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SUMMARY

Experimental data on the behavior of superconductors under
the application of RF fields of amplitude comparable to their
critical fields are sporadic and not always consistent. In many
cases the field level at which breakdown in superconducting RF
cavities should be expected has not been clearly established.

Tests conducted with very short (~ 1 us) RF pulses indicate
that in this mode of operation fields close to the critical values
can be consistently reached in superconducting cavities without
breakdown.

The advantages and disadvantages of the pulsed method are
discussed compared to those of the more standard continuous
wave (cw) systems,

INTRODUCTION

Ever since a phenomenological theory of superconductivity
was proposed,’ it has been known that a finite, although very
small, surface resistance should be observed in superconductors
when subjected to alternating electromagnetic fields. The BCS
theory? was applied to this problem®¢ but the theory was able
to make predictions on the properties of superconductors only
in the weak field approximation (H <« H.).

The existence of well-defined dc critical magnetic fields mo-
tivated the accelerator community to investigate whether su-
perconductors could be used for microwave cavities in linear
accelerators:®>® the combination of the clear, established ad-
vantages of the low RF losses together with the possibility of
reaching fields of amplitude comparable to the dc critical fields,
made the construction and operation of high-gradient, high-
energy, large duty-cycle linear accelerators very attractive. For
that goal in particular, measurements were undertaken on var-
ious superconductors to determine their RF properties and to
establish the field limits at which they could be operated. In
the late 60’s and early 70’s a great deal of work was done on
superconducting RF cavities of different materials (Sn, Pb, Nb,
Nb3Sn), frequencies and modes to establish the limits as well
as the fabrication technologies and preparation procedures for
such cavities.”® In many instances carefully prepared cavities
were able to sustain fields close t0° or up to the thermodynam-
ical dc critical field.!® In one instance!! the data indicated that
in specially designed Pb cavities not intended for acceleration,
fields close to the superheated critical field could be reached
without breakdown. The superheated field is the value of the
magnetic field up to which the Mejesner state can still exist in a
metastable condition, and it is defined in terms of the thermody-
namical critical field H, and of the Ginsburg-Landau parameter
xas H,, ~ VlEHC'

Table 1 shows the critical fields that theoretically should be
attainable in cavities manufactured out of the most commonly
used superconductors and the corresponding accelerating gradi-
ents typical for TMyyo accelerator cavities, both for standing-
wave and travelling-wave structures.!?

Obviously the maximum benefits of operating accelerators
with superconducting cavities would come not so much from
the high gradients which could be reached but mostly from the
possibility of maintaining those field levels with a large dut
cycle and with low losses. -
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High-energy linear electron accelerators should be operated
at the maximum possible gradient in order to benefit the most
from the single passage of the particles through the accelerating
fields. In normal-conducting accelerators such as the one at the
Stanford Linear Accelerator Center {(SLAC) the requirement of a
relatively high gradient demands that a compromise be made for
the duty cycle, which is less than 1073, in order for the average
energy dissipated to be of a reasonable amount.!® It is therefore
in such structures that the potential of superconductors could
be best used.

Table 1. Theoretical sero temperature critical fields and
accelerating gradients (from H,,) for TMp;o RF supercon-
ducting cavities. The average accelerating gradient E, is
assumed to be ~ 2.5 times smaller than the peak surface
field E, for the standing wave (SW) and ~1.65 times for
the travelling wave (TW) case.}? (H in Oe, E in MV/m)

Material | Hg; Heo H; |H4. |E, | E, | E,
therm.) (SW) (TW)

Sn - — 306 |765]41{16.5 | 25
Pb —_— — 803 [1200]65| 26 | 40
Nb |~ 1050| ~ 2050 | 1985 {2400 130| 51 | 77
Nb3Sn | ~3102.3 x 10°| 5400 4000 215| 87 | 132

Unfortunately the expectations that had built up from the
theoretical estimates or from the experiments on selected cav-
ities could not be realized in the vast majority of the cavities
and extended structures built out of superconducting materials.
Whereas cw-operated structures can still be highly valuable for
RF cavities for storage rings where the gradient requirements
can be relaxed, or in heavy-ion linear accelerator cavities for
which the particular shape allows one to reach high magnetic
fields in certain parts of the surface, the idea of building high-
gradient, cw-operated, 100% duty-cycle superconducting linear
accelerators has been almost abandoned.

