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INTRODUCTION 
The choke of superconducting materials tor accelerator RF 

cavities has been determined in the put only in part bj bar 
sic properties of the superconductors, such as the critical field, 
and to a larger extent by criteria which include fabrication pro
cesses, surface conditions, heat transfer capabilities and soon. 1 

Far CW operated entitle* the trend haa been toward choosing 
material* with hi(her critical temperatures and lower aarface 
resUUnce, from Lead to Niobium, from Niobium to NhjSn. 
This trend hai been dictated by the specific needs oT storage 
ring CW aralem and by the letetiuely low field* which could 
he reached without breakdown. 

The work performed at SLAC on superconducting cavities 
using microsecond long high power RF pulses has shown that 
in Pb, Nb, and NbaSn field* doae to the critical magnetic fields 
can be reached without magnetic breakdown.9 In Table 1 and 
Fig. 1 ths major reaulta of the teats on the three technical 
superconductor* are illustrated. Rum these measurements 
cornea tha demonstration that for sufficiently abort pulses there 
ia no ipeclBcally predetermined critical field, and it is possible 
to exceed, depending on the material, even the superheated 
critical field. 

Table I. Maximum Instantaneous Gelds reached with law losses. 
The temperature indicated ia the highest for which the field 
value was reached. A saturation process, yet to he explained, 
makes the fields almost constant below the given temperature 
(see Pig. 1). The accelerating gradients are computed under 
the assumption that they can be maintained aver a suitable 
length of time and should bo understood as upper limits. (SW= 
Standing Wave, TW= Traveling Wave). 

Material B[T) 
(Oe) 

Jmut B.{SW) 
(MV/m) 

S.ITW) 
(MV/m) 

Pb 1175 
Nb 1330 
NfcsSn 1200 

l.« 
4.2 
11 

25 
29 
26 

38 
43 

These results have lad to considering the possibility of 
applying pulsed RP aapercondoetivlty U> systems mutable for 
high-energy pulsed ejection accttersMrs, such as in low Iocs 
accelerator structures3 or delay lines tor efficient power multi-
plteatlon by means of pulse compression.* 

The new picture of the short-pulse, peak field properties 
of the superconductora tested so far, together with the special 
needs of the pulse power superconducting systems, has led us 
to tecafaate the parameter* of superconducting cavities which 
are of importance in this context and to reconsider which ma
terial would ba bast suited for pulse power applications. 

' Work supported by the Department of Energy, contract 
DE-AC03-76SFO0S15, 
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Fig. 1. Temperature dependence of the pulse break d: n 
Gelds for the superconductors Indicated. A large dcr. i 
of superheating is observed ia Lead, some In Nb, none . 
NbjSn. The accelerating gradient ia for a traveling-wave 
structure. 

CAVITY PARAMETERS 
The most important parameters which are used to char

acterise the properties of accelerator cavltiea are tha average 
accelerating gradient and the fraction of the stored energy that 
is dissipated in the cavity walls. 
The Accelerating Gradient. 

The maximum accelerating gradient In a superconducting 
cavity is limited by the corresponding maximum surface mag
netic field which can be sustained by the superconducting ma
terial without increased tones. Typical standing wave cavities 
have a Tatio of H/£ 4 =45 Oe/MV/m, whereas traveling wave 
structures can reach H/JTa-31 Oe/MV/n. 

The question of the maximum attainable gradient Beams, at 
first sight, easy enough to answer, sine* the critical magnetic 
fields of many superconductors ham been brawn tor a long 
time. This is actually not the case, for the following reasons: 
First, thr behavior of superconductor* in RF fields of ampli
tude comparable to the critical fields is not well understood ard 
experimental results indicate that the uhimate limits strongly 
depend on the time scale over which the fields are maintained. -' 
Second. CWRFanpeKonduaivity must contend not only with ̂  -' 
the fundamental properties of the materials, but also with thef!"' 
less predictable and harder to control properties of the cavityf^ 
surface, its impurities, detects, chemical and physical condi-. - J 
tions, etc. Tkse effects limit the maximum attainable fields.i^ 
and make the choice of the proper material more complex-**^' 
because the superconductor's properties per « do not neces
sarily determine the overall performance of the cavity. For 
instance, type I and type fl superconductor* have been em
ployed thus far with similar results and the characteristics of 
the thermodynamic or superheated field* have made little or 
no difference in the performance. The gradients now available 
(about 10 MV/m) are more than adequate for most accelerator 
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applications, especially for CW circular machines, in which 
low RF losses constitute the most important attraction of 
superconductivity.' 

