MHz coaxial
quarter-wave structure optimized for particle velocity 0.15c [4]. As is pictured in Figure 1, it consisted of an inner conductor
fabricated from 0.16-cm-thick sheet niobium and an outer conductor consisting of sheet niobium which had been explosively
bonded to copper. The cavity was operated in vacuum. Cooling was accomplished by filling the inner conductor with liquid
helium and placing the outer conductor in thermal contact with a helium reservoir. This enabled cooling of the outer conductor
by thermal conduction through the copper. This resonator achieved cw accelerating fields of 13 MV/m.

Subsequently, a 355 MHz coaxial half-wave sheet niobium structure optimized for particle velocity 0.12c was fabricated
[5,6]. As is shown in Figure 2, it consisted of an inner conductor fabricated from 0.16-cm-thick sheet niobium and an outer
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conductor fabricated from 0.32-cm-thick sheet niobium. During testing, the cavity was cooled by immersing it in liquid helium
and achieved cw accelerating fields of 18 MV/m.

A 2-gap, 850 MHz spoke resonator optimized for B=0.28 has been fabricated from high-purity niobium and is undergoing
initial tests [7]. During the first series of tests at 4.2K cw accelerating fields of 7.5 MV/m were obtained with very little Q
degradation due to field emission. The maximum field was limited by power dissipation. Because of its high frequency, this
resonator was designed to operate at 2.5 K and will be further tested at low temperature.

Figure 1. 400 MHz coaxial quarter-wave
resonator; j30=0.15.

2.2 Superconducting RFQs

Figure 2. 355 MHz
coaxial half-wave
resonator; @0=0.12.

Figure 3. 850 MhHz, 2-gap spoke
resonator, pa=0.3.

Figure 4. Niobium split-ring assembly with RFQ vanes
prior to being welded to the outer housing.

As the first step toward establishing a range of parameters
for the design of superconducting radio-frequency quadrupole
(RFQ) accelerating structures, a "voltage platform", shown in
Figure 4, was constructed to determine, for a realistic vane
geometry, the field gradients which could be expected in the cw
operation of a superconducting RFQ [8]. The drift tubes of an
existing niobium split-ring resonator were modified to support
th'i four-finger structure shown in Figure 8 which consists of 7-
cmi-long niobium vanes. The aperture diameter is 6 mm, the
vans edge radius is 2 mm, and the minimum distance between
vanes of opposite voltage is 3.1 mm.

The low-field Q was approximately constant up to surface
fields of 100 MV/m and was primarily determined by resistive
losses associated with the rf surface magnetic field. Above 100
MV/m the losses increased rapidly with a corresponding
decrease in Q. CW fields of 128 MV/m could be sustained over
a surface area of order 10 cm2 and were limited by the
inefficient cooling of the vanes. Higher fields could be achieved
in pulsed operation by gradually reducing the duty factor; 210
MV/m could be maintained for times in excess of I msec. The
increased losses at high fields were due to electron loading in
the form of field emission. The power input at 1 IS MV/m was
0.9 W per cm of rf quadrupole length.

This initial superconducting RFQ device has operated at
fields a factor of three higher than have been reported for cw
operation of normally-conducting RFQ devices. The present
results suggest that RFSC may appreciably extend the range of
options for RFQ design J9]. For example, the use of RFQ



vanes with deep modulations to provide simultaneous acceleration and strong focusing may enable v.;ry high real-estate
gradients (tens of MV/m) to be achieved. If so, correspondingly compact linacs could be developed fo; the acceleration of
high-current beams provided beam impingement can be held to a manageable level. We are at present developing
superconducting RFQ geometries for high and low current applications [10].

2.3. ControS of Beam-Loaded Superconducting Resonators

The input rf coupler to superconducting cavities designed to accelerate
high current beams will need to be adjusted so that optimal transfer of rf
power from the source to the cavity occurs while the beam is on. This
means that the external Q of the coupler will be low and that the loaded
Q and the loaded decay time of the cavity will be small even when no
beam is present. Thus the dynamics of the rf fields in a heavily beam-
loaded superconducting cavity will not be significantly different from that
of a normal conducting cavity and, in principle, the same control
electronics could be used for normal and superconducting cavities
designed to accelerate high-current beams.