From the point of view of the basic physics of the super-
conductors exposed to high-level RF fields, the experimental
data are definitely not complete. The difficulties encountered in
reaching high fields for practical applications have limited also
the harvest of data which could clarify the role of the various
critical fields in the RF and microwave frequency range.

Recently at SLAC a number of measurements performed on
superconducting cavities at about 3 GHz with short (~ 1 us)
pulses of RF from a high-power klystron bave shown that high
fields can be reached in TMpjo cavities consistently and re-
peatedly.!415:1¢ Although these results are not yet complete and
the high fields can be reached only for a very short time, they
have been obtained in cavities which had not received a partic-
ularly sophisticated treatment. For accelerator applications it is
clear that this mode of operation is not as appealing as a low-
loss cw system, but in specialized cases it should be possible to
make a good use of the low-loss high gradients when a high duty
cycle is not of vital importance.!” These measurements can also
indicate which limiting fields are ultimately attainable in su-
perconducting cavities. From this point of view the operation of
cavities with pulsed power could allow a better understanding of
the fundamental properties of superconductors, especially their
non-equilibrium properties.
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It will be clear, from the data presented in this paper, that
the operation in cw (not to pulse) and with short pulses (to
pulse) each presents its advantages and disadvantages: in a cer-
tain way, they are complementary, each providing information
and applications which the other cannot provide. In this sense
the concepts developed for the pulsed measurements and the re-
sults obtained from them cannot be transferred to the cw case
and vice versa: the cavities under test are the same, but the
physical systems tested by each method are different.

THE CW PICTURE

The highest surface magnetic fields reached without break-
down in superconducting RF cavities are approximately 1600
Oc in 3 Nb, TE;); mode cavity and about 1500 Oe in a Nb,
T My;p cavity, both in X-band and at temperatures lower than
4.2°K.!® Field values of 1100-1200 Oe have been reported by
other authors for Nb-cavities of various types.!®?

The above results constitute the best performance ever which
required particular care and attention in the preparation of the
cavities, especially in regard to the surface treatment. Even so,
the fields were significantly below the thermodynamical critical
field and as mentioned, only in the case of Sn and Pb were clear
physical limits reached and established. The experimental work
on Nb3Sn has not been as exhaustive as for Nb, but fields as
high as 1000 Oe have been reached in a T Ey), <::wi1:y:2l this
value is well above the first critical field but well below both
thermodynamical and super-heating fields. In TMy;o, Nb3Sn
cavities, fields of the order of 400-500 O¢ can now be consis-
tently reached.??

The general picture of the performance of practically obtain-
able superconducting cavities gives breakdown fields definitely
lower than the results quoted above. Table 2 summarises the
results obtained reliably and routinely in various laboratories
until 1983.23.24 ‘

Table 2. Representative results of Nb T Mo cavities
until 1983.

‘ Cavity iFrequency Best E, H,
Laboratory | Shape (MHz) Qo {(MV/m)|(Oe)
KEK |spherical 500 [5.10°| 7.0 i~350
CERN |spherical 500 |{5-10°| 6.5 (~325
KfK elliptical | 1500 10! 135 [~ 675
Wuppertal | spherical | 3000 |~ 10!'%| 10.3 |~ 515
SLAC [ylindrical| 2856 |5-10° 9.5 |~ 480

It is clear that the typical cavity performance is nowhere
near the limits set by the theoretically expected critical fields.
As in the cases for which great care was used in the cavity prepa-
ration high fields were indeed reached, the reasons for the gener-
ally lower breakdown fields must not be of fundamental nature
but must be associated with accessory causes. This appears to
be true especially when the data for multi-cell structures are
considered (Table 3): in this case the results are only at about
50% of the field levels reached in single-cell cavities.

During the past ten years the work of many researchers in
several laboratories around the world has been concentrated on
the task of determining and eliminating the causes of the discrep-
ancy between the theoretical expectations and the actual exper-
imental resnlts. From all this work diagnostic tools have been
developed together with theoretical and computational models,
which have allowed people to locate, identify and, at least in
part, correct the causes of premature breakdown. Among the

various problems that have been identified as being of primary
importance are electron loading and surface defects.

Table 3. Typical results for multi-cell Nb cavities.

