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Abstract

The work toward the development of supercon-
ducting accelerators and particle separators has
led to a considerable improvement in our under-
standing of rf superconductivity. This paper will
discuss our present understanding of rf supercon-
ductivity with emphasis on those topics that re-
late to accelerating devices.

1. Introduction

Superconducting rf cavities have been sug-
gested for use in building a wide range of ac-
celerating devices: examples are electron micro-
scopes of a few MeV and linear proton accelerators
in combination with recircglation to produce sev-
eral thousand GeV protonsl . Many other accler-
ating devices using superconducting rf cavities at
energies in the range of 1 MeV to 1000 GeV are
under consideration. A number of these are now
in vayrious, stages of construction and develop-
ment? ,3§,u§' The work toward the development of
these accelerators and particle separators has led
to a considerable improvement in our understanding
of rf superconductivity. This paper will discuss
our present understanding of rf superconductivity
with emphasis on those topics that relate to ac-
celerating devices. Technological details of a
superconducting materials nature will be avoided
in the discussion.

2. Relation of Experiment to Theory

There are a number of experimental parameters
at ones disposal which can either be controlled
(at least to some degree) or which can be measured.
In an experiment, one typically determines the
cavity shape and mode, the metallurgical condition
of the superconductor, and the microwave frequency
and field in the cavity. There are in addition
other parameters that may be controlled in an ex~-
periment. Examples are the ambient field on the
cavity at cool down through the superconducting
transition temperature T, , the quality of the
vacuum in the cavity, the density of He gas ad-
mitted into the cavity, etc. After setting the
above experimental parameters, one can in turn
measure the. unloaded Q, Qo , and resonant fre-
quency @, of the cavity. One can in addition
measure other factors in a cavity experiment such
as x-radiation (including intensity, energy spectrum,
and spatial distribution), distribution of heat
dissipation, phonons, electron currents within
the cavity volume, etc.

Unfortunately there is no unique way to re-
late experimental measurements to specific pro-
perties of a superconductor. For instance, the
experimental Qg 1is the result of the total power
dissipation in a cavity. By a Q, measurement

alone, one can not determine what fraction of the
power dissipation goes into a specific dissipation
mechanism. One must always make assumptions
(which may perhaps be verified by additional ex-
periments) as to the types of power dissipation
actually occurring.

One of the most important types of power
dissipation is that coming from the presence of rf
currents near the surface of the superconductor.
This type of power dissipation can be characterized
by a complex surface impedance Z .

Z=R+1iX , (1)
where i =+~ 1. The real part of Z is called
the surface resistance R ; and the imaginary part
of Z 1is called the surface reactance X . The

surface resistance is related to the power dissi-

pation Pdis in a cavity by
1 c 2
Pag = [ (G0, (2

surface

where the units are cgs-Gaussian, and the integral
is over the surface of the cavity. In Eq. (2),

the quantity under the integral sign is the square
of the surface current (in cgs-Gaussian units the
surface current is [c¢/UxJH). The surface reactance
can be related to a reactive skin depth; however

it is not of much interest in the discussion of
accelerating devices and it will not be discussed
further.

The surface resistance can be related to the
Qo of a cavity assuming there is only rf surface
current dissipation and that the surface resistance
is uniform over the cavity surface. (These assump-
tions are often not correct.) With these assumptions

R = T/Q, s (3)

where T' 1is a geometrical factor depending on
cavity shape and mode. I* can be expressed by
integrals over the magnetic field H for the par-
ticular mode of interest:

b / Hgdv/f

2
I' = —2 H da » (Ll)
surface

c volume
where Eq. (%) is in cgs-Gaussian units.

