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Abstract

Tests are continuing at SLAC on superconducting ni-
obium cavities and structures at S- and X-band frequen-
cies. Peak electric and magnetic fields on the order of
20 MV/m and 400 G have been obtained in a TM mode
cavity at 2.85 GHz with unloaded Q's at high fields on the
order of 1010, These fields and Q's are adequate for
superconducting RF systems for high energy storage
rings and recirculating linear accelerators.

A. Introduction

Long range plans at SLAC include the possibility of
converting the present accelerator to a 100 GeV super-
conducting linac. The proposed energy gradient (33 MV/
m) would require a traveling-wave resonant supercon-
ducting structure capable of sustaining peak RF electric
and magnetic fields on the order of 55 MV/m and 1000 G.
While fields of this order have been demonstrated in
single cavities at X-band, formidable technological dif-
ficulties still remain to be overcome before the construc-
tion of a high-gradient accelerator on this large a scale
can be realized. Recently, other SLAC improvement
projects that might lead to applications of RF supercon-
ductivity in the more immediate future have been sug-
gested. For example, it has been proposedl) that the
energy and duty cycle of the SLAC accelerator be in-
creased by storing the beam and then recirculating it a
second time through the existing linac. This machine,
termed a recirculating linear accelerator (RLA), would
initially be constructed to store and recirculate the beam
at 17.5 GeV. At present it is planned to use a conven-
tional RF system, consisting of a 200 m length of disk-
loaded accelerating structure, to provide an energy gain
of 150 MeV per turn for the proposed RLA. Because of
the rapid increase in synchrotron radiation loss with in-
creasing recirculation energy, it is not practical to up-
grade the RLA to the final design energy of 25 GeV using
a conventional RF system. However, a superconducting
RF system only 30 m in length would provide the required
additional energy gain of 450 MeV per turn. The accel-
erating gradient would be 7.5 MV/m, assuming two
passes per turn in opposite directions through a standing
wave structure. The peak fields in the structure would
be on the order of 340 G and 19 MV/m.

High energy storage rings are also under considera-
tion at SLAC2) and elsewhere. In such an application an
energy gradient on the order of 4 MV/m, requiring peak

fields of about 180 G and 10 MV/m, would be satisfactory.

The superconducting accelerator development effort at
SLAC is now directed toward the development of super-
conducting structures which can meet the relatively mod-
est energy gradients required by the RLA and high energy
storage rings.

Until recently most of the superconducting cavity
measurements at SLAC have been made at X-band. A
summary of experimental results obtained to February of
this year was recently published. Residual Q's
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exceeding 1011 and peak RF magnetic fields on the order
of 1000 G were attained in a TE(11 mode cavity operating
at 10.5 GHz. Since this date measurements on X-band
cavities have continued, but the principal measurement
results have been obtained on S-band cavities and struc-
tures.

B. X-Band Tests

Although any superconducting accelerator or RF sys-
tem constructed at SLAC will operate at S-band frequency
(or lower), it remains convenient to test new ideas con-
cerning materials or fabrication and processing techniques
using small X-band cavities. A second electron-beam
welded TEg11 mode cavity, similar to the one which gave
the good results reported previously, 3) has been made.
The initial test results were not outstanding (a residual Q
of 5 x 109 and magnetic breakdown field of 240 G were ob-
tained), but the behavior of the surface resistance as a
function of field level was quite interesting (see Fig. 1).
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FIG. 1--Surface resistance as a function of RF magnetic
field level for TE-mode X-band cavity (test no.
44).

As has been the case for most previous tests on X~band
cavities operating in the residual loss region, a rather
sharp increase in surface resistance by about a factor of
two is observed at an RF magnetic field of about 20 G. In
the case of the test shown in Fig. 1, the low field édge of
the absorbtion peak is very sharp, while the high field
edge is less so. Halbritter4) has suggested that increased
absorbtion can be expected as the result of surface states
at an RF magnetic field level given by H(G) = 4f(GHz), or
at about 40 G for a frequency of 10 GHz. The shape of

the peak in Fig. 1 can be explained by the fact that no in-
crease in absorbtion takes place until the field reaches
some critical level at the location of the maximum field
within the cavity. If the resonance is sharp, the increase
in loss will be sharp. As the field is increased further,
however, other portions of the cavity gradually experience
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the loss enhancement but with decreasing effect on the
total loss, which could lead to an asymmetric absorbtion
peak having the form shown by the data in Fig. 1.