For pube applications the situation it different: The high 
field properties of the superconductor* do play a major lole in 
the selection of the materials to be used under puked condi-

'tions. As discussed by HalbriUer* and experimentally obsemd 
at S L A C , W the peak field properties of each materia] can be 
dear)* distmguithed from those of the others. 

The ultimate field limits have not been completely deter
mined even by using the puis* technique, but it is clear from the 
measurements that a higher degree of superheating is observed 
In Pu' (a type I material) than in Mb' (moderately type II) 
and no superheating is observed in NbjSti1 (extreme type H). 

In pulsed RF superconductivity one must assess the abil
ity to reach high gradients based on considerations other than 
those so far used to obtain tow losses. For instance, the fabri
cation tolerances necessary for cavities used with short pukes 
a n much less stringent than fee CW cavities, since the external 
coupling factor is much higher under pulsed conditions and the 
bandwidth is larger; the superconductors could be deposited on 
substrates that are either less expensive or easier to machine, 
and the quality of the current-carrying surfaces need not be as 
finely controlled as in the CW case. 

Unlike the CW operation, the pulsed technique differenti
ates more sharply among materials based on the critical Geld 
properties, so that the maximum gradients become the moat 
Important parameter is choos'ing the material to be used. 

The losses in RF cavities can be alternatively characterised 
by the unloaded quality factor Qo or by the unloaded time 
constant, defined as 

To = S - ^ P4 *> (1) 

when O 'a the stored energy and F4 is the power dissipated. 
In pulsed superconductivity, it it mow convenient to use the 
unloaded time constant, since it can be compared directly to 
the other relevant characteristic times of the system. 

In CW operated superconducting cavities, a decrease in the 
losses has the important effect of proportionally decreasing the 
heat load to the refrigeration system and increasing the oper
ating gradient. In the pulsed case the internal time constant 
can drop by several orders of magnitude, even within a pube, 
without adversely affecting the operation of the system, as long 
as the average refrigeration power requirements do not increase 
significantly. The small duty cycle usually enables the cavity 
to recover between pulses even if 2o varies from, say, 10,000 <is 
down to 100 fas ox so, as long as the cavity is still superean-
ducting. If a fraction of the cavity surface should become nor
mal, it is still passible to choose operating conditions which 
would put a Emited load cat the refrigeration system. Fig. 2 
shows that operating field levels can be chosen, at least in liquid 
Helium, such that they can be maintained even though a slight 
Increase in the losses is observed. 
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Fig. 2. Emitted energy V, versus incident peak 
power for a cavity operated in the pulse mode. The 
peak magnetic field is If, (Oe)s l«40v^l3) -
The fields in the cavity can (till be increased in the 
medium losses region, which is not possible in CW 
superconductivity. In that region, superconductivity 
is recovered from puke to pube. 
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Fig. 3. Average accelerating field for a TJUoia cavity 
resonating at 2S5G MHz. The input power is fixed at 
1 MW. Normal conditions of operation are in the lower 
left comer, where there is no decrease in Geld amplitudes, 
as kmg as lb > 100 |<s. 

Other Considerations 
The roles* of the critical field and of the losses are some

what reveraed in CW and In the pulse case; whereas in CW 
one can accept a compromise in lowering the operating field 
level well below the critical one, as long as tbs losses are as 
low as passible, in the pulsed case one can operate at rela
tively lew internal time constants without compromising the 
maximum attainable field. This fact is illustrated in Fig. S: 
for a given input power (in this case 1 MW), for field levels 
in thr neighborhood of those that have been instantaneously 
reached in single-cell test cavities, and for pulse lengths which 
axe asajlable in high power RF systems, even a sharp drop in 
To still aJhwc one to reach the highest gradients possible. The 
reason fortius lies in the fact that the efficiency with which the 
field builds up in a superconducting cavity starts to decrease 
significantly only when the internal time constant decreases 
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below the nine of the pulse length. For a TW section the 
accelerating gradient is given by the equation 

where 
tit = section efficiency = 1 - (7//T 0 ) for lb > T/ 
t = elastante per unit length (Mft/ja/m) 

P, = power input into the section (MW) 
Tf m section fill lime (jts) 

This equation implies that if the efficiency is held comtuit 
by fixing the ratio Ty/Ii, then an increase of filling time re
quires a decrease of the losses to maintain the efficiency un
changed. This is true from the microwave engineering point of 
view, whereas the physical properties or the superconducting 
cavities make the losses increase with increasing filling time. 
Then for each superconductor an optimum ratio Tj/2b must 
exist which maximises the efficiency. Such ratio will have to be 
determined experimentally. In any cue, it is not advantageous 
to Increase the filling time beyond To because the increase in 
gradient is only marginal. Under these conditions, the accel
erating field is proportional to the square root of T0 which, 
for a superconducting section, is proportional to the improve
ment factor. 