Pb and Nb superconductors are of most interest
for accelerating devices because of their potential
high rf magnetic fields. Various methods have
developed f m acturing these superconducting
cavities5)’%§’7??g§’9 ,10,%; however, no details
will be given here.
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3. The Low Field BCS Surface Resistance

The properties of superconductors at low
magnetic fields are approximated to a §ood degree
by the BCS theory of superconductivity 1) The
superconducting surface impedance is no exception.
There are some results from the BCS theory that
give a rather clear idea of how the temperature
dependence of the superconducting surface resis-
tance arises. Figure 1 shows the density of
electron states in a small region near the fermi
surface. The BCS density of states has some very
important properties: there are no electron states
available for energies between ¢; and € » the
fermi energy e lies half way between ¢ and
€s (an energy £ from each), and there are inverse
square root singularities in the density of states
at the energy gap edges, €1 and €5 As shown
in Fig. 1 for T = 09K , the electrons in the
superconductor occupy all the states below the lower
gap edge €7 and none of the states above the
upper gap edge € - Since electrons obey Fermi-
Dirac statistics, only one electron of each spin
may occupy each space state. At 0°k , this means
that an electron must acquire an energy of 2A
in order to make a transition to a new state.
Since at low field only single photon absorption
is probable, a photon of minimum frequency 24/h
(h is Plank's constant) is necessary to excite an
electron to a new state. This frequency is about
T x 101! Hz for Pb and Nb. Since superconducting
accelerator devices generally involve frequencies
of less than 1010 Hz; at 0°K there will be no
direct transitions of electrons across the energy
gap 2A , and hence the BCS surface resistance at
0°K will be zero.
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Fig. 1. Density of electron states for a BCS
superconductor with the occupied states

at T = 0°K indicated.

At finite temperature, electrons will be
thermally excited across the energy gap. Also the
energy gap will decrease with increasing tempera-
ture until it reaches zero at the superconducting
transition temperature T_.. The number of electrons
excited across the energy gap is proportional to the
Fermi-Dirac distribution function, which can be ap-

proximately written for low temperatures

(r <0.5 1.) as exp(-4/kgT) , where kp 1is the
Boltzmann constant. Figure 2 indicates the oc-
cupied states at a finite temperature. It is
clear from Fig. 2 that electrons can be excited
to unfilled states very close in energy to their
original energy. Thus at finite temperatures,
photons of low frequency (< 1010Hz) can excite
electrons to higher states, and power dissipation
occurs when these electrons thermally relax to
lower energy states again. For low temperatures
(T <0.5 Tc) , the superconducting surface resis-
tance Rppg is very closely proportional to the
number of electrons thermally excited across the
energy gap: Rpeg = exp (- &/kgT) .
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Fig. 2. Density of electron states for a BCS
superconductor with the occupied states for

T # 0°K indicated.

Another important result of the theory of
superconductivity is shown in Fig. 3. When a
magnetic field (dc or rf) is applied to the sur-
face of a superconductor, the magnetic field does
not penetrate the bulk of the superconductor ex-
cept near the surface where shielding currents
arise. The current density and magnetic field de-
crease approximately exponentially as a function of
distance from the surface according to the form
exp(-x/A). The distance A is called the penetra-
tion depth. At dc the electric field in the super-
conductor is zero; however, for rf applied magnetic
fields, the electric field in the superconductor
is non-zero but small due to magnetic induction.
The electric field is proportional to A and o,
and also decreases approximately exponentially.

It is this electric field that couples photons
to the electrons.

Expressions for the superconducting surface
impedance have been worked out in detail by
Mattis and Baydeenl?) and Abrikosov, Gorkov, and
Khalatnikole . These expressions are in a rather
difficult form to obtain numerical values. The
latter authors have reduced their expressions in
the Pippard limit to an approximate form for
o < <A and kBT << A. Detailed computer pro-
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grams have been developed by the authorlh) using
the expressign % Mattis and Bardeen and by
Halbritte{l5 »1 using a Green's function
formalism 7). The approximate frequency and tem-
perature dependences are as follows:

Ryeg = @1 exp(-8/iT) - )
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Fig. 3. Approximate representation of the
penetration of the magnetic and electric
fields into a BCS superconductor.
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Fig. 4. Comparison of experimental and theoretical
surface resistance as a function of tem-
perature for Nb at 11 GHz.