Nevertheless, normal and superconducting accelerators are sufficiently
different that they may require their own control system. For example,
heavy-ion superconducting accelerators are usually comprised of a large
number of independent accelerating structures. This modularity has the
potential of providing for flexible and robust accelerator designs. To take
full advantage of this potential, control systems optimized for the unique
features of superconducting accelerators will need to be designed.

Consequently, we have developed a conceptual design of a phase and
amplitude control system which would be usable for superconducting
cavities with an arbitrary amount of beam loading. This system is based
on the concept of self-excited loops where each cavity is used as a band
pass filter in an oscillator circuit. In this mode, the cavity operation does
not require a frequency source, and the amplitude is stable even in
presence of external frequency perturbation. Phase stability is provided
by phase locking each of the cavity oscillating loops to an external phase
reference by providing an additional amount of phase shift in each loop.

The stability of such a system has been studied and expressions for the amplitude and phase stability with respect to
external perturbation of cavity frequency, beam current and phase have been obtained [11].

Figure 5. Schematic of an accelerating cavity
operated in a self-excited loop with phase and
amplitude feedback.

3. BEAM PHYSICS

3.1. Cumulative Beam Breakup

An analytic formalism of cumulative beam breakup (BBU) in linear accelerators with periodic beam current was recently
developed and applied to both low-velocity ion accelerators and high-energy electron accelerators [12-16]. Steady-state BBU,
which is of principal concern in cw linacs, was characterized in terms of the BBU coupling strength, the transverse focusing
strength, the ratio of defiecting-mode and bunch frequencies, the bunch length, and the charge distribution within each bunch.
The latter two parameters are of special importance in low-velocity beams. For a misaligned beam of 5-function bunches,
steady-state BBU is nearly independent of the effeciive Q of the wake fields except near the zero crosoings of the wake
function where the deflecting-mode frequency is an even-integer multiple of the bunch frequency. Strongly peaked resonances
occur in these regions which can be suppressed by lowering the effective Q of the wake fields, and they are generally less
pronounced with bunches of finite length, the exception corresponding to extremely short, but still finite, bunches. The
deflecting fields tend to distort bunches of finite length, leading to emittance growth and degraded beam quality. Unbunched
particles comprising a diffuse longitudinal halo between the bunches respond to the deflecting fields but do not excite them.
These particles can be deflected more than the bunches themselves. If allowed to impinge on the accelerating structures, they
will contribute to activation over the long-term operation of the linac. Bunch distortion and halo displacement are both
accentuated near the resonances. Steady-state BBU can also be considerable in the presence of random initial conditions of
the bunches at the linac entrance. For example, with a beam of 5-function bunches, a resonance occurs if a harmonic of the
characteristic frequency of the correlation function for the bunch displacement at the linac entrance is close to the characteristic
frequency of the wake function, and strong deflecting fields may then be generated. Sufficiently strong transverse focusing
will suppress all of these potential problems associated with steady-state BBU.



3.2. Beam Impingement and Halo Formation

There is little experimental data on the amount of beam impingement a superconducting cavity can sustain without going
normal, but it should not exceed a few watts per cavity. This can translate to as little as a few particles per million hitting
the resonator. For high-current accelerators, however, the maximum ailowable impingement is set by activation and not by
thermal considerations. This limit is similar for superconducting and normal-conducting accelerators and is of the order of
0.1 nA/m [17]. In turn, the radial profile of the beam halo can be important in this context. However, beam impingement
can be mitigated by designing superconducting resonators with large apertures and/or beam scrapers.

An analytic model of the transverse dynamics of space-charge-dominated beams propagating in a linear focusing channel
was developed based on the Fokker-Planck equation [18]. The model incorporates an assumption that nonlinear space-charge
forces trigger the growth of strong, localized turbulent fluctuations on a time scale of the order of a plasma period through
multiple-stream instabilities. The onset of the turbulence is associated with shock-like behavior and wave-breaking. These
phenomena are induced by nonlinear space-charge forces, and they mark the completion of the charge-redistribution phase
which occurs very quickly (—one-quarter of a plasma period) upon injection of the beam into the focusing channel [19]. Once
charge redistribution is completed, the beam is nearly uniform and, if it is mismatched to the focusing channel, this nearly
uniform beam carries free energy available for thennalization [20]. Resonant coupling between beam particles and the
turbulence provides a physical mechanism for converting free energy to heat. The turbulence also influences the individual
particle orbits causing random collisional effects. These collisions are considered to impart white noise on the particle's
trajectory, thereby establishing a Markov process. The collisions therefore generate dynamical friction and diffusion, causing
relaxation to occur on a time scale which is much less than the time scale for relaxation via binary collisions. Taken together,
these relaxation processes result in enhanced emittance growth and enhanced formation of both transverse and longitudinal
halos. In the presence of sufficiently strong turbulence, the heating can occur very quickly, on a time scale of order of a few
plasma periods, i.e., a few focusing periods, and in this circumstance the deleterious effects can occur during beam transport.
The rate at which the temperature increases is commensurate with the relaxation time [21].

