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Sumnary

The influence of several surface prepa-
ratiorn techniques like electropolishing,
cheriical edging, anodizing and UliV-heat treat-
mert orn both the G-value and the peak RF
©ields have been studied in a welded S-band
cavity having large beam tubes. Feak magnetic
fields up to 650 Oc at a Q-value of 8x101C in
the TEgqq-mode and peak surfage electric
fields of 25 MV/m at ¢ = 7x10Y in the TMoio-
mode have been cbtained. Sinultaneous meas-
urerients of the mean free path in the surface
layer of the cavity permit to calculate Igsq.
Trhe results indiecate that Hgq is no limitation
for the magnetic fields achievable in RF-

cavities. Thig makes type-II-superconductors
like MNbz3n interesting for practical applica-
tions aé high frequencies.

I. Introduction

Witn the preparation of Mb surfaces des-
cribed in ! we have obtained guite regularely
surface resistances below 10-°Q in TM- and TE-
modes between 2 and 4 Gliz. These residual
lcsses are already small compared to the su-
perconducting part at 1.8°K, where the practi-
cal application for high RF fields will take
rlace.® Therefore we conclude, that residual
losses are no longer a protlem - in simple
Ohz cavities - but the breakdown fields ob-
tained are still quite low (<500 G), as yet.
These low magnetic thermal breakdown® fields
have been identified in TM-modes as due to
electron impact;! especially in multipactor
bazrriers“ the enhanced number of electrons
easily cause breakdown. The number of fast
electrons can be reduced by introducing He-gas
(pressure below dischar§e) into the cold, su-
perconducting cavity.®°® This "processing with
lHe"® reduces the time to overcore a multipac-
tor barrier and hence the radiation damage, as
will be discussed in Part IV,

The abtcve mentioned explanation of low Hepit
due to electron impact works only fer TM-~
ricdes, tut nect for the TEpqq-mode, tecause
there i field emit elee-
trons. To explain the low Hppit of TE-modes
one must loox for other explanations. EBecause
the Hopigy of several modes (2-4 Glz) seem to
cluster around 400 G a statistical surface
rouchness cannot be the limitation. If one is
icoking at volume properties of the supercon-
ducter reasons for an RF hreakdown, thermal
conauctivity, Hclz or more generally the elec-
tron mear free path 2 seems important. [ecause
cf the otserved temperature dependence

Yopit © Ee{T)'?7 the (phonon) thermal conduc-
tivity can be omitted as explanation for
Hepit- discussed in generation and pene-
traticr of fluxoids is too slow to cause
treakdown for £ 2> 10 Fliz; herce ligq has
ing tc do with Hepig. About Heq we will
i IZI, that the an frce path &g ¢f a
surface layer, which is shorter than fp of the
bulk yields Hgq 1100 & at 1.49K, which is
already below the actual observed Hppit Of
1200%-1500 G®. Therefore we can conclude, that
in RF fields Iypit well above Hyq con be ob-
taired, which makes, e.g. MNbzZin and NbzAl
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suitable for surface coatings, with which
Hopit ® He = BCOO G should becorme possibtle.

In Part III we report about changes of £ with
different surface treatrents, but till now
nothing about relations between £ and Hepit or
Rpes can be sald. On the other side we can
state about degassing that firirg longer than
30h seems not to reduce the bulk mean free
path &p further. The measured surface mean
free path 2g which describes _a mean scattering
up to a depth of abcut 700 , seems to ke
reduced sometimes by (diffuse) surface scat-
tering. In Part IV we report about processing
with He, which works even in anodized cavi-
ties; for the first time we were able to ob-
tain in the TEpiqi-mode a breakdown field of
€5C G, which is markedly higher than Hepit of
TM~modes (=350 G). The residual lcsses at
high field are also quite low, e.g. Rpes

(500 G) = 7.,5x10-9Q, corresponding to a Q-
value of 1011, It should be menticned, that
these results have been obtained with a beam
hole cavity fired at 19C0°C in a Nt foil
followed by chemical polisking and anodizing.

