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Abstract
Fundamental power couplers (FPC’s) for
superconducting cavities must meet very strict

requirements to perform at high power levels (hundreds of
kilowatts) and in a variety of conditions (CW, pulsed,
travelling wave, standing wave) without adversely
affecting the performance of the cavities they are
powering.

Producing good coupler designs and achieving
operational performances in accelerator environments are
challenging tasks that have traditionally involved large
resources from many laboratories. The designs involve
state-of-the-art activities in RF, cryogenic and mechanical
engineering, materials science, vacuum technology, and
electromagnetic field modeling. Handling, assembly and
conditioning procedures have been developed to achieve
ever-increasing power levels and more reliable operation.

In this paper, the technical issues associated with the
design, construction, assembly, processing and operation
of FPC’s will be reviewed, together with the progress in
FPC activities in several laboratories during the past few
years.

1 INTRODUCTION

Achieving ever-increasing accelerating gradients and
lower and lower residual losses at high gradients is the
main goal of RF superconductivity.

However, in order to apply the successes of the research
work on high gradients to real accelerator systems, many
more and diverse problems need to be solved: the physics
of resonators and their interaction with beams and the
technological advances of their auxiliary systems must be
taken into account.

Among the systems closely related to the cavities, none
has a more crucial role for the successful application of
RF superconductivity to accelerators than the fundamental
power couplers (FPC’s).

Efficient transfer of power from a generator to a “load”
(cavity and beam) is the primary task of a coupler. From
this perspective, a coupler can be considered as a properly
designed transition in an otherwise perfectly matched
transmission line, by which a properly determined energy
admission rate can be delivered to the beam.

Even though most couplers do not make use of
superconducting materials, the tight requirements
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imposed on them make the activities centered on FPC’s as
challenging as those for superconducting cavities. In
addition, since any flaws of any components connected to
the superconducting cavities can, and most likely will,
degrade the cavity performance, the attention to the
details of the design, fabrication and assembly of the
couplers is of even greater importance than that for the
cavities themselves. It is in fact known that, in general,
cavity performance is often degraded between tests in a
vertical Dewar and those in cryomodules. One of the
components that can contribute to this degradation is the
fundamental power coupler.

Work on fundamental power couplers has been at the
forefront of technology for decades and several papers
have addressed the issues related to these components
before [11, [2], [3], [4]), [5], [6]. (7]. This paper will
attempt to convey a sense of the variety of problems
related to fundamental power couplers and the complexity
of the solutions that scientists have come up with over the
years.

2 GENERAL CONSIDERATIONS

The designs of FPC’s are largely dictated by specific
requirements associated with the characteristics of the
cavities that are being powered. This discussion will
mostly address accelerator applications and the issues
related to high-power operation.

Traditionally, one of the attractive features of
superconducting RF cavities has been the low losses that
enable operation in CW with relatively high gradients and
considerably lower dissipation than for normal-
conducting cavities. So much so, that in some areas of
accelerator physics, CW operation and pulsed operation
have often in the past automatically identified one type of
technology or the other. Accordingly, the parameters and
the design requirements imposed on couplers have also
been dictated by the average power levels and the peak
power levels that the couplers would have to handle.

Recently, however, pulsed operation of
superconducting cavities has been planned for or applied
to new accelerators [TESLA, SNS], driven either by the
basic requirements of the machine or by the need to
achieve extremely high gradients without adversely
affecting the ultimate cavity gradient performance.
Accordingly, the types of problems that fundamental
power couplers must deal with have expanded their
parameter space. Whereas CW operation imposes tighter
requirements on the average power that the coupler must
handle, the peak power requirements of pulsed systems




can be just as demanding for other reasons. In this case,
the transient fields in transmission lines and interfaces, in
the absence or presence of beam, lead to additional
complications due to the electrical, mechanical and
thermal transients that the pulsed operation implies.