No. [Active
Labora- Cavity | of- [Length [Freq. |Eq mex | H, Qo
tory cells! m [MHz MV/m|Oe

CERN |spherical | 4 | 1.2 | 500| 2.7 125 5-10°

HEPL kylindrical |20 | 2.4 {1300 2.3 ([110{ 910
Corpell |muffin tin {10 | 1.0 {1500 | 2.1 [100| 1-10°

HEPL fkylindrical | 7 | 0.37 (2856 | 5.5 [250(1.4-10'°
Cornell |muffintin | 6 | 0.3 (2856 | 6.9 [320(3.9-10°
Wauppertal | spherical | 5 | 0725 (3000 | ~5 [230|~5.10°

Genoa |[spherical | 3 | 0.2 (4500 8 B70 5-10°

Electron Loading

Electron loading can be caused by two different phenomena:
field emission and multipacting. The effects in both cases are
the subtraction of energy from the stored fields by unwanted
electrons and a possible heating by the same electrons impinging
onto the cavity surface, with consequent depression of the local
critical field and premature breakdown.

Field emission loading and its sources are not very well un-
derstood, but in general there seems to be a close correlation
between the presence of “dust™ particles in high electric field
regions of T Mpyo cavities and the extent of the phenomenon.
Under the influence of the fields these particles may become hot
electron emitters. RF processing?® or He sputtering?® seem to
have a beneficial effect on the problem.

Recent systematic studies of field emission have lead to the
development of new, more reliable tools to diagnose the fun-
damental causes of this phenomenon.?” Even so0, not in every
instance it seems possible to associate an identifiable feature
with each field emission source. Consequently more work will
be necessary to study the fundamental properties and the causes
of the phenomenon in order to eliminate it or to decrease its con-
sequences.

Multipacting is a much better understood phenomenon?®2?
and it has been almost entirely eliminated as a consistent source
of breakdown, although it occasionally still creates problems.3?

In the late 70’s the work of Turneaure and others clarified
and explained the nature of multipacting: at certain power lev-
els and at certain locations in a RF cavity it is possible for some
electrons to gain energy from the fields, impinge onto the same
or a different region of the cavity surface with an appropriate en-
ergy and, on the average, extract more than one electron which
in turn would repeat the process of resonant build-up. This pro-
cess also limits the field levels by direct energy extraction from
the fields and by indirect heating of the surface.

It has been demonsirated that by a proper choice of the cav-
ity geometry®! or by coating the cavity or parts of it with super-
conducting films which decrease the secondary electron emission
coefficient®?*® multipacting can be virtually eliminated.

Defects

The other major cause of field limitation in cw operated
cavities is the presence of defects. In general defects are ®ir-
regularities of a real cavity surface which leads to additional
RF power losses compared to those of an ideal superconducting
surface.”3 In practice the surface conditions of superconducting
cavities (and of superconducting extended structures even more



#0) are often far from being ideal. A great deal of work has been
done over the past few years to identify and eliminate various
classes of defects. Among the most successful techniques em-
ployed in this process is temperature mapping:®® aset of resistor
thermometers is spun around the cavity filled with RF at vari-
ous power levels, creating a map in which the position of defects
can be clearly identified (Fig. 1). The defects are subsequently
located, studied and possibly eliminated, usually through me-
chanical grinding. This work has demonstrated that the sources
of enhanced losses are often correlated with bad welds, microfie-
sures, welding beads, inclusions, drying stains, chemical spots
and so on. It is generally accepted that, although this process of
systematically identifying and eliminating defects is very power-
ful and has contributed to the understanding of the underlying
problems, for practical large-scale applications other methods
are necessary. One of these methods consists of allowing ceramic
beads to tumble for hundreds of hours inside the structure, thus
performing a random removal of the cavity surface layer.3
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_ Fig. 1. Temperature map of a CERN 350 MHz Nb cav-
ity. The large temperature spike indicates the presence
of a defect.3¢

Another approach is to thermally stabilize the defects by us-
ing materials with high thermal conductivity: the effects can
thus dissipate higher power without causing thermal run-away.?7:3
Recently cavities manufactured out of high thermal conductiv-
ity Niobium have been operated at magnetic field levels of about
800 Oe at 1.5°K, greatly improving the typical cavity perfor-
mance of just a year ago.3*404! At CERN cavities have been
manufactured by sputtering Nb onto a copper substrate, 24 3
technique which also has great potential for thermal stabiliza-
tion and would allow the use of simpler refrigeration techniques,
since the copper cavity can easily be cooled by a forced flow of
helium. 44

Table 4. Recent results obtained in high-
thermal conductivity cavities.