II. Experimental

Till row all cur neasurements on residual
surface resistance and peak fields were car-
ried out with cylindrical solid niobium cavi-
ties of height diameter = 10.fcm. To be more
realistic a electron-beam-welded cavity was
constructed as shown in Fig.1, which differed
from our earlier cavities in several points:
besides beam tubes of 35mm diameter and 110mm
length, the cavity was welded out of several
niobium parts and has a. changed coupling geoc-
metry to aveoid a heating up of this cavity
parts and hence a possible thermal-magnetic
brezkdown. The beam holes should enable us to
carry out chemical and especially electroche-
mical treatment of the cavity surface’. In
addition only in such a cavity it seers likely
to clean the inner surface by an ultrahigh
vacuun outgassing?®.

uﬁw 7/
%
Fig. 1: Schematic drawing of the S-tand cavity
with team tubes. The resornator is constructed

cut of several niobium parts, which have been
electrorn-beam~welded topgether.

In comparison to cur simple cavities tre beam
tuktes have led to a significant increase of

the peak electric fieclds at the cavity surface
in the different TM-modes, whereas the magne-



only slightly.
electric fields
to ¥-radiation

tic fields have been changed
This ennrancement of the peak
caused field limitations due
(see Part IV).

Sefore electron-team-welding {(done by Siemens
AG, Erlangen, Germany) the two cavity parts to-
gether at the unsymmetric weld the niobium
surface was electropolished as described in !.
Eetween “wo polishing cycles the polishing so-
lution was pumped through the beam holes,
providing for & faster and more complete sclu-
tion of the oxide formed during current flcw.
Eesides the measurenents of surface resistance
and peak-fields - the measuring arrangement
and method is described in - we have meas-
ured the mean free path of the bulk-material
and of the surface layers, respectively.

The first quantity was measured ty the dc-
residual reolst1v1ty ratio (RRR) using an
induction methed.” For this case a coil-systen
(field coil and pick-up coili) was slid over
the outer cavity surface and the decay-time of
the eddy-currents generated by a pulsed nmagne-
tic field were detected at several tempera-
tures.

The measurement of the mean free path of the
surface layer consists in the observation of
that eigenfrequency change of the cavity with
changing temperature in the range

0.6 Tec < T < 0.9 T¢ which is caused only by
the temperature dependence of the penetration
depth and not by changes of the geometrical
dimensions of the cavity.
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Fig. 2: Cchematic drawing of the

10 I

1w e
ture part cf the experirental set-up uced for
the measurenents of the eipenfrequency change
of ‘“c cavity above 5C¥.
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The cavity is surrounded bty a vacuum vessel,
which not only has to keep off pressure chan-
ges in the nelium bath but alsc reduces the
temperature grad'ent along the cavity, which
did not exceed 0.1°K in our exrerlrentu. He -
contact gas of about 1071 Torr provided for =
reasonable heat conduction between the heliur
bath and the cavity. Mistakes in the reasure-
merts due to thermal expansicr can be exclu-
ded below 299K (BD iy > 2009K)

It should te mentioned that the temperature
measurement and the T-gradient over the cavity
are no trivial rproblems and lead tc a relati-
vely large uncertainty in the determination

of the mean free path.

We report here atout a series of measurerents,
differing from each other bty the treatment of
the cavity surface as listed below.

Measurement 1: After the last electron-bear-
welding was done, the cavity was chemical
polished in ENO%/FF scluticn at -15°C for

1 minute, rinsed in distilled water and
rethanol and assembled wet.

Measurement 2: Annealing at 1800°C for 23 w.

Jeasurement 3: Annealirg at 1900°C for 23 h;
the cavity was surrounded ty a niobiumr foil
of imn thickness. Chemical polishivg in

Hi03/HF solution at -15°C for 1 min, rinsing
in distilled water and methanol and asserb-
ling wet.