Two TM X-band cavities were fabricated and tested,
but with very poor results (Q z107). It is felt that the
low Q's are a result of either the technique used to elec-
tron-beam weld the cavity halves together, or the im-
purity content of the niobium. Tests are in progress to
distinguish between the two possibilities.

C. S-Band Tests

An extensive series of tests was made at 2.85 GHz
on the cavity shown in Fig. 2. The cavity was machined
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FIG. 2--TM-mode S-band niobium cavity. Numbers in-
dicate location and order of electron-beamwelds.

in three separate pieces from a solid bar of niobium.
The pieces were then joined together by electron-beam
welding using the welding sequence shown in Fig. 2. The
locations of the peak electric and magnetic fields (E

and Hy) are also shown. The fields were determined in
terms of the unloaded cavity Q and power dissipation,
using the LALA program®) adapted for the S}AC 360/91
computer, to be Hy(G) = 1. 08 x 102 (QqP)1/2 and Hp/Ep
= 18.4 G/MV/m.

The experimental results obtained for this cavity are
given in Table I (see next page). The results of all tests
made on this cavity to date, successful or otherwise, are
listed. Several tests can be singled out for more de-
tailed discussion. Figure 3 shows the variation of surface
resistance as a function of field level for the test inwhich
the highest magnetic breakdown field was reached. In
Table II the values of the Q and the peak fields are given.
By processing at a peak electric field of about 20 MV/m,
the Q was increased by about a factor of two. Peak mag-
netic and electric fields of 420 G and 23 MV/m were at-
tained at magnetic field breakdown after processing.
Radiation indicated the presence of field emission, how-
ever, and after some minutes of operation at field levels
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FIG. 3--Surface resistance as a function of RF magnetic
field level for TM-mode S-band cavity (test no.
2). Curve A: initial application of high power.
Curve B: decrease in surface resistance during
processing. Curve C: behavior after proces-
sing. Curve D: behavior after Q degradation.

TABLE I

Measurement Results for TM Mode S-Band Cavity (Test #2)

Q Hp (G) Ep (MV/m) Remarks
Initial results at 3.2 x 10° 40 2.2
low power
Results at high power Some radiation
before processing 2.9 374 20.3 observ:
Results after processing:
Low power 4.8 50 2.6
High power 4.6 424 23.1 Magnetic field
breakdown
Results after Q Magnetic field
degradation 2.4 it 16.9 breakdown
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close to breakdown, the cavity suddenly experienced a de-
gradation both in Q and in the breakdown field level. Sub-
sequent cavity behavior was then stable at the new field
level (310 G and 17 MV/m). Note also the peak in Curve
A at about 70 G. The peak seems to be too far from the
predicted field level to be explained by magnetic surface
states.

Tests 11 through 14 give results obtained by cooling
the cavity down in an external dc magnetic field applied
using the Helmholtz coil mounted as shown in Fig. 2. The
currents in the two coils were in opposition so that the ap-
plied field was radial and maximum at the surface of the
cavity in the plane of symmetry normal to the cavity axis.
Figure 4 shows the surface resistance as a function of the
maximum applied d.c. magnetic field at the cavity sur-
face, assuming that the field distribution does not change
as the cavity goes superconducting. There is no simple
way to measure the amount of flux which is actually
trapped, or the distribution of the trapped flux over the
cavity surface in the superconducting state. With this un-
certainty understood Fig. 4 shows an attempt to determine
the enhancement of the surface resistance due to the ap-~
plied field. The total surface resistance (Rgqt) can be
considered to be the sum of a theoretical surface resistance,
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TABLE I

Measurement Results for TM Mode S-Band Cavity (2848 MHz)