Cavity E, H,

Laboratory | Material | (MV/m) |(Oe)
CERN |low-ANb | 5.4-64 | 320
CERN NtCu 86 | 430
CERN |high-ANb 9 450
Wuppertal |high-ANb | ~ 18 785
_Cornell |high-ANb | ~18 850

The results obtained during the past year in Wuppertal,
CERN and Cornell have improved the overall picture of the per-
formance of cw operated Nb cavities (Table 4).

Diagnostic tools and techniques exist nowadays which should
allow the RF superconductivity physics community to steadily
improve the performance of the cavities and o ultimately reach
fields closer to the theoretical limits than has been poesible
so far. In the meanwhile, the present performance is consid-
ered good and reliable enough to be used in existing and future
accelerators. $5:46:47,68,49,50

THE PULSE PICTURE

Short pulses of RF power have been used for quite some
time in connection with research in superconducting cavities.
Pulses with a length of the order of a millisecond were used by
Turneaure to obtain the results on the limiting fields in Sn.!?
Other authors have occasionally shortened the RF pulse length
together with an-increase of coupling and observed a siszeable
improvement of the field they could reach.®1:11:52.53 Even in these
cases the use of pulsed RF was mostly aimed at limiting the
average thermal load in the superconductor, as was done in the
normal structures at SLAC, and no meaningful practical use
of the pulsed technique was envisioned. Moreover the typical
imprecision associated with transient measurements made the
method not very attractive for systematic physics studies.®!

Apart from the previous reasons for not extending system-
atically the pulsed method to the study of superconductors, the
main limiting cause is the fact that in most laboratories it is
easier to find low-power cw RF sources than to find short-pulse
length, high-peak power amplifiers which could provide enough
energy to fill the cavity to field levels comparable to or exceeding
the critical fields in a short time. At SLAC the necessary RF
sources are available for high power tests and the outcome of the
measurements is of interest for possible practical applications to
the existing pulsed accelerator.

The measurements presented here are an outgrowth of some
early tests which indicated that fields considerably higher than
those obtained with cw could be reached in a Nb cavity by using
short pulses and strong coupling.!* Since then the program has
been extended and currently it is directed at testing cavities
manufactured out of various superconducting materials in order
to compare their behavior against the known cw properties, and
at developing actual structures and devices which could be of
practical interest in pulsed accelerators.

The Pulsed RF Measuring System and Apparatus

To obtain sufficiently high fields in a cavity in a short time, a
strong coupling is necessary. In order to transfer the maximum
energy from the incident RF pulse into a cavity operated in the
reflection mode, one must satisfy the condition (8 3 1):

Q.~25(T, (1)
where Q. is the external Q@ of the cavity, f is the resonance
frequency and T, is the pulse length. This condition guarantees
that about 80% of the incident pulse energy will be transferred
to the cavity by the end of the pulse provided that during the
pulse the losses are negligible.51> This is true in the case of
a superconducting cavity with Qo > 107. The ratio between
the energy dissipated during the pulse and the energy stored at
the end of it is of the order of @Q./Qo = 1/8. For our system
J = 2856 MHs, 1 ps< T, < 2.5 us and Q. ~ 10%, 8o that the
error made by neglecting the losses in the estimate of the energy
stored in the cavity is of the order of 10~3 or less.

To determine the fields existing in the cavity at the end of
the charging pulse it is necessary to know the energy stored in
it:



s = kVU (2)

where U is the energy stored and k is a cavity-dependent con-
stant, which can be obtained by computation. One possible way
to determine U is by means of a transient measurement: these
types of measurement are difficult to perform and there are of-
ten discrepancies between values obtained from one pulse to the
other. At SLAC we have adopted an average power measure-
ment method which provides automatically a statistical averag-
ing and gives the field levels in the cavity with a typical error of
+1%.1%

The method consists of integrating the emitted power de-
caying as a function of time from the cavity, using an average
power meter and a properly positioned PIN diode modulator
gate (Fig. 2 and Fig. 3). ) .
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Fig. 2. The integrated emitted power (shaded
area) gives, for low losses, the energy stored at
the end of the RF pulse. The integration is
performed by an average power meter.