As superconducting cavities are applied to wider
varieties of accelerators, the demands imposed on the
couplers are also broadened and the designs and
fabrications methods must follow the wider applications,
in general bringing to the surface new problems to be
solved, such as lower Q. tighter coupling and more
interference of the coupler with the cavity environment.
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Figurel. The fundamental power coupler for the APT
incorporates several features of coaxial couplers: high
power CW operation, variable coupling, active cooling of
the outer conductor thermal transition and a double
coaxial window at room temperature. [8)

Even from the purely RF point of view, couplers
constitute rather complex systems, in which drastic field
configuration changes occur over short distances, with
inevitable field enhancements and perturbations to the
cavity fields.

These facts alone imply a second-order complication
for the proper design of cavity configurations, since local
field perturbations could have significant effects on beam
performance (e.g., beam kicks by asymmetric coupling
schemes) and on superconducting cavity performance
(e.g., field enhancement at coupling apertures which
might locally bring field levels close to the
superconductor’s critical field if not properly designed, as
in the case of coupling ports too close to the cells).

Transferring power between properly designed
electromagnetic systems is, however, only the first and
possibly the most straightforward step in designing
couplers and in making them practical systems.

As a consequence of their proximity to superconducting
cavities, most couplers must fulfill other roles, which
substantially complicate their design and possibly limit
their performance. Two of these “derived” or “secondary*
functions include having to perform as 1) vacuum barriers
between atmospheric pressure at room-temperature and
low-temperature vacua at extremely (and often
immeasurably) low pressures; and 2) as thermal

transitions between room-temperature RF transmission
low-temperature

systems and the superconducting

cryogenic environment, with or without dynamic heat
loading generated by the RF.

3 DESIGN OPTIONS

Fundamental power couplers can have different design
characteristics and components, which are outlined in the
following paragraphs.

3.1 Coupling: fixed vs. variable

Couplers for superconducting cavities can have broad
ranges of coupling factors, spanning several orders of
magnitude, and depending on the beam power that they
have to support. In extremes cases of very low current
machines [SDALINAC, RIA] coupling factors of 10’-10*
are used, whereas in high current accelerators, stronger
couplings are necessary (10°). In general, stronger
couplings are more difficult to achieve, partly because of
the inherently higher traveling power in the coupler, and
partly because of the closer geometrical relationship of
the coupler with the cavity, leading to higher field
distortions near the coupler-cavity transition surfaces.

Figure 2. Variable coaxial coupler for the LHC. The
variable insertion mechanism allows a change in coupling
factor by over an order of magnitude. This coupler has a
cylindlzi(cal window in the waveguide. [9]
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Fiéure 3. Details of the center conductor of the APT
coupler, with the BeCu bellows, which allow the coupling
variation (upper left). [8]



Most accelerators have adopted a fixed coupling
approach, since the operational beam current is fixed and
the beam loading is well defined.

In a handful of cases, however, variable loading is too
large to be dealt with just by RF controls, and variable
coupling systems become necessary. Dealing with
variable coupling creates challenging problems, which
require innovative solutions. Recent tests of the APT
coupler design have confirmed that a very careful
execution of the design and of the assembly is necessary,
to combine the variable coupling option with all the
additional requirements typical of high-power operation.

3.2 Coupling: coaxial vs. waveguide

Of all the possible geometries for coupling to
superconducting cavities, two main choices have been
adopted: coaxial and waveguide coupling.

Waveguide coupling is conceptually simpler, since it
does not require a transition between the waveguide,
which usually carries the output power of the RF sources,
and the cavity interface. This solution dates back to early
stages of superconducting RF designs [10] and has been
adopted in two accelerators now in operation (Cornell
(CESR)/CEBAF, CESR-B, Figure 4). Due to the
existence of a cutoff frequency in waveguides, the size of
the coupler is generally larger at a given operating
frequency than for the coaxial case. Because of the larger
cross section of the coupling line, the contribution to the
infrared heat transfer to the cryogenic environment is
usually larger [11].
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Figure 4. The CESR-B single cell cavity makes use of a

waveguide coupler. This is the highest power waveguide

coupler in operation, having reached close to 300 kW in
operation with beam. [12]

The CEBAF upgrade project [13] will use waveguide
coupling, and new design options for TESI.A have been
considered which involve waveguide coupling as well
[14].