Detailed comparisons of the experimental sur-
face resistance have been made with the theoretical
expressions for the BCS surﬁﬁce rggistance for a
number of superconductors.l »7)18), Figure 4 shows
an example of the comparison of experimental data
for Nb at 11 GHz with theoretical calculations as
a function of temperaturef!/. It is seen that the
theoretical calculations fit the experimental data
over four orders of magnitude. Figure 5 shows an
example og a comparisin of the experimental data
of Pierce®) and Szecsil?) £op,Fb at 4.17%K with the
calculations of Halbrittert ) as a function of fre-
quency. Again the calculations fit the data quite
well. The BCS surface resistance can be regarded
as generally well understood, and it can be cal-
culated to better than 20% in most cases.
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Fig. 5. Comparison of experimental and theoretical
surface resistance as a function of fre-

quency for Pb at L4.17°K.

L. The Residual Surface Resistance

In experimental measurements, it is always
observed that the surface resistance approaches
a finite non-zero value as T — 0°K . 1In fact,
when one compares experiment with the BCS sur-
face resistance, the relationship

Rexp = RBCS + Rresid ’ (6)

is generally assumed. Ryesid ? which for most im-
portant contributions is only weakly dependent on
temperature, characterizes those dissipation
mechanisms that are due to other than the BCS
dissipation. Quite often the residual dissipation
may be localized on the superconducting surface to
a few small regions. One must keep this fact in
mind since most experimental Rpegjq Quoted in the

literature are determined assuming R .o is
resid
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uniform over the surface. Rresig can be the re-
sult of factors over which one in principle has
experimental control as well as factors which are
an inherent solid state property of the super-
conductor.

The possible dissipation mechanisms giving
rise to a R are many; however, the verifi-
cation of a spécific dissipation mechanism is
difficult. An example of a relatively well under-
stood source of Ryagig is that dvue to trapped
magnetic flux in a superconductor. If one applies
an ambient dc magnetic field to a cavity while it
is cooled through T, into the superconducting statsg
magnetic flux will be trapped in the supercon-
ductor. For those small regions where the mag-
netic flux leaves the surface of the superconductor,
the superconducting state is degraded. These
small regions have a surface resistance on the
order of that for the normal state in the anomalous
limit. Experiments have been carried out which
demonstrate that Rpegig (in the average sense for
the whole cavity surface) is proportional to the
ambient magnetic field and hence to the trapped
magnetic flux. Figure 6 shows such a set of data
for Pb at 11 GHz5) (Rregig is proportional to
1/Qy)- For Nb cavities, Ryegig has been found to
be proporslgg?l to the ambient magnetic field
squared This different dependence on
ambient magnetic field may be related to a partial
Meissner effect of the thick walled massive Nb
cavities used in these experiments or perhaps to the
tendency in type II superconductors (o) for the
trapped flux to isolate itself into individual flux
quanta at low field.
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Fig. 6. The residual Q(QH) as a function of
ambient magnetic field during transition
into superconducting state for an electro-

plated Pb cavity at 12 GHz.

Dielectric losses giving rise
have been also clearly observed in
cavities. By dielectric loss, one
which is proportional to E< on the
than HS. This type of loss became
was found that cavities with large

to a Rresid
superconducting
means that loss
surface rather
clear when it
electric fields

on their surfaces (e.g. T™™o10 mode) were much more
susceptible to increased Ryegig @8 the result of
poor vacuum than cavities without large electric
fields on their surfaces (e.g. TEnyp; mode). For
example it was possible to reach a Q. of lOlO in

a TEpyy modg Nb cavity with only an oil mechanical
pump vacuum ) but ultra-high-vacuum techn}ques
were requlred for TMOlO mode Nb cav1t1es

One rather intriguing example of a residual
dissipation mechanism, which Halbritter has
shown may be important, is phonon generation.
Phonon generation is an inherent solid state pro-
perty of a superconductor. There are several
coupling mechanisms for phonon generation. The two
more important are the coupling of the electric
field parallel to the surface to the ions in the super-
conductor and the coupling of the electri field perpen-
dicular to the surface to the electric dipole
at the surface of the superconductor. The first
type of coupling may be enchanced by surface
roughness. The frequency dependence of phonon
generation may be from «° to

There are, of course, additional proposed
mechanisms for residual dissipation: examples
are small normal regions and regions of degraded
superconductivity due to imperfections, magnetic
impurities, surface roughness, and trapped flux
due to thermal electric currents. It is very
difficult to verify experimentally these different
dissipation mechanisms since they depend on a
good knowledge of microscopic properties of the
superconductor. Unfortunately, the important
contributions to R are not very well under-
stood since it is due to those mechanisms over
which we have not established experimental control.
Nevertheless in a variety of circumstances residual
surface §351stanc s g a few times 10-90 have been
achieved 2k}, .