Klystron
incident
- Power
B Lood Meter
248 | 56.30B
% Crossquide
Coupler ] | — JICouple'
Loaod /
AN~
20d8B
X Coupler

Scope

Out ‘ in

Puise {Out _TTL | PIN Diode
Generator [~ Modulator

‘ Out

Refiected
Power
Meter

t4 Covity

T

ryostot

ER T a743Al

Fig. 3. Schematic of the system used for pulsed RF
measurements. The power emitted from the cavity is
sampled by a cross-guide coupler and separated from
the reflected power using a properly gated PIN diode
modulator.

The fields can then be determined as

B, =k @

A g

where f, is the pulse repetition frequency and P, is the average
integrated emitted power. Apart from the error in timing the
gate of the PIN diode modulator this method only has errors
deriving from the measurements of the attenuation of the line
between the cavity and the power meter. As long as the cavity
has small losses (Q, > @Q.) the determination of the fields in
the cavity is extremely simple and requires the measurement of
only one quantity, the average emitted power.

By plotting the average emitted power (proportional to the
emitted energy, in turn proportional to the stored energy in the
low-loss case) versus the average incident power (proportional to
the incident peak power) graphs like the one shown in Fig. 4 will
be obtained. These graphs are extremely compact and provide
a greater amount of information about the breakdown field level
than that obtained through other methods.

Because the cavities are so heavily coupled the breakdown
cannot be determined by a slight decrease in Qo, as is done .
in the cw case. Here small changes of Qo cannot be observed
by looking at the decay curve, so that only when Qo is less
than approximately 10° the change can be detected. One way
to locate the level of the onset of RF losses in the cavity at
4.2°K consists of observing the increase in the boil-off rate: our
system allows us to measure an increase of dissipated power of
about 15 mW. This method has various sensitivities depending
on the repetition rate: for the best conditions a drop in the
average @ of the cavity below the 10? level can be detected. It
should be stressed that this method only allows a measurement
of the average Qo during the pulse, so that it is not known how
Qo varies as the field increases and decreases in the cavity.
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Fig. 4. Raw data for a test on a Nb cavity, the

emitted energy (proportional to the reading of the
emitted power meter) is plotted against the incident
peak power (proportional to the reading of the in-
cident power meter). The deviation from linearity
is taken as the indication that the critical field is
being exceeded at the cavity surface.

Another method used to determine the fields in the cavities
makes use of a linear receiver to measure the transmitted field as
a function of the incident power level. This method is accurate
but it requires several independent measurements in order to
pinpoint the breakdown level.

The final method determines the breakdown field from the
level at which the emitted power curve of Fig. 5 deviates from
linearity. This deviation from linearity is taken as the signal of
increased losses. It should be stressed that all the other methods
lead to slightly higher values of the breakdown fields, including
those obtained with the boil-off method, which sets a limit on
the range of applicability of the pulsed power technique in terms
of thermal loads into a real refrigerator, and with the transmit-
ted power method, which gives peak field readings useful for



fundamental investigations of fields at the surface of supercon-

ductors.
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Fig. 5. Determination of the breakdown level

in a Nb cavity operated under pulse conditions.
The Jower horizgontal line indicates the highest fields
reached without losses. The upper horizontal line
gives the fields reached under breakdown conditions
by taking (values in parentheses) or not taking into
account the losses. Similar curves have been ob-
tained for cavities of different geometries, various
materials, at various temperatures and for several
pulse lengths and repetition rates.

Tests on the Nb Cavities

Four Nb cavities were tested with the pulse method
at SLAC.!® The cavities were also tested in cw. The results of
the cw tests indicated that the surface conditions greatly varied
from cavity to cavity, since a wide spectrum of breakdown field
levels was observed from 80 Oe up to about 450 Oe. These val-
ues were not particularly good compared to the state-of-the-art
results, but the cavities had not undergone any particularly so-
phisticated surface treatment, and surface defects such as weld-
ing beads were clearly present in some of them. One of the
best cavities was also subjected to an Indium removal treatment
after the test and then retested: the breakdown field had de-
graded from about 450 Oe down to about 220 Oe and instead
of a quench a gradual Qo degradation was observed as the cause
of breakdown. On the contrary, the tests performed with short
pulses gave extremely uniform results with fields ranging from
about 1100 Oe up to 1300 Oe, depending on the cavity and on
the pulse length. Repetition rate (up to 360 pps) and temper-
ature (from 4.2°K down to 1.4°K ) did not seem to bave a
measurable effect on the values of the breakdown fields.