Not being limited by a cutoff frequency, coaxial
couplers are in general more compact, especially for low
frequency systems, and a variety of geometry and window
arrangements are available to adapt to the specific need of
the system. Only power density considerations and

suppression of multipacting levels play a role in
determining the size of coaxial couplin
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Figure 5. Waveguide coupler for the CEBAF upgrade
cavities: a single ceramic window at room temperature
replaces the double windows present in the original
CEBAF design. The high thermal gradients along the
waveguide require a careful design. [15]

3.2.1 Waveguide coupling

A few important features of the waveguide coupling
systems deserve some mention here, A good review of
some of these issues is found in [16].

Because of the waveguide geometry, windows for

waveguide couplers are generally more difficult to
manufacture and multiple windows within the
waveguide’s cross-section have been used [17].
The coupling strength can be adjusted in three basic ways:
1) by the size of the coupling iris, 2) by the longitudinal
location of the waveguide with respect to the cavity’s end
cell, and 3) by the location of the terminating short of the
waveguide itself, as in the case of CEBAF's cavities.
Multipacting occurs in waveguides also and can be
moderated by the use of magnetic field biasing. For
superconducting systems, this biasing must occur at the
locations of normal conducting parts of the transmission
line [18], [19], [20].

3.2.2 Coaxial coupling

Coaxial couplers offer one advantage: the impedance of
the coaxial line can be chosen to be different from the
standard 50 Q, without modifying the coupler’s outer
dimensions and in order to modify the power levels at
which multipacting can occur (21].

As in the case of the waveguide coupling, the coupling
strength depends on the longitudinal location and the size
of the coupling port, but in the case of electric coupling, a
large range of coupling values can be achieved by proper
insertion of the center conductor into the line.

Therefore proper matching can be easily obtained by
changing only one parameter and variable coupling can be
achieved with proper (if not simple) adjustment of the
inner conductor.
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Figure 6. The KEK-B coupler is the coaxial counterpart of

the CESR-B coupler. The design makes use of a single
planar coaxial ceramic window at room temperature.
Operation close to 400 kW has been achieved. [22], [23]

3.3 Windows

Windows are designed to separate the vacuum of the
superconducting cavity from the atmospheric pressure of
the transmission line. As electromagnetic interfaces, they
must satisfy strict matching requirements, so that power is
reflected and dissipated only in minute quantities. Since
dielectric materials are used for the transmission of
electromagnetic power [24], the manufacturing techniques
usually involve complicated interfaces of conductors,
dielectrics and brazing metals.

In addition, electronic phenomena at the windows can
complicate the design. Multipacting at the windows can
be particularly dangerous, as large amounts of power can
be deposited in small areas of the dielectric, potentially
leading to failure. Careful choice of geometry and coating
with low secondary electron emission coefficient
materials can mitigate this phenomenon [3].

Exposure to radiaton can also lead to charging
phenomena at the window surface [25], [26], [27], [28]
leading to flashover of the accumulated charge and to
damage of the window. Geometrical protection as well as
metallic films of proper thickness can be used to decrease
the incidence of this problem.

As in the case of multipacting coating, it is essential
that the appropriate thickness be carefully achieved (10-
15 A); otherwise excessive RF losses will occur and the
subsequent excessive heating will lead to window failure
[29].

In some cases, multiple windows in series are used
(CEBAF: one window at 300 K and one at 2 K, the latter
used for sealing cavity pairs as early as possible in the
assembly process; TESLA: one room-temperature

window and one at 70 K [30]; APT: two redundant room
temperature windows for protection against failure) [8]. In
spite of the added protection and some beneficial features,
multiple windows tend to complicate the design of the
couplers, add cost and increase the number of critical
components that can fail.

As mentioned above, windows for waveguide systems
are usually planar and can occupy a large fraction of the
waveguide cross-section, either in a single piece, or in
multiple pieces [25], [31], [32], [33].

Coaxial windows are usually planar [8], (22], [34), [35]
cylindrical [9], [36], [37] or conical [38].