5. Non-Linear Effects

5.1 The Surface Resistance

Only the surface resistance for low fields has
so far been discussed. As the fields in a cavity
are increased a non-linear contribution to the
surface resistance can occur (i.e., the power
dissipation follows a dependence on H other than
H2). The BCS surface resistance itself increases
with magnetic field due to the degradation of the
superconductivity with magnetic field. R in-
creases ffor T < 0.5 Tc) principally as the result
of the energy gap decreasing with magnetic field.
Although for Pb and Nb the decrease in the energy
gap is small, the fact that it occurs in the ex-
ponential leads to an important increase in Rpeg-
The increase in Rpeg has been calculated u51n$ thg
Ginzburg-Landau theory for superconduct1v1ty )’ )
The non-linear Rppg can be expressed as follows:

R (7N

H \2
Rpag(0) [1 + 7 (E)

nes () =
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at 2%k RBCE(HC)/RECS(O) for Pb is about 2 and for
Nb is about

There are a number of other non-linear dissi-
pation mechanisms that are known. There is ad-
ditional dissipation for certain mangetic field
levels due to surface states29}. Surface states
result from the modification of the electron states
near the surface by the magnetic field and specular
reflection. It is felt that experimental infor-
mation qualitatively verifies the existence of
these surface states. Another important example
is the non-linear surface resistance due to phonon
generation by the pressure produced from the
interaction of a normal electric field with its
induced surface charge and the interaction of a
parallel magnetic field with its induced surface
current. The author has estimated that a magnetic
field of 1500 Oe could lead to a Rregid of about
3 x 10770 due to non-linear phonon generation.

At the highest frequencies and fields multiple
photon absorption may become important. Also
one may observe an increase in the surface
resistance with field resulting from the finite
thermal conductivity of the superconductor and
the consequent temperature rise. Experimental
work is needed to verify the importance of the
various non-linear dissipation mechanisms.

5.2 Frequency Tuning Effects

Although small changes in the surface reactance
with field do not appear to be an important con-
sideration in superconducting accelerator design,
frequency tuning from the static radiation pressure
can be very important. The static radiation pres-
sure is proportional to field squared. Frequency
shifts which can be accounted for by the cavity
deformation dgﬁ to the radiation pressure have
been observed~/. Disk loaded accelerator structures
can generally be made strong enough to limit the
frequency shifts to a few bandwidths, but other
types of cavities are very sensitive to the radia-
tion pressyre. A 8f/f as high as 0.0l has been
reported3og.

In addition to static frequency shifts,
coupling due to the radiation pressure between
rf cavity modes and mechanical modes in helical
cavities have been observed With active
feedback these coupled oscillations have been
suppressed to very high fields32§.

6. RF Critical Magnetic Field

Figure 7 shog§ a typical graph of Qo as a
function of field®/. It is observed that at a
certain field, called the rf critical magnetic
field Hg , an instability in Qg5 occurs. The term
Hgf refers to the peak rf magnetic field on the
surface. In Fig. 7, it_is seen that the Q, drops
from 2 x 1010 to 4 x 100 at about 700 Oe. HET

can usually be reached either cw or for pulses of

a few 1073 s duration. In some cases, however,
heating effects are important in which case one can
reach higher fields with short pulses. This situa-
tion will not be discussed since it does not appear

to be an inherent property of a superconductor and
occurs only occasionally. At Hgf the QO switches
to its lower value typically in about 1 us . The
Qg recovers only after the field reaches a low
value and the surface temperature recovers. The H
has been explained both on the basis of thermal
runaway and partial phase transition of the super=-
conducting state with subsequent thermal runaway.
An approximate calculation of thermal runaway has
been made assuming a small region of high surface
resistansf is located on an otherwise superconducting
surface3 ; however, more detailed calculations need
to be made.
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The unloaded Q of a Nb cavity at 8.6 GHz
as a function of peak surface magnetic
field.