The degradation of performance initially seemed to be cor-
related with the onset of x-rays, so that it was thought that field
" emitted electrons could have been the cause of indirect beating

of the surface above a certain field level. A more careful analysis -

indicated that various cavities bad totally different x-ray emit-
ted intensity varying over two or three orders of magnitude, so
that field emission alone could not be the cause of breakdown.

The indépendence of the breakdown field from temperature
below 4.2°K suggests that there must be some heating mech-
anism which acts very quickly, so that the inner surface of the
cavity warms up to a common value irrespectively of the ex-
ternal bath temperature. At present it is not clear whether this

heating is fundamental in nature or if it is inherent in the system
and can be eliminated by a proper design.

Tests on the Lead-plated Copper Cavities

Preliminary tests of two lead-plated copper cavities have
been performed recently. .The cavities were coated with 6 um
and 15 um thick layers of lead respectively. It should be stressed
that the cavities were only electroplated and that no further pro-
cessing of the surface was performed. This was not the case in
the earlier measurements on lead: field levels close to the su-
perheated fields were reached only for the best polished cavity
surfaces.!!

The results of the measurements show that at any temper-
ature in the range 1.5-7.2°K the fields that can be reached
without an increase in the losses are very close to the super-
heated field. This is true for a pulse length of 2.5 us, while for
a 1 ps pulse length even the superheated field seems to be ex-
ceeded without losses.® It is not clear whether this effect is real
or due to the insensitivity of the measuring method to the actual
breakdown level. For practical applications the highest field of
interest is the one that can be reached without an increase of
the thermal load into the refrigerator: whether or not that par-
ticular field level is consistent with the theoretical expectations
is not of primary importance. In any case theories exist which
might explain the observed surpassing of the superheated fields
for a short time 567

These preliminary results indicate that uniformly high fields
can be reached in cavities with different Pb thicknesses with a
well controlled and relatively simple deposition technique.

One clear advantage of the lead on copper technology is that
when new materials become available, poesibly with higher T,
or H,, or new deposition techniques are developed, the existing
copper structures for accelerators could be stripped and recoated
without a large investment in materials and fabrication.

Other Materials

A major interest lies in Nb3Sn, both for the high critical
temperature and the theoretically high critical fields. A collab-
oration between SLAC and the University of Wuppertal, West
Germany is under way to test the behavior of some Nb cavities
fabricated at SLAC and coated with Nb3Sn at Wuppertal.

Preliminary results indicate that the maximum fields that
can be reached are essentially the same as for Nb (1200-1300 Oe)
even at lower temperatures. This seems to indicate a saturation
observed also in Nb, which could be due to some unforeseen
problem in the coupling system, rather than to a fundamental
property of the two materials. Although the limit of 1300 Oe has
not yet been exceeded, almost the same field can be reached in
the Nb3Sn cavity at 11°K : this result makes practicable the
operation of superconducting cavities at temperatures higher
than 4.2°K .

Another material to be tested in the near future is a Pb—~Sn
alloy which is being used at Stony Brook in the heavy-ion su-
perconducting accelerator.®® This material seems to be simpler
to deposit on copper and it may be of technological importance
for practical applications. Since no data are available on the
critical field of this alloy, the possibility exists of characterizing
it for the first time without bias from cw or dc measurements.

Tin is another material to be tested soon: it has been stud-
ied extensively!®!! go that a comparison with other data will be
possible. Its superheated critical field should be much larger
than the thermodynamical field (~2.5 times), so that it will be
very clear which limiting field can be reached. Both critical
fields should be at a level lower than that which seems to be the



saturation field for our system, so that spurious effects from the
coupling are not expected. Moreover, as the critical tempera-
ture of tin is lower than 4.2°K , much more reliable temperature
measurements are possible by operating in a bath rather than
in vapor, was done for Pb, Nb, Nb3Sn to study the properties
of the limiting fields all the way to the critical temperature.
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Fig. 6. Experimental breakdown fields reached in pulsed oper-
ation. The eolid lines indicate the theoretical superheated fields
for the given materials; for simplicity the Gingburg-Landau pa-
rameter is assumed to be constant. The area under the Nb re-
gion represents several tens of measurements performed on sev-
eral cavities and various repetition rates and pulse lengths. Two
lead cavities were tested and the curve for NbySn represents
the data for a single cavity. The scale on the right represents
the average accelerating gradient attainable in a travelling-wave
structure. .