Cherical polishing for 1 min
in -150C HNOz/YF solution. Anodiging in 12.54%
NH4OE-solution at 20V, 0.5 wA/cnc for 15 min,
Rinsing in distilled water and rethanol and
assembling wet.

Veasurement I:

Results of the measurements are discussed in

the following parts.

IIT.

As discussed in the parameters defining
Hoepit are not quite clear. To find relations
between Hupi¢ and properties of the MNb we have
measured the electron mean free path %. Be-
cause the depassing and hence g depends sensi-
tively on shape of the Nb sample we must
measure £ of the RF cavity directly, which we
have done by measuring the RRR as described in

Mean free Paths Measurerents
3

Part II'S-!7, As already cbserved in Pb2?,
Ta?? and Mb'* the bulk Rp is longer than ES of

a surface layer; in addition in transition
metals like Ta ard Mb 2 in the normal conduc-
tinp state can be different from %2 in the
superconducting state because of s - d scat-
tering. For the supercorducting 3F propertie
we need L describing the supercorducting
state rear the surface. This mear free path 2o
we have determined by measuring the change of’
eigenfrequency Af with temperature (Fig. 3).
Eecause the changes of geometrical dimersion
by changes of pressure (see Fig.2) and tempe-
rature are negligible, Af is directly related

to the penetratwon derth change AX(T) (5 ceo-
metry factor)!
AX(T) = 26 2f(7) conste-Af(T)

uow To
and Af(T) = £(T)~ £(2,) is a freacuency chift
with respect to the Ja¢u€ at an arbitrary
reference temperature Tg.In the temperature

-

ranpe 0.6 7,
pendence of A_ﬁg

< T < 0.3 Te tre temperature de-

n te aprroximated hy

AA(T) = 1//1-t% with t = T/TC, which is »buwn
by the straight lines in Fig.l,the slopes of



which are roughly proporticnal to

1+5F/115’16
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Fig. 3: Typical plot of the increase of the
eigenfrequency with temperature for two diffe-
rent mean free paths, measured in the TMgi0-
mode at 2.187 GHz.
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Plg. 5: Surface resistances versus T,/T for
peratures above U4,2°% corresponding to the

AX of Fip.l. The thecretical solid lire for

L = 300 coincides rearly with the & = 600

line.

The resulting mean free paths for the diffe-
rent treatrents (Part II) together with the
deduced Hq1 are summarized in Table I.

Tatle T:

Treatment L5 R, 2o/8] kx(1.4%) s Hea(1.1%)g
- ioe]

1 00 50 1.8 170

2 1200 550 1.85 2hn

3 1200 FED 1.3% Loan

! 12C0 00 1.9 1110
ot heat treated Mb® would vield Ho1(i =300 ?,
L, 20¥) = 620 De,
The kKz-v¢ meas-
ured ﬁcl s
1.80y) = was ccrrected [or
finite £ Thece corroc-
ted k3 (1 e Il,q values
included
It shoul canrnot e 2om-
ruted with srTerature
dependen o The Tahle
shows a impr n fas Mbohv degasesing
and that fp is not enlnrred bty furtrer firirp.
Tt seems that firins in a box consisting of



degassed Nt foil yields the longest 1g, be-
cause the reoxidation during cooling down is
hindered; tut, as indicated by the scatter of
RS, kg = 500 2 is changed by surface prepara-
tion, which influences the surface scattering
of elect"ors. A2 relation between g and Hepit

cannot be deduced, as yet. But it should be
menticned, that the observed Hopit of 1200 G°
cr 1500 G° are already atove Hg1q.