Fig. 7.

Here the Hgfinitiated by a partial phase
transition will be discussed in detail. The
dynamics of the transition are not well understood
at microwave frequencies; however, for the fre-
quencies of interest one can learn a great deal by
considering the dc magnetic properties of a super-
conductor. This approach is reasonable because
experimental evidence indicates that the
switching time of a thin superconductor to_the
normal state occurs in less than 5 x 107++s (much
faster than one rf period at 1010 Hz). 1In a bulk
superconductor, one only needs a large increase in
the number of electrons thermally excited across
the gap (a partial phase transition)near the sur-
face of the superconductor since this increase will
lead to a subsequent thermal runaway. The rf
critical magnetic field will be discussed separately
for type I and type II superconductors.
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6.1 Type I Superconductors

A type I superconductor is one which has a
positive surface free energy at the surface be-
tween regions of normal and superconducting states.
In the Ginzburg-Iandau theory, it is a super-
conductor with a ¢ value less than l/¢2 .

Pb and Sn are examples of type I superconductors.
Figure 8 shows the ideal magnetic behavior of

a type I superconductor. If the superconductor

is initially in the superconducting state at zero
field, the superconducting state will persist until
the magnetic field reaches the superheating magnetic
field Hgy, , above which the superconductor will go
into the normal state. If the magnetic field is
then decreased, the normal state will persist un-
til the supercooling magnetic field is reached,
below which the superconductor will go into the
superconducting state. The hyteresis type be-
havior is due to the positive surface free energy.
The volume free energies of the superconducting and
normal states are equal at the thermodynamic
critical magnetic field H,; however, either the
superconducting or normal states can persist in

the region between Hg,and Hgh because the normal
and superconducting states can not spontaneously
nucleate in this field region. Real supercon-
ductors, hcwever, generally contain imperfections
which act as nucleation sites. Thus in real
superconductors the phase transition usually always
ocecurs close to He -
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Fig. 8. Ideal magnetic behavior of type I

superconductor.

From the dc magnetic behavior of a type T
superconductor, one would expect that Hgf would
be near H, . This statement would be expected
to be true even if there were some surface
roughness giving rise to field enhancement: (l)

a point at which the magnetic field is enhanced may
be ideal and may not begin to go normal until H

is reached, and (2) if such a point did go into

the normal state, the normal state would not
propagate since the average magnetic field is less
than H, (of course thermal runaway might occur if

the normal region were too large). If the rf
magnetic field were greater than H, , a small
normal nucleus would expand and thermal runaway
would eventually occur.

The above view is verified by experiment.
Figure 9 shows the meﬁﬁured Hgf for Sn at 2.85 GHz
along with the de H 1*). It is clear that HIT
and H, are in relatively good agreement3 Measuge-
ments for Pb have given similar results 5). HY
have, of course, been measured for type I super-
conductors below H_; however, these Hg were pro-
bably limited by heating effects rather than any
inherent property of the superconductor.
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Fig. 9. The rf critical magnetic field of Sn as
a function of temperature. The data
points are represented by . and p— ,
and the dc critical magnetic field is

represented by the solid curve.

6.2 Type IT Superconductors

A type ITI superconductor is one which has a
negative surface free energy at the surface be-
tween regions of normal and superconducting states.
For a type II superconductor, « 1is greater than
l/xfE. Nb is an example of a type II super-
conductor. Figure 10 shows the ideal magnetic
behavior of a type IT superconductor (for Nb).
this case the magnetization curve is completely
reversible. The definition of H, is the same as
for a type I superconductor. A %ype IT super-
conductor exists in the mixed state between H,;
and H,, . In the mixed state, there are both
normal and superconducting regions in the super-
conductor. There is an additional detail not
shown in Fig. 10. There is a superheating magnetic
field assogiated with H,1 » which has a value of
about Hc36 . This different type of superheating
magnetic field 1s associated with the increased
potential energy of a fluxoid near the surface of
a superconductor. For real type II superconductors,
the electron mean free path and hence the impurity
level in the superconductor has a very important
effect on H,j and Hop: with decreased electron