Active pumping near the windows is desirable [6], [25]
to avoid discharge problems during outgassing events
associated with varying power levels, but in most cases
design complications make this solution impossible and
pumping is achieved only through the cavity itself. In this
case, more careful initial conditioning and close attention
to operational interlocks become even more necessary.

An excellent in depth study of RF windows is K.
Cummings’ dissertation [39].

3.4 Cooling

Coupler cooling is necessary to keep temperatures as
constant as possible even in the presence of variable
power. This prevents excessive infrared loading to the
cryogenic environment and prevents excessive thermal
gradients across ceramic windows, which might otherwise
be fractured.

Waveguide couplers are usually not actively cooled,
again thanks to the lower power densities, whereas
coaxial couplers are actively cooled in a variety of ways:
center conductors are cooled by water, or gases, whereas
outer conductor transitions between the cryogenic and the
room temperature environments are usually cooled by
conduction [KEK-B] or by active helium gas cooling
[APT, SNS].

Thermal intercepts at various temperatures (50-70 K)
are used to limit the amount of heat load to the cryogenic
environment.

3.5 Joints

Among the most complicated parts of any coupler is the
design of proper joints. At these locations all of the
complications and design features come together: the
presence of dielectrics, metals, brazing alloys, RF
matching requirements, metallic and dielectric losses,
anti-multipacting and charge drainage films, outgassing
considerations. Only very experienced designers are able
to properly evaluate all these often-conflicting
requirements and make a proper choice and compromise,
which allow a nearly optimal performance of the coupler
itself [3].

4 SIMULATIONS

Over the past several years an ever-increasing activity
has been noticeable in the area of coupler design
connected with simulations of various aspects of the
coupler’s performance. Thanks to better software tools, a
larger and larger fraction of the design of couplers can be
made well ahead of the actual construction, thus removing
part of the uncertainty of the coupler’s performance and
avoiding the lengthy, tedious and expensive work of cut



and try, which is particularly demanding for systems
connected to superconducting cavities.

4.1 Electromagnetic calculations

4.1.1 Field distribution

Programs such as HFSS have been used by several
groups to evaluate the field distribution in couplers and
transitions and to improve the matching at windows and at
waveguide/coaxial transitions. Such calculations have
been carried out, for example, for couplers designed at
Saclay [40], [41], at LANL [42], [34], [43], [44], [45], for
Cornell windows [32] and for the SNS coupler [46]
(Figure 7)
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Figure 7. Electromagnetic field simulations allow better
designs of coupler components: here the SNS waveguide-
to-coaxial transition and the window matching section are

shown with the relevant electric field strengths. [46]

4.1.2 External Q calculations

The coupler’s external Q is a critical quantity, which
needs to be set for each specific application. Calculations
are also now routinely performed to determine the Q,,, in
advance by matching cavity field calculations to the
coupler’s geometry field simulations. This has been done
for the APT cavities [47], [48] and for the SNS [46]. In
both cases bench measurements give extremely good
agreement with the simulations.

4.1.3 Multipacting calculations

Along with better understanding of field distribution in
couplers and with the improvement in tracking programs
for multipacting in accelerating structures, a great
improvement has been effected in understanding
electronic activities inside the couplers’ structures and in
estimating location and magnitude of multipacting
phenomena [49].

Such efforts have been carried out at Cornell for the
waveguide geometry [19], [20], and at Saclay for various
window and coaxial geometries [40], [41], [50], [51],
[45]. Activities in Finland in collaboration with TESLA

and other laboratories have led to the study of the
multipacting characteristics of several coupler geometries
[52], [53), [54], (55]. From these studies a great deal of
information has emerged which points to the fact that
multipacting is generally unavoidable in couplers, as the
amplitudes and phases of the forward and reverse wave
change along various parts of the structure. Figure 9 gives
an example of the output of the multipacting simulations.
The final result of the simulations is that electromagnetic
design alone is insufficient to avoid multipacting.
Materials and surfaces must be carefully controlled and
conditioning must be implemented in order to decrease
the negative impact of this phenomenon.