IV. Experimental Results on Rpgg and Hepsyg

The measured Rpeg(min) and Hgpip values
of the new beam hole cavity (Fig.1) after

several treatments mentioned in Part II are
collected in the following Table IT.
Table II:
Po10 ™o11 12 TEpyg
fo[GHz] 2.187  2.€37 3.636  3.743
1 PresLnO1 2200 oo 510 57
Hepit [Oe] - 430
P Fres  nQ] 25 64 67 3.7
Herit [Ce] 160 325 280 270
5 Jres(nfi 23 30 i 7
Ecopit | 0e] 330 360 325 510
u Rresfnﬁx, 25 33 38 6.9
HeritiCe| 310 3ko b1sg €50
This Table shows, that we have successfully

adapted the surface rreparation methods (seel)
£C the beam hole cavity; which is measured
like our earlier cavities, in an open vacuum
system. The improvement between runs 1 and 2
seem mainly due to an annealing of electron
beam welds, which seem bad, because the va-
cuum In electron beam welders is dirty {(C...)
and welding yields highly stressed Nb. In
addition, only after run 2 cur cleaning and
rinsing was good enough, sc that at this stage
(run 1) we used the furnace to evapcrate HF,
Zp80h... . How - after run 3 - we get high
Co (21011) and lHgpig (2600 G) with polishing
cr anodizing, without the final heat treatment,
which ig needed in complicated shaped separa-
tor structures.?! In our opinion, the needed
final heat treatment for complicated large
cavities is due to nct ortimal cleaning of the
structures. Astonishingly, in this beam hole
we run into a nard multipactor bzrrier
*= 120 G which we cculd not c¢vercome by
rrocessing in 2 days." Bub with He-gz

avVily

BN

o]
jast

ot
1 ot

ol

m
o

of rressure Just telcw discharge inside the
cold cavity we could overcone the tarrier in
less than - h, 5ogether with slight improve-
ments o e ces at high RF field Ze-
sels AT F Lue He-gas was rercved
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Fig. 6: Amplitude dependence of the surface

resistance measured in the TEgqq-node. Curve
3a was taken during run 3 and shows a typical
"switching" at about 80 G. After "processing"
with He gas inside the cavity to overcome
multipactor barriers in TM-modes the curve 3b
was obtaired. Curve #4a and Ub belong to run &
and were achieved initially (a) and after (b)
severe X-radiation in the TMpio and TMp11-
mode, respectively.

this shows
charges in the oxide,

that residual lcsses are changed by
which 1nf1uence inter-
facial tunneling.?? Tn addision, tre switching!
chserved in run 2 and 3, which seems typical
for a chemically grown oxide, disappears after
He processing.
It is krown that an oxide layer erhances elec-
tron emission,“ e.g. multipactor btarriers in
anodized cavities could nct te overcome,® tut
with He we weére able tc cvercome _the barriers
also ir an anodized cavity (400 & Nos0e). In
spite cf an enhanced y-radiation in this run
we were able to cobtain in the TM-rodes fields
igher than 320 C or 24 ¥V/m due to the pro-
essirng; the actual lirmitation was not ragne-
tic breawdowrn, Lut lack of generator power
because of the mismateh due to strong elec-
tron lcadinf. This streong electron lozding in

TM-rmcdes cau:eﬂ severe radiaticn darage, which
is shown by Le ﬂpg”" ation chreserved in %he
TEg11-rode (Fig.6).
V. Corcluzion

Cur recent measurements have zhown that
it is peossitle to transfer surace Sreatments
de cimple cavities to rere cormpli-
c

ed ornes. A prorer cieanirp “echnique
ical treatrents is crucizl. Vult'—

can he cvercone fi::ly

ucing less radiaticn dﬂfiPP
srere nevere (:tror lozding
Riph breakdos

irn the TEr11-mode
nilities ¢of surface
avourables ape of
ed to our
Hepit o in TH
unperturted ca

cony .-wa aor

vity could not te



achieved vecause of field emission loading at
24 ¥V/m due to a large electric field enhance-
ment. Measurements of the mean free path in
the surface layer of our cavities indicate
that H,; seems to te no limitation for the
ragnetic fields Hgpy¢ Obtainatle in RF-cavi-
ties. This result makes the use of type II
superconductors with high T¢ like NbzSn, Nbzhl
suitable for the application in RF supercon-
duectivity.
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