In
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mean free path H,; decreases and H,, increases.
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Fig. 10. Ideal magnetic behavior of type II
superconductor.
For a type II superconductor, one might be-

lieve that H,™ would occur at H,; since the
normal state can nucleate at this field level and
hence the surface resistance would increase with
subsequent thermal runaway. In actual fact, how-
ever, only much lower fields have been reached

with sugsrconducting Nb surfa%ei: 1080 Qe at
8.6 GHz"/ , 554 Oe at 2.3 GHz3[/, 300 Oe at

1.3 GHz, and 1000 Oe at 90 MHz 2).” Thus the
highest H,® for Nb is about 0.6 H,; . The pos-
sible expianations for the lower Hgf for Nb

are several: (1) the surface current is much
larger at H ., and thus thermal runaway from
dissipation Is more likely, (2) since there is no
Hgp , local field enhancement due to roughness can
lead to an increased surface resistance when the
local field exceeds H,; , and (3) impurities and
crystal imperfections can lead to locally de-
pressed values of Hcl'

The data quoted above suggests Hrf depends
onfarea with a larger area resulting in a lower
Hg . (The 90 MHz helical cavity has an active
surface area similar to that of the 8.6 GHz
cavity.) This result and the fact that BT varies
from cavity to cavity (100 Oe to 1080 Oe For 8.6 gHz
Nb cavities) suggests that a statistical model of
im%erfection may explain the general decrease in
HX' with area. However, recent measurements at
S%anford on a 23-cell 1.3 GHz cavity indicate that
for very large area cavities HI' no longer de-
creases rapidly with area since a field of 200 Oe
was obtained in this cavity.

7. Electron Loading Effects

In addition to the surface dissipations that
were discussed above, there can be dissipation
associated with the production of electrons, the
acceleration of these electrons in the rf electric
field, and their eventual collision with the walls.
The two principal processes by which electron
loading occur are electron field emission and
electron multipactoring. These electron loading
effects will not be considered in much detail since
they are not peculiar to superconducting cavities.
The interaction of a particle beam with rf cavity
will not be discussed.

7.1 Electron Field Emission

Electron field emission (efe) has been studied
in detail at dc. Efe is the tunneling of electrons
through a potential barrier at the surface of a
conductor. One should, in principal, be able to
reach fields well in excess of 100 MV/m before a
significant efe current would occur. However, in
dc efe measurements it is observed that very large
efe currents flow at relatively low electric fields.
These large efe currents at low electric fields are
explained by electrég field enhancement at micro-
scopic projections3 . (The large efe currents
could also be explained by a reduced work function.)
The electric field enhancement is measured by the
field enhancement factor B , which is defined as
E1oo/Fay + Ejoe 1S the peak local electric field
on a projection, and E,, is the average electric
field on the surface. P can be measured by makig§
Fowler-Nordheim plots of the efe current and Eav3 .
Typical values of B at dc for unprocessed large
area surfaces are a few hundred.

Electron field emission in rf cavities is not
significantly different from dc except that one
must of course take an appropriate time average of
the efe current. In cavities it has not been pos-
sible to measure the efe currents directly, but
the dependence of the efe current on electric field
can be measured indirectly by the x-radiation pro-
duced when the electrons collide with the walls.
Using the x-radiation as a measure of the efe
currents does produce some difficulties in making
Fowler-Nordheim plots; however, the corrections
do not appear to be too large. For a Nb cavity at

1.3 GHz B of from 200 to 400 are typically
measured39). Also it has been possible to de-
crease B by He-ion sputter processing: in one

case from 450 to 17039).

7.2 Electron Multipactoring

Electron mu t}pactoring has been adequately
discussed before- For a superconducting cavity

it is not allowed since it increases the heat dissi-
pation at low temperatures. A few interesting facts
have been observed for electron multipactoring in
superconducting cavities: it is possible to process
the cavity surface by allowing electron multi-
pactoring 38)occ$r with the result that the phenomena
disappears »39 , Tthe electromsinvolved in
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multipactoring appear in some cases to have energies
on the order of 100 keV when they collide with the
wall39) (in multipactoring, electrons usually have
an energy on the order Ef 1 k?V), and anodizing
enhances multipactoring 0),39 . In some cases
reactive loading of electron multipactoring can
lead to important frequency shifts for supercon-
ducting accelerating devices., For many types of
cavities, electron multipactoring can be avoided

by slight alterations in cavity geometry.