As a side result of the multipacting simulations, it is
now possible to design a proper biasing method in order
to disrupt the multipacting orbits and their effects.
Calculations with bias can be performed with the present
multipacting modeling tools [56].
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Figure 8. Multipacting simulations at the SNS coupler’s
window. The ability of predicting dangerous phenomena,
like multipacting at specific locations in the couplers,
leads to better designs. [54]

4.2 Thermal calculations

Another area where numerical calculations help in
designing the coupler characteristics is the determination
of the thermal properties. For coaxial geometry this has
been done at the APT [57], (58] and at the SNS [35]. Both
center conductor and outer conductor thermal profiles can
be determined in this way under RF loading conditions.



Similar calculations have been done for the waveguide
geometry by other authors, taking into account the
optimal length and thermal groundings to minimize
cryogenic losses [15].

An area which requires additional attention is the
modeling of the thermal profile of the coupler/cavity
interface. Here the RF losses are small, but if the
temperature  is not  properly  stabilized, the
superconductor’s critical temperature could be exceeded
due to the highly nonlinear losses caused by the thermal
loading from the coupler.
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Figure 9. The results of multipacting simulations in
couplers can be summarized by graphs like the one shown
above: the red areas show regions of the complex
reflection coefficient where multipacting can occur [54].

4.3 Mechanical stress calculations

Since some of the coupler designs rely on very delicate
ceramic-to-metal brazing, it is important to evaluate the
mechanical properties of the couplers to prevent costly
mechanical failures.

Whereas in most cases couplers are assembled on the
accelerator premises and a failure of a coupler in transfer
only affects the coupler itself, in the case of the SNS the
assembly is done elsewhere from the installation point. A
failure of a coupler during transit would have very costly
consequences. In the future, this construction mode will
become more and more frequent. Wilson [35] has
evaluated the mechanical stresses on the SNS coupler, and
the results lend confidence to the belief that the design
should withstand the accelerations and stresses associated
with the transfer from one laboratory to the other.

5 MATERIALS, MANUFACTURING,
PREPARATION AND ASSEMBLY

The vast majority of superconducting cavities include
only one or at most two materials (generally Nb, Cu, Pb,
and NbTi for flanges) and, in spite of complicated
fabrication procedures, the manufacturing of such cavities
includes a relatively small number of assembly processes.

In the case of fundamental power couplers, however, a
larger number of dissimilar components make up the final
assembly and a larger number of materials need to be
incorporated into the final product.

This creates a more complicated set of conditions, both
in terms of mutual compatibility of the materials and in
terms of the quality control needed at every step of the
coupler production.

Typical metals used in the construction of couplers are
stainless steel for the components that need to hold a large
thermal gradient (e.g. outer conductors in coaxial couplers
and waveguide penetrations into cryostats), often coated
with copper for good RF performance and low RF losses;
high-quality OFHC copper for room temperature
components that need good thermal conduction (e.g.
center conductors in coaxial couplers); BeCu components
for variable couplers bellows [8].

High purity (>99%) and medium purity (95%) alumina,
as well as beryllia and possibly aluminum nitride can be
used for dielectric windows with proper metallization for
brazing to the assembly [2], [3], [33].

Brazing alloys with suitable melting temperatures
(often more than one brazing step is necessary) are used
with joints positioned to avoid excessive RF losses.

Thin film coatings also require special development and
equipment, and their application must occur at specific
steps in the manufacturing sequence to prevent later
damage of these delicate features. Coating of outer
conductors or waveguides is done by sputtering or
electroplating of copper, with or without intermediate
layers. Ceramic coating with Ti or TiN (oxidized) for
charge drainage and multipacting control is done mostly
by sputtering [2], [3]. [29]. [59].

As in the case of superconducting cavities, the utmost
attention must be given to ensuring clean assembly
methods (electron beam welding, brazing, proper flanges
capable of providing ultra-high vacua).