In view of these considerations, the evolution of the transverse phase space of an rms-mismatched, space-charge-dominated
beam injected into a continuous linear focusing channel has been calculated based on the following scenario. An ion source
generates the beam with a density distribution which is mismatched to the focusing channel, and with a thermal velocity
distribution. Upon entering the focusing channel, the beam quickly becomes nearly uniform. This charge-redistribution phase
lasts for about one-quarter of a plasma period and generates excess free energy which is available for thennalization. It
terminates with shock-like behavior and wave-breaking, leading to turbulence. Turbulence then converts free energy into heat
via resonant coupling to beam particles. Turbulence also causes rapid relaxation via collective electrostatic interactions with
the beam particles. This rapid-relaxation phase lasts for a few plasma periods. It drives the evolution of a coarse-grained
distribution function in the phase space of a single beam particle and results in emittance growth and the formation of beam
halo.

The evolution of this coarse-grained distribution function was calculated analytically from the Fokker-Planck equation
assuming a spatially uniform temperature and a constant relaxation time. A model of turbulent heating was used to calculate
the diffusion term, and the equation was integrated with the aid of a harmonic-oscillator model of the particle orbits. The
time-dependence of all of the salient properties of the beam was then calculated analytically from the coarse-grained
distribution function using standard methods [22]. The solutions were expressed in terms of ratios of final-to-initial rms
emittances and beam sizes, both of which can be calculated from the available free energy.

The final configuration is Gaussian in this model because the particle orbits were taken to be harmonic oscillators, and the
corresponding potential is quadratic in the coordinate. An accurate treatment would entail a self-consistent solution of the
Fokker-Planck and Poisson equations. In the present case, self-consistency has been sacrificed in favor of simplicity to
illustrate the salient features of the problem. Work leading to more accurate, self-consistent solutions is in progress.

3.3. Alternating-Phase Focusing

We have developed a new model of alternating-phase focusing (APF) dynamics applicable to ion linacs with short
independently controlled superconducting cavities [23]. Previous works in the literature [24-28] address APF primarily in the
context of a discrete number of accelerating gaps spaced in a predetermined manner to achieve particular values of
synchronous phase in each gap (as is the case in the WiJeroe linac or the Alvarez DTL). By contrast, low-/? cavities of the
type described in [3-5] present a more flexible approach to APF: the cavities are short, can be independently controlled in
adjusting both the phase and the amplitude of the electric field, and were shown to produce remarkably high accelerating
gradients. Essential APF physics for a linac using such cavities is derived from the equations of motion in a cylindrically
symmetric traveling wave with continuous periodic phase modulation.

In our model, we choose the modulation to be sinusoidal and, to first order, neglect effects of a velocity change in one
APF period. The model gives analytical predictions of the linear stability region and the overall longitudinal acceptance in
terms of four universal parameters: equilibrium synchronous phase, phase modulation amplitude, length of APF period, and



incremental energy gain. Using standard mathematical techniques for periodic systems, we have derived formulae for the
longitudinal acceptance accurate to the second order in the deviation from the synchronous phase, A(p. Computer simulations
indicate that for most practical cases the second-order approximation gives an error of no more than 10% in the acceptance
computation. Preliminary numerical calculations show that the maximum separatrix width achievable in the low-/) zero-current
proton linacs with APF is about 45° in Aip. The model predicts that radial stability does not appear to be an issue. As
suggested in the early work on APF [24], the longitudinal acceptance region can be increased by simultaneous modulation
of the accelerating amplitude. A sinusoidal amplitude modulation has been incorporated into the model. We have derived
modified equations of motion and the second-order acceptance for the case of the amplitude and the synchronous phase being
modulated with the same frequency; the effect of the two new parameters - the amplitude modulation's strength and relative
phase - are now being studied in simulations.

Future work on the model will include introduction of space-charge forces, additional external focusing, and effects of
changing velocity. The model is thought to be a good tool for analyzing the applicability of APF in various regimes of
superconducting ion accelerators.