Features Derived from Pulsed RF Measurements

The tests go far performed on superconducting cavities in-
dicate that the typical properties which are important for cw
operation are not crucial under pulsed conditions.

Multipacting does not constitute a problem in pulsed oper-
ation, because the typical multipacting field levels are exceeded
too quickly for the resonant phenomenon to build up or to sub-
tract enough energy from the fields.

Field emission still exists in pulsed operation, but the varied
amount of X radiation emitted by different cavities with similar
breakdown fields indicates that it cannot be solely responsible
for the breakdown field levels observed.

One of the benefits of the pulse method is that RF processing
(elimination of the field emission sources through the application
of RF power) is much more effective and faster than in cw; in the
latter case small increases of power over a long time are necessary
in order not to load the cavity, whereas with pulses electron
Joading is not a limitation and a few seconds of increased power
seems to eliminate the majority of the field emitters. Even when
the cavity is normal, the field level in it can still be increased and
the field emission sources eliminated well beyond the possible cw
field operating levels.0

Surface defects, surface finish and surface conditions do not
greatly affect the performance of cavities operated with short
pulses.

Thern3Tconductivity should not be important in the pulsed
operation as it is in cw since the typical times over which beat is
created within the pulse are much shorter than the total thermal
relaxation time of the system, including thermal boundaries.
The heat capacity of a thin layer of the cavity interior should

be important as far as limiting the temperature rise during the
fast pulse.

The fact that the results obtained in the pulse mode were
uniform and that the fields were consistently higher than those
reached in cw bas two implications: the first is that the proper-
ties that are being tested through short pulses are not the same
as those tested in cw so that a new way of looking at supercon-
ductors is opened by this method. The second is that common
minimal results can be obtained without excessive development
efforts, so that technological applications should be possible on
an extended scale without unpleasant surprises and at moderate
cost.

APPLICATIONS OF PULSED
R¥ SUPERCONDUCTIVITY

Schemes are under study by which pulsed RF superconduc-
tivity could be applied to particular accelerator systems, thereby
both improving the average accelerating gradients and signifi-
cantly decreasing the average power consumption even with the
refrigeration costs taken into account.’® In particular, a scheme
exists!” which would improve the performance of an accelera-
tor similar in type to the Continuous Electron Beam Accelera-
tor Facility glanned by the Southeastern Universities Research
Association. Studies are still needed to investigate in detail for
how long a flat high-power RF pulse, necessary for the acceler-
ator operation, can be maintained at the surface of a supercon-
ductor.

Other possible applications of these pulsed RF supercon-
ducting structures include the construction of lossless delay lines
which could be used to multiply by pulse compression the peak
power of existing high power, pulsed RF sources. The almost
lossless structure in this scheme allows true peak power dou-
bling which is impossible to achieve through normal conducting
structures with pulse lengths of 1 us or longer.%°

One scientific application that comes to mind is the study of
the dynamical behavior of superconductors close to the critical
field: at this frequency (~3 GHz) very few data exist which are
not masked by the interference of surface effects.

CONCLUSIONS

The potential of pulsed RF superconductivity is still far from
being fully appreciated.

The uniformity of resuits, independent of the surface con-
ditions, suggests that the method is able to test properties of
superconductors other than those which can be studied with cw
techniques. From this point of view it might be important to
correlate certain features of the pulsed results to those of the
cw measurements to complete the picture of the properties of
superconducting RF cavities and of superconducting materials
under the influence of RF fields.

The question of whether pulsing or not pulsing is better for
RF superconductivity cannot be answered at present. There are
applications in which the low surface resistance of the supercon-
ductors is more important than the fact of reaching the critical
fields. ’

The relative simplicity with which pulsed results can be ob-
tained should constitute an incentive to investigate practical ap-
plications of this technique, which does not require the highly
expensive refrigeration systems necessary for the cw operation.

Rather than answering the question of whether it is better to
pulse or not to pulse to obtain high fields in superconductors, it
is perbaps more useful to ask more questions which could lead to
the application of this method to the study of the properties of



superconductors and to the design of systems for high-gradient
linear accelerators.
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