Achieving very clean surfaces in the couplers is as
necessary as for superconducting cavities, since any
contamination might either cause catastrophic failures of
the couplers themselves, or directly cause contamination
of the cavity surfaces. Moreover, a lack of cleanliness of
the surfaces greatly increases the incidence of
multipacting, thus increasing processing times, possibly
limiting the ultimate performance and, in extreme cases,
potentially leading to coupler failures. In general, because
of the complicated geometries and the presence of highly
dissimilar and often incompatible materials, the cleaning
of couplers is a more complicated process than the
cleaning of the cavities, and only mild methods and
cleaning agents are allowed in the final stages of
fabrication and assembly. Poor quality control can lead to
more frequent and less repairable failures than in the case
of the cavities themselves,

Assembly of coupler components and of the couplers
onto testing systems and cavities requires techniques and
methods that are applicable to cavity assembly, with clean
room facilities and procedures that must guarantee the



integrity of the assembly and the low contamination levels
typical of high-gradient cavities.

All of the methods and systems described above entail
labor-intensive activities, which require continuous
quality conirol at each of the many manufacturing,
cleaning, and testing steps. As a consequence, the cost of
coupler manufacturing is presently very high, typically
close to the cost of the cavities themselves, in the tens of
thousands of dollars. For large systems, this high cost is
unacceptable. While efforts are being made to decrease
cavity costs through design changes and innovative
manufacturing methods, not as much emphasis is being
placed on trying to reduce coupler costs. Part of the
problem 1is that each accelerator system being designed
goes trough at least a few iterations in reaching a
satisfactory coupler design, driving the development costs
very high. In some cases, successive versions of the same
coupler gradually improve the performance, but so far not
much attention has been given to trying to simplify the
design and manufacturing methods in order to achieve
considerable cost improvements.

Now that high performance couplers have been
demonstrated to operate at hundreds of kilowatts and
higher, the time has come to dedicate efforts to
developing a class of couplers that not only perform at the
present limits, but also do so with simplified designs and
with considerably lower costs.

A concerted effort must be mounted in order to adopt
common features from couplers that guarantee
consistently high performance. A close interaction not
only among laboratories, but also with industry, is
necessary [32], [60], [61] from the early stages of the
couplers’ design in order to obtain the best performance
for the lowest possible price.

In this direction, some efforts are being made by some
companies, but increased activities in this area must be
supported.

6 MEASUREMENTS AND TESTING

As a part of the many quality controls to for couplers
both in the developmental stages as well as in production,
several types of measurements are necessary. The
simulations mentioned above are a useful guide to predict
the outcome of these measurements, but the latter are a
necessary step in ensuring the proper coupler behavior
and in understanding all the phenomena that will
inevitably occur during real operation.

6.1 Matching

Matching measurements of individual components of
the coupler (waveguides to coaxial transitions, window
assemblies), and of components used in processing
(connecting waveguides and cavities), must be done to
ensure proper power transfer and minimize standing
waves in the system. Full assembly matching

measurements must be done at low power and the results
verified at high power to eliminate the possibility of
detrimental electronic activities.

6.2 External Q

A measurement of Q. before installation of a coupler
into a cavity is necessary to guarantee that the proper
amount of power will be coupled to the cavity fields and
to the beam during operation [46], [48].

Measurements of Q. at low temperature are very
costly, since often the only way for the measurements to
occur is in the final cryomodule configuration. A notable
exception is the rapid cycling cryostat developed at Orsay
[62], which enables several types of measurements related
to superconducting cavities and auxiliary components
with a turnaround time of days rather than several weeks
or months. In this case, the measurement of Q. is
straightforward, since in most superconducting cavity
systems the coupling is so strong that a measurement of
the loaded Q is equivalent to the measurement of the Q.y,.

In all other cases, bench measurements are necessary at
room temperature. These are considerably more
complicated and require the use of auxiliary probes, as
done for HOM coupling measurements [63]. It is
important that the probes (which need to be nearly
critically coupled to the cavity fields) do not, at the same
time, perturb the fields to the point that the coupling to the
fundamental mode coupler is substantially modified.