8. Conclusion

Our present understanding of rf superconductiv-
ity indicates that it should be possible in prin-
ciple to reach electric fields in excess of 100 MV/m
and peak surface magnetic fields of about H, for
Pb 8750 Oe at 1.89K) and H,; for Nb (1750 Oe at
1.8°K). For Nb at 8.6 GHz, values not far from
these have been achieved: 70 MV/m and 1080 Oe.
However for large cavities dirt effects that are
not intrinsic to the superconductor are exper-
ienced. Progress will be made for large cavities
by improvement of surface treatments, crystal
structure and purity, and fabrication techniques.

Not much work has yet been done on radiation
damage of rf superconducting cavities and other
sorts of long term degradation effects. The recent
work on radiation damage by Halama37) is encouraging
since it indicates radiation can be tolerated in
some instances.
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DISCUSSION

H. LENGELER : Could you make a comment on other
surface treatments like anodizing.

J. 'TURNEAURE : Anodization of Nb appears to be a
very promising surface treatment for at least some
applications. Anodized Nb cavities have reached Q's
and fields of the same order as for Nb cavities

fired in an UHV furnace. The principal advantage

of anodized Nb is that one need not have available
an expensive UHV furnace. However, anodized Nb
surfaces have been shown to have much more difficulty
with electron multipactoring than UHV fired surfaces.
Further, some people have made the suggestion that
anodized Nb surface will be more subject to various
types of degradation of its r.f., properties in time.
Halama at Brookhaven has experimental information
that indicates anodized Nb surfaces are more subject
to radiation damage than UHV fired Nb surfaces.

E.G. KOMAR
now 7

What is the experimental value of Q

J. TURNEAURE : Unloaded Q's of just over lOll have
been achieved in X-band TMy;n mode Nb cavities and
a re-entrant S—-band Nb cavity. In most other
situations (108 - 1010 Hz), Q's of generally a few
times 1010 have been achieved.

T.K. KHOE : Why is the residual resistance Rpeg
much more difficult to reduce at lower frequency
(v 100 MHz) than at high frequency 2 GHz 2

J. TURNEAURE The answer to this depends on how
one states the question. In fact, experimentally
achieved residual surface resistances at 100 MHz are
as low as have been achieved in the range 1 -~ 10 GHz.
It is another question to ask why one does not get
the same large improvement factor between 4.20K and
1.8%K for 100 MHz that is obtained at 10 GHz. This
is, of course, related to the frequency dependence
of the type of loss mechanism that gives rise to

the residual surface resistance and not to the fre-—
quency dependence of the BCS surface resistance
(wl'7). The frequency dependence of the residual
surface resistance can vary from w? to w? depending
on the proposed loss mechanism : phonon generation
can lead to a frequency dependence anywhere from

wl to wz, normal regions and trapped flux lead to

a frequency dependence of about sz’ etc. It may
also be that the greater fabrication and processing
difficulties of the lower frequency cavities con-
tribute to the residual surface resistance.

J. VETTER Two questions &

1. What methods had you in mind when you commented
that field emission is not a real problem in

achieving high field levels ¢

2. Did you think of applying any protective

coating to lower the emission rate of electrons
from the surface ?

J. TURNEAURE :

1. In some circumstances electron field emission
may still be a problem rather than a critical
magnetic field. This question will depend on
the ratio of peak electric to magnetic field for
a particular cavity as well as other factors. I
was referring to the 1.3 GHz Nb accelerator
structure at Stanford. In this case we are able
to increase the field at which excessive electron
field emission occurs by He-ion sputter process-—
ing. A paper will be available on this work
shortly. Also further improvements in electro-
chemical polishing are expected to reduce élec-—
tron field emission, but this has not yet been
demonstrated.