SUMMARY AND FUTURE WORK

Recent developments in rf superconductivity have been very promising. Niobium resonators fabricated for high-
brightness ion acceleration have yielded cw average accelerating gradients as high as 18 MV/m. In an experiment with a
superconducting RFQ geometry, cw surface electric fields as high as 128 MV/m were sustained over surface areas of
order 10 cm2. Analyses of beam impingement and cumulative beam breakup in superconducting linacs comprised oi
decoupled, independently phased cavities were likewise encouraging.

These results point to the intrinsic potential of niobium to provide large accelerating gradients. They also show that
RFSC technology may provide an extended range of options for RFQ design, including the possibility of developing RFQs
for the acceleration of high currents at high real-estate gradients. The design of superconducting RFQs has been initiated,
and we plan to begin shortly the construction of superconducting RFQs for tests with beam.
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RFSC AND BEAM PHYSICS PROGRAM IN EP/AAP

DEVELOPMENT OF SUPERCONDUCTING ACCELERATORS FOR CW, HIGH-CURRENT,
HIGH-BRIGHTNESS BEAMS

DESIGN OF ACCELERATORS
• High-Current Superconducting Section
• Fusion Materials Irradiation Facility
• European Spallation Neutron Source

EXPERIMENTAL AND THEORETICAL WORK
• Development of new resonator geometries
• Characterization of new superconducting materials
• Development of surface-treatment procedures for superconducting materials
• Design of high-power couplers
• Design of focusing elements
• Study of beam loading, cavity control
• Study of alternating-phase focusing
• Study of beam instabilities (beam breakup, higher-order modes)
• Study of halo formation and beam impingement

Engineering Physics Division



DESIGN OF HIGH-CURRENT SUPERCONDUCTING SECTION

INPUT BEAM: 7.5 MeV, 80 mA D

5 SPOKE RESONATORS AT 352 MHz
2 OR 3 GAP
10 MV/m AVERAGE GRADIENT INSIDE CAVITIES

4 SUPERCONDUCTING QUADRUPOLE FOCUSING MAGNETS

INDEPENDENT OPERATION AND CONTROL OF ALL CAVITIES AND MAGNETS

PURPOSE:
DYNAMICS OF HIGH-CURRENT, HIGH-BRIGHTNESS IONS BEAMS
BEAM IMPINGEMENT
BEAM BREAKUP
STABILITY WITH RESPECT TO BEAM MODULATION AND NOISE
EFFECT OF POINT FAILURE OF COMPONENTS
EMITTANCE GROWTH
BEAM AND ACCELERATOR CONTROL SYSTEMS

Engineering Physics Division



DESIGN OF HIGH-CURRENT SUPERCONDUCTING SECTION

VACUUM VESSEL

LN jTHERMAL SHIELD

Mu METAL MAGNETIC
SHIELD

RF COUPLER

WAVEGUIDE

Engineering Physics Division



ACCELERATOR FOR FUSION MATERIAL IRRADIATION FACILITY

• 35 MeV, 250 mA, DEUTERIUM ACCELERATOR

• BASELINE DESIGN CALLS FOR SUPERCONDUCTING ACCELERATOR FROM 8 TO 35 MeV

• DEVELOPED DESIGNS AT 175 AND 350 MHz

ALSO INVESTIGATED SC RFQ UP TO 8 MeV
SC RFQs PROVIDE FOR HIGH CURRENT LIMIT
SC RFQs PROVIDE FOR HIGHER TRANSMISSION

Engineering Physics Division



SUPERCONDUCTING STRUCTURES DEVELOPMENT

> 855 MHz, £=0.30 2-GAP SPOKE RESONATOR

• Achieved theoretical surface resistance at 4.2 K
• Achieved cw field of 7.2 MV/m, limited by power dissipation at 4.2 K (31 W)

* MODELING AND DESIGN OF SUPERCONDUCTING RFQ

• Developed a model of RFQs with improved splitting between quadrupole and dipole modes
provided by magnetic coupling between the quadrants

• Designed RFQs based on this geometry
Collaboration with AccSys for test on ATLAS
High current transport experiment on CWDD