Qp at
Tests Lov? Power Qq at Hp Hp (gauss) Ep (MV/m) Remarks
1--After initial etch and 6 x 108 2 x 108 Cavity surface looks poor
high temperature firing. ° ° 140* 7.6 (dust and roughness). Some
(1.56" K) (1.56" K) radiation.
2--Cavity re-etched and re- 4.8 % 109 4.6 x 109 424% 23.1 Cavity underwent degrada-
fired. See also Table II. (1.540 K) (1.540 K) ) tion during operation at Ep
3--Cavity re-etched and re- e 4.7 x 10° 45 2.4 Apparent helium leak limited
fired. (1.600 K) : field.
4--Cavity etched lightly and 9.7 x 10° 5.7 x 10° a5+ 5.9
refired. (1.520 K) (1.520 K) :
5--Repeat of previous test. 2.9 % 109 5.6 X 109
Lower ambient dc mag- ° ° 245* 13.3
netic field. (1.52° K) (1.52° K)
6--Cavity re-etched and re- ~101° o o o Erratic behavior. Either poor
fired. rf connection or helium leak.
7-—Cavity refired without 1.8 x 10'° L ox 1010 - 20.7
etch., (1.49° K) : :
8--Repeat of previous test. 1!9 x 1010 2.3 x 101c| 383+ 20.8 Life test: cavity operated
(1.63° K) (1.63° K) . several hours at sz 350 G
9--Repeat of previous test. —_——— 1.7x 1010 388% 21.1 Life test: =5 hours at
(1.79° K) : Hp =300-380 G
10-~Helmholtz coil installed. 1.2 x 1010 388* 21.1 Life test: several hours at
Hdc=1'5 mG ---- (1.859 K) : sz 350 G.
11--Cooled down in 1.6-2.7x10° Unable to reach breakdown
Hd = 1G. -~ a 46° K) 170- 280 9.2-15.2 field due to strong variation of
° . frequency with rf field level.
12--Cooled down in L1x10'?  1.1-1.7x10t0
- . J1-1. < A00% _
Hdc: 300 mG. (1.57° K) (1.579K) 390*409 21.2-22.2
18--Cooled down in 1.5x10t0  2.1x10"0 386+ 21.0
Hy, = 100 mG (1.49° K) (1.50° K) :
. 10 10
14--Cooled down in 1.8x 10 2.1-1.4x10 315 - 386+ 21.0
Hy, =830 mG (1.52° K) (1.51°K) ’
15--Attempt at nitriding. Ex- 5 x 10° 6 x 10° Nitriding done with poor base
posed toNg for 24 minutes ° ° 205* 11.8 pressure ( 5 X 107° torr).
at 340° C and 8x107° torr. (1.57° K) (1.60° K)
16--Repeat previous test 5% 10°
—— . o "
(1.609 K) 186 10.1
. 8 8
17--Cavity exposed to air 1.3x10 z2x10 166* 9.0
for 60 minutes (1.50° K) (1.50° K) :
: 8 8
18-~ Cavity etched only, 1.8 x 10 1.1x10 208* 11.3
not fired. (1.60° K) (1.65° K) - ’

* Indicates magnetic field breakdown.
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FIG. 4--Surface resistance as a function of applied d.c.
magnetic field. Shaded area between dashed

curves gives range for the additional residual
loss due to the d.c. magnetic field.

plus a residual resistance due to nonmagnetic losses,
plus a component (Rmag) due to the loss introduced by
trapped magnetic flux. The result of subtracting the the-
oretical and nonmagnetic residual loss fromthe total loss
is shown in Fig. 4. The total loss is shown by the solid
line. Each experimental point is given as a range insur-
face resistance, since in addition to experimental uncer-
tainties the surface resistance varies considerably with
RF field level. The shaded area gives the range in Ryag
obtained by subtracting total nonmagnetic surface resist-
ances of 0.9 x 10-8 and 1.0 x 10-9 ohms. At high d.c.
magnetic field levels, Rmag appears to vary approxi-
mately as H .. Atlow d.c. field levels, using the
limits given by the shaded area in Fig. 4, the functioBag
dependence of Rmag on Hy  seems to lie betweenHg:
and Hy Accurate and extensive measurements woufd
be needed to pin this dependence down more precisely.
However, from a practical standpoint, if a superconduc-
ting accelerator operating at 1.850 K is shielded against
d.c. magnetic fields to a level of less than 10 mG, the
loss enhancement by trapped magnetic flux should be
negligible.

