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Abstract

11Hz) at

T < 2-4K which are named rf residual losses. In this paper these losses are
classified according to their origin: Bulk residual losses - either in the

Superconducting cavities show temperature independent rf losses (<10

metal or in the dielectrics - can be avoided by proper design and handling of
the rf cavities and by proper surface preparations. Interface residual losses

cannot be avoided but can be reduced by improving the quality of the metal-
oxide interface.

These interface losses are classified according to the density of interface
states Nis and rf field component involved in:
Normal conducting losses (« wanSBZ)

Electric interface losses (x n;cE?%)
Diffuse surface scattering (« (nISEu)z)

These rf losses mechanisms are discussed and compared with experimental results.
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I. INTRODUCTION

The rf losses in metal cavities