2. At Stanford we have not thought of applying a
protective coating to the Nb surface. However,
at other laboratories this possibility has been
considered. The experience with anodized Nb,
which may be considered to have a protective
layer, is that electron field emission is not
much different from that of UHV fired Nb.

C. GERMAIN : The improvement of voltage holding
capability you mentioned, on injecting gas to a
pressure of a few 10™% torr, due to reduction of the
field enhancement factor of the microgeometry by ion
sputtering of the points, has been used for years

in electrostatic separators. But this improvement
lasts only as long as there is a higher pressure in
the tank. Do you contemplate using a higher pressure
or semi-vacuum, permanently in your cavity and, if
not, how long does this effect last ¢

J. TURNEAURE We do not intend leaving the He gas
in the cavity after He-ion sputter processing. Our
experience is different from that related to electro-
static separators. In microwave cavities at 1.3 GHz,
the reduced field enhancement factor appeared to be
indefinite without the presence of He gas. The tests
in these cavities have lasted for several weeks.

H. LENGELER We heard from Dr. K. Green that pro-
gress in pulsed S.C. magnets has had ups and downs
but now real progress seems to be being made. What
about S.C. Accelerators and Separators.

J. TURNEAURE The work on superconducting r.f.
cavities has experienced some "ups and downs". The
most prominent of these was the rather rapid progress
in obtaining high fields and Q's in X~band Nb cav-
ities and the subsequent difficulty of obtaining sim-
ilar results in full size Nb accelerator structures.
Since beginning the work on full size accelerator
structures, the progress has become more even. Pro-
gress 1in other aspects of the superconducting
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accelerator development have been more even through-
out.

J.B. ADAMS : Do you think that superconductive
cavities offer a practical way of making a linear
accelerator ?

J. TURNEAURE : Yes ! However, such a judgement
depends on the type of beam that is desired. For
instance, the use of superconducting cavities to
produce electron beams with only the highest poss-—
ible energy as the principal criterion is some
distance in the future. For the electron linear
accelerator being constructed at Stanford, super-
conducting cavities are practical. In this linac,
large duty factor (0.1 - 1), high beam current
(100 pA - 1 mA), and good energy resolution (10~
full width at half max.) are considered important
criteria as well as energy (0.2 - 2 GeV). In
addition, the characteristics of the linac make it
suitable for the recirculation of the beam to ob—
tain energies up to 4 - 6 GeV and this recircul-
ation is being planned.

W.K.H. PANOFSKY : We carried out a study to convert
SLAC to a superconducting device but have concluded
that gradients near 10 MeV/ft in a travelling wave
structure are essential. This, together with the
quality-control problem, persuaded us that such a
conversion is not attractive. I believe that, as

a component in a system where lower gradients are
acceptable, the potential is good; also the separ-—
ator application is attractive.

J.B. ADAMS Could we ask Dr. Schwettman to make a
few comments on recent progress on the superconduct-
ing linac ?

H.A. SCHWETTMAN : During the past few months at
Stanford we have assembled and tested the injector
of our superconducting accelerator. The injector
includes a 95 keV room-temperature injector in which
the electron beam is chopped and bunched; a super-
conducting capture section about one meter in length;
a superconducting pre-accelerator section about
three meters in length; and a beam analysis system.
Experiments with this injector system have provided
an excellent opportunity to study beam-dynamics
problems of the superconducting accelerator and to
make engineering tests of all accelerator components
under actual operating conditions. These experiments
were performed using our superfluid helium refrig-
erator which is located about 100 meters from the
injector system. Thus, the experiments also in-
volved a rather complete test of the entire cryo-
genic system.

The results of our experimernts were extremely
encouraging. A 50u A electron beam (30 % duty cycle)
was accelerated to 6.6 MeV, and the energy resol-
ution was measured to be approximately 0.1 %. The
stability of the accelerating fields was demonstrat-—
ed to be better than one part in 107 in amplitude
and 0.1° in phase. Our experiments also suggest
that loading of the transverse deflection modes to
Q = 10° will be adequate to prevent regenerative
beam break-up at the 100 pA level, and that cumul-
ative beam break—up should not be a problem in our

160 meter long superconducting accelerator.