CHOICE OF MATERIALS 
The question of the appropriate pulse length in pulsed RF 

superconductivity is not just a matter of microwave parameters 
or accelerator properties. The physics of the superconductor 
and other phenomena determine the choice of the length of 
time over which the RF can be sustained. It is not as yet clear 
which optimal pulse length should be used for each material, 
but from the experiments it appears that the pulse length does 
affect the maximum fields even at the microsecond time scale. 
How these fields depend on the pulse length is very difficult or 
impossible to predict. Tests in this direction will be performed 
in the near future using transmission cavities, but already by 
using the existing data it is possible to predict a set of operating 
conditions and make a choice of suitable materials. 

The RF aou.ves available at high power have pulse lengths 
of ut to 5-10 )a, depending on the peak power. The operating 
conditions in Fig. 3 are therefore limited to the region to the 
left of the abscissa T => 10 *is. On the other hand, the highest 
gradients which can be reached r-t around SO MV/m or less, 
with theoretical expectations as l.igh *.s ? •!(> MV/m. As shown 
in Fig. 3, the gradients under consideration can be reached 
only with a superconductor for the given input peak power, 
whereas a much higher power would be needed to reach, it with 
a normal conducting structure (7b = 1 /»)• 

The losses in the material are of minor importance, since 
at the» field level {SO > MV/m) all the curves for To > 100 *is 
coincide. Therefore the choice of the material must be dic
tated by the economy of construction and by the refrigeration 
efficiency. From the latter point of view the obvious choice 
is NbjSn, because it can be used at high temperatures (T = 
10 K) in vapor and at high field. Although the technology of 
NbjSn does not always guarantee uniformity of res' '•*, this 
does not seem to aflett the pulsed performance almost at all. 

An easier approach from the point of view or technology 
consists in building structures for pulsed RF superconductiv
ity with a lead-plated substrate, which need not be capper, 
since the thermal conductivity is of marginal importance in 
this case. Lead can just be plated without any further process
ing, even on relatively complicated surfaces and the substrate 
amid be built with conventional methods used for manufactur
ing copper structures, rather than with the more complicated 
techniques employed in superconducting cavity construction. 

To illustrate this point, we can consider building a low less 
delay line, suitable for puke compression and power multipli
cation, out of cylindrical waveguides of an appropriate length 
and possibly folded to make the delay line more compact. For 
a structure of this sort, the power-tarrying capabilities depend 
on the surface magnetic field H as'" 

P (MW) a 4700 H» (10c) (3) 

for a 10 cm diameter TB\i waveguide operating at 2S56MIEt, 
Power levels as high as several gigawstts could be handled with 
low losses even by a lead-plated waveguide which would be 
easier to construct than one built out of Niobium. 

From the above example it appears that Niobium, so far 
the favorite material in RF superconductivity and accelerator 
cavity construction, is probably the least attractive for applica
tions in pulsed RF systems. Materials with a smaller Glniburg-
Landau parameter seem to be favored for pulsed applications, 
as the tests performed at SLAC indicate. 

CONCLUSIONS 
Practical systems can he built (tut of superconductors for 

various uses in high energy pulsed linear accelerators using ex
isting technology. For the pulsed case less stringent tolerances 
and manufacturing methods are needed than for CW, which 
makes the use of pulsed systems attractive. The criteria used 
in the choice of superconducting materials are also different 
from those used in evaluating CW systems. 
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DISCLAIMER 

This report was prepared as an account of work sponsored by an agency of the 
United States Government. Neither the United Steles Government nor any agency 
thereof, nor any of their employees, makes any warranty, express or implied, or 
assumes any legal liability or responsibility for the accuracy, completeness, or use
fulness of any information, apparatus, product, or process disclosed, or represents 
that its use would not infringe privately owned rights. Reference herein to any spe
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mendation, or favoring by the United States Government or any agency thereof, 
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