Engineering Physics Division



CONTROL OF BEAM-LOADED SUPERCONDUCTING CAVITIES

<8H—©
CLOCK DEVELOPED ANALYTICAL MODEL OF

SUPERCONDUCTING CAVITY OPERATING
IS A SELF-EXCITED LOOP WITH
ARBITRARY AMOUNT OF BEAM LOADING

MODEL INCLUDES:
Fluctuations of Beam Current
Fluctuations of Beam Phase
Fluctuations of Cavity Frequency
Coupling between Field Amplitude and
Cavity Frequency

MODEL PROVIDES:
Stability Conditions
Residual Phase and Amplitude Errors

PHASE
FEEDBACK

Engineering Physics Division



ALTERNATING-PHASE FOCUSING IN LINEAR ACCELERATORS

DEVELOPED MODEL OF ALTERNATING-PHASE FOCUSING APPLICABLE TO ACCELERATORS
COMPOSED OF SHORT, INDEPENDENT CAVITIES

MODEL INCLUDES SMOOTH CONTINUOUS MODULATION OF PHASE AND AMPLITUDE OF
TRAVELING WAVE

LINEAR STABILITY REGION AND ACCEPTANCE CAN BE OBTAINED IN CLOSED FORM IN
TERMS OF A FEW PARAMETERS

ALTERNATING-PHASE FOCUSING PROBABLY NOT SUFFICIENT FOR HIGH-CURRENT
ACCELERATORS

Engineering Physics Division



CUMULATIVE BEAM BREAKUP IN HIGH-CURRENT LINEAR ACCELERATORS

EXPANDED THEORY OF TRANSIENT AND STEADY-STATE CUMULATIVE BEAM BREAKUP
WITH DC AND BUNCHED BEAMS TO INCLUDE

Varying Accelerator Parameters (Including Arbitrary Energy)
Finite Bunch Length and Arbitrary Charge Distribution within Bunches
Transverse Dynamics of Longitudinal Halo
Random Initial Conditions
Spread in Deflecting-Mode Frequencies

FOR CW LINACS, BEAM BREAKUP CAN BE REDUCED TO AN ACCEPTABLE LEVEL BY

• External Focusing
• Spread in Deflecting-Mode Frequencies

Engineering Physics Division



PHASE-SPACE EVOLUTION OF SPACE-CHARGE-DOMINATED BEAMS

DEVELOPED ANALYTICAL MODEL OF BEAM EVOLUTION AND HALO FOHMATION !N
TRANSPORT CHANNEL

MOTIVATION: PROVIDE UNDERSTANDING AND DESIGN TOOL TO LIMIT ACTIVATION IN
HIGH-CURRENT ACCELERATORS

APPROACH:
• Excess free energy in beam converted into heat via turbulence
• Enhanced dynamical friction and diffusion lead to rapid relaxation and halo formation
• Solve Fokker-Planck and Poisson equations self-consistently for distribution function
• Calculate density profile, beam size and emittance from distribution function

MODEL PROVIDES QUALITATIVE FEATURES OBSERVED IN COMPUTER SIMULATIONS AND
EXPERIMENTS

Engineering Physics Division



BEAM IMPINGEMENT

FOR-LONG LIFE, HIGH-CURRENT, CW ION ACCELERATORS BEAM IMPINGEMENT ISSUE IS
NOT THERMAL MANAGEMENT BUT ACTIVATION

• Maximum tolerable amount of beam impingement of the order of 0.1 nA/m at 1 GeV
• Heat load due to beam impingement : 100 mW/m
• Heat load due to rf : 20 to 40 W/m

VERY LOW BEAM IMPINGEMENT MAY BE EASIER TO ACHIEVE IN SUPERCONDUCTING
ACCELERATORS THAN IN NORMAL-CONDUCTING ACCELERATORS

• Because of frequency dependence of surface resistance, superconducting accelerators
favor lower frequency, normal-conducting accelerators favor higher frequency

• Lower frequency implies larger beam aperture
• At same frequency, superconducting cavities can be designed with larger apertures since

optimization of shunt impedance is of secondary importance
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SUPERCONDUCTING STRUCTURES DEVELOPMENT

HIGH-CURRENT TEST OF A SUPERCONDUCTING RFQ

TEST OF A SUPERCONDUCTING RFQ ON ATLAS
CRADA WITH ACCSYS

PROPOSALS FOR INTERAL FUNDING SUBMITTED FOR

• HIGH-CURRENT TEST OF A SUPERCONDUCTING STRUCTURE
• GAS-PHASE CHEMICAL PROCESSING OF NIOBIUM SUPERCONDUCTING STRUCTURES
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