6.3 Interlocks

In all the high power testing that is done, whether
during processing or during testing in the cavities, a
number of interlocks must be operative to prevent damage
to the couplers or even catastrophic failures.

Whereas testing cavities by themselves (e.g. in vertical
tests) requires minimal interlocks, the operation of high
power couplers must include protections that prevent
pressures from reaching the discharge limit; that prevent
overheating of the coupler, especially with regard to the
window itself; that monitor arcing that can occur at any
location within the coupler vacuum; and that monitor the
electron current near the windows. In fact, most of the
interlocks commonly implemented in superconducting
cavities are not for the cavity proper, but for protection of
the complicated, and considerably more delicate, couplers
(39].

7 PROCESSING AND CONDITIONING

Due to the general complexity of the couplers’
structures and the tight requirements on outgassing which
might contaminate the superconducting cavities, a
thorough routine of processing and conditioning is
necessary in advance of the installation of the couplers
into the cavity assemblies.

7.1 Warm conditioning apparatus

Generally, couplers are processed in pairs, with the
common vacuum guarded by the two windows. The
Jjoining element is usually a section of waveguide properly
matched at the coupler’s main operating frequency, or by
a room-temperature, normal-conducting cavity. In one



case [54] a superconducting cavity has been used for
testing couplers at high power.

Usually the processing stand consists of mechanical
components that allow easy installation and pumping of
the couplers and transferability to the appropriate high
power source [65], [66], [67], [68], [8]. An independent
vacuum pumping and monitoring system is necessary to
guarantee the achievement of low pressures compatible
with cavity installations.

As part of the apparatus, interlocks with properly
designed controls are necessary to maintain the processing
activity within predetermined parameters and to make the
conditioning as automated and safe as possible.

High power sources are used, frequently providing
powers higher than the operating sources, since, as a rule
of thumb, it is desirable to reach power levels during
conditioning at least twice as high as the highest possible
power used during real operation.

In some cases cooling of the outer conductor is
implemented, to more closely simulate the gas adsorption,
and therefore the multipacting conditions, which are
present during real operation [69], [70], [71].

7.2 Warm conditioning procedures

To simulate during processing the variety of phase and
amplitude conditions encountered during real operation,
all of the ranges of power levels and phases of the forward
and reverse waves must be explored.

In order to reach the full average and peak power levels
during processing, a systematic way of increasing the
power must be followed in order not to create exceedingly
high outgassing levels (>107 torr) and thus avoid the
consequent possibility of discharges, breakdowns and
destructive conditions.

Typically, an initial procedure performed in a traveling
wave mode includes the progressive increase of both
power levels and pulse length in a pulsed mode.
Depending on the coupler specific characteristics
(designed for CW or pulsed), the procedure can be
tailored to the coupler's needs. Experience plays an
important role in the choice of procedure, but a careful
attention to vacuum levels and to arcing activities is
always necessary. Irreversible damage can occur if this is
overlooked [72], [39], [28], [37], [73], [74], [23], [33].

During power ramping, multipacting levels can be
encountered. In these cases, vacuum bursts are
encountered: these must be overcome by a slow increase
in power or by the application of a biasing voltage (in the
case of properly designed coaxial couplers) or the
application of a magnetic field (for waveguide couplers).

Standing wave conditions are also routinely used to
locally enhance the fields at different locations of the
couplers and to simulate the effects occurring during
power or beam transients.

Figure 10.The-processing test stand of the APT couplers
{8]. It incorporates a normal conducting cavity as a
connecting element between couplers.

8.3 In situ conditioning options

Even after thorough conditioning prior to installation
into cavity systems, a great deal of care must be exercised
once the coupler is instailed in the cryomodule. A sudden
application of power can, at this point, not only damage
the coupler, but also jeopardize the operation of a whole
accelerator.

Procedures have been developed which provide a
gradval and controlled application of power to the
couplers on and off resonance before the maximum
operating power level is reached and before the attention
is switched to the cavity operation [33]. In some cases this
involves the use of pulsed power techniques to limit the
average power and to achieve high field levels with
amplitude and phases during the transient operation,
which closely mimic the actual transients in the
accelerator [75].