From Table II it is also seen that the presence of
trapped d.c. magnetic flux did not result in a decrease
in the RF magnetic breakdown field, at least up toHy .=
300 mG. It was not possible to reach magnetic break-
down at Hy . = 1 G because the cavity resonance became
highly nonlinear; that is, the resonant frequency was
strongly dependent on RF field level. The shift in reso-
nant frequency was about Af = -40 Hﬁ at Hpy = 100 G,
and appeared to be proportional to Hgp. At this field
level the frequency shift was much greater than that pro-
duced by radiation pressure. This result can perhaps be
explained if the effective volume of an oscillating fluxoid6)
increases with the amplitude of the oscillation.

A two cell disk~loaded niobium cavity (Tadpole II) is
being tested. A drawing of the cavity is given in Fig. 5.
As in the case of the TM mode S-band cavity, the struc-
ture was machined from solid material and electron-
beam welded together as shown in the diagram. Two
modes can be excited in the structure, a symmetric and
an antisymmetric mode. In the symmetric mode the

FIG. 5--Two cell niobium S-band test structure (Tadpole
II). Numbers indicate location and order of
electron-beam welds.

fields are in phase in the two cells (0-like mode), and the
peak electric field at the surface is maximum at the
shoulder of the cut-off holes. It is nearly as high on the
bulgy part of the central disk, but very low at the very

tip of the disk. In the antisymmetric mode the fields have
opposite phases in the two cells (7-like mode), and the
peak electric field at the surface occurs just off the tip of
the central disk, although it is nearly as high at the shoul-
ders of the cut-off tubes.

The general inability to reach 1000 G RF magnetic
breakdown field at frequencies below X-band has not yet
been satisfactorily explained. One possibility being ex-
plored at SLAC is that larger cavity structures are not
cooled sufficiently uniformly through the transition tem-
perature region. Thermoelectric voltages generated by
the Thomson effect and the Seebeck effect (between adja-
cent crystals and across the boundaries between super-
conducting and normal regions) could give rise to large
currents on the cavity surfaces with the concomitant trap-
ping of magnetic flux. Pierce’) has considered the prob-
lem in lead-plated copper cavities. Attempts are being
made to cool S-band cavities very slowly, minimizing
temperature gradients as the transition is made to the
superconducting state.

D. Conclusion

The tests made at SLAC so far on a superconducting
niobium S-band cavity are encouraging in that Q's and
fields have been obtained which would be adequate for
superconducting RF systems applicable to high energy
storage rings and recirculating linear accelerators. How-
ever, many problems concerning the stability and repro-
ducibility of cavity properties under the fabrication, in-
stallation and operating conditions required for a full
scale superconducting linac remain to be solved. In par-
ticular, it would be highly desirable to find some method
for stablizing the niobium surface against the degradation
produced by oxygen and other potential contaminants,
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either by coating the surface or by reacting the surface
with some material to form an inert surface layer. Such
a layer, of course, must not result in an appreciable de-
gradation in the cavity Q or breakdown field. Toward
this end, work is in progress at SLAC to investigate the
formation and properties of surface layers of niobium ni-
tride and niobium carbide. The search will continue to
find still other materials or techniques which might con-
tribute to the production of a more stable surface

under the conditions to be expected for an operational
accelerator.
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DISCUSSION

M. McASHAN : Is the low-field peak observed in the
surface resistance a reversible effect ¢

Is it observed in decreasing as well as increasing
field ?

P.B. WILSON : Yes, it is. It shows up in the
emitted power decay curve (decreasing field) as a
sharp discontinuity in slope.

H. HAHN : Do you need a magnetic shield against the
earth's magnetic field ?

P.B. WILSON : Yes, since the earth's magnetic field
is about half a Gauss, and at this field level

fig. 4 shows that the cavity Q has deteriorated by
more than a factor of two. However, based on these
measurements, the shielding requirements are not
stringent; shielding to a field level of 30 mG or
so should be adequate for operation at 1.85° K.

C. JONES : Is it true that you have only tried
chemical polishing and UHV annealing ?

P.B. WILSON : Yes. We have tried electropolishing
on samples but not yet on a cavity.

G. SAXON : Do you propose to do measurements at
other frequencies than S-band ?

P.B. WILSON : If we convert SLAC to a supercon-
ducting linac, or if a recirculating device is built
at SLAC, the operating frequency will be 2856 MHz.
Therefore our present measurements are being made
meinly at this frequency. However, high—energy
electron storage rings would require an RF system
that operates at a much lower frequency. We are
interested in doing structure design studies and

measurements on superconducting cavities at fre-

quencies appropriate for such rings.