All of the conditioning procedures give results which
might degrade with time. Both in room temperature
conditioning and in actual operation it is necessary to re-
establish safe operating power levels after every long
shut-off or down time, whether the cavities have been
warmed up or not.

8 OPERATIONS

At the present time, only five superconducting
machines with fundamental power couplers are in
operation: KEK-B [76], CESR-B (12}, HERA, TTF [77],
[30] and CEBAF [78). Two more machines have recently
stopped operation: LEP [79] and the Jefferson Lab FEL,
the latter in preparation for an upgrade.

Figare 11 shows the operating power reached by
couplers in operation versus their operating frequency.
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Figure 11. Operating power versus frequency for several
superconducting machines’ couplers. The red points are
machines presently not in operation. The triangle is the

peak power for the pulsed TTF. All others are CW-
operated couplers.

Operation at high power is now limited by overall
machine parameters; it is encouraging to know that the
couplers being designed today can reach and possibly
exceed the operating parameters which are now being
used for the machine operations.

For all the accelerators, after initial commissioning of
the couplers/cavities, in only a few cases have couplers
been responsible for interruptions of machine operations.

9 PROGRESS REPORTS

Several projects at different stages of study or
development have considered couplers of various designs.

The LHC has well-tested couplers, which have reached
300 kW in full reflection with cooled outer conductor for
200 hours. Previously, the coupler had reached 500 kW in
traveling wave [9].

The APT has developed a coupler, which has reached
over 1 MW in CW operation, with very encouraging
operating parameters, which open the way for even more
robust coupler designs [80], [81], [82].

Upgrades of both CEBAF and the Jefferson Lab FEL
will require new windows/coaxial couplers capable of
withstanding 100 kW CW in the immediate future and
higher powers in the following years [15], [25].

TESLA [83] continues to develop improved versions of
the original couplers and new waveguide coupling
concepts [30], [14], also achieving higher and higher peak
power levels [29].

Several proton machines [84], [85] now under
consideration in Japan [86], [87], [88], [89], in Europe
[45] and in the US [42] also have under development new
designs and prototype couplers, which will expand the
operating parameters.

Finally, the SNS, now in the final stages of
development and soon under construction, has been able
to benefit from the experience of all the laboratories
previously involved in coupler development In a short
time the SNS fundamental power coupler (Figure 12) has

gone from a concept to a tested prototype which has
recently amply exceeded the design specifications [90],
[91]. This coupler is the primary example of how the time
is now ripe for a true collaboration among various
laboratories in order to develop jointly (and with the
assistance of industry) a new class of couplers which will
not only optimize the operating parameters, but will do so
with a clear goal of decreasing the overall design,
manufacturing, assembly and installation costs.

Figure 12. The SNS coupler is based on a modification of
the KEK-B coupler. The window matching design has
been applied in the past to room-temperature systems. The
SNS coupler developments has greatly benefited from the
experience sand the collaborations of several laboratories
around the world and has reached 2 MW peak in high-
power tests.

10 SUMMARY AND CONCLUSIONS

Fundamental power couplers for superconducting
cavities are among the most important and most
complicated auxiliary systems in superconducting particle
accelerators. Great progress has been made recently in
achieving high power transfer to beams in real operating
conditions and in preliminary tests of several other
couplers in various stages of development.

In the future, couplers with higher and higher power
handling capabilities will be necessary for more powerful
machines, and the development of new couplers must
capitalize as rnuch as possible on past experience, on
simulation methods and on better manufacturing
practices, which will need to cut costs to make large-scale
adoption of superconducting cavity technology possible.

The development of reliable and inexpensive couplers
must go hand in hand with the development of better
accelerating structures for the technology to be widely
applicable.

Even though most couplers do not make use of
superconductors, the technologies involved in the
construction of couplers are as challenging (and possibly



more so) than those used for the development of
superconducting cavities.

The community must pay close attention to the issues
related to the development of couplers for the future of
superconducting RF technology to be widely applied to
many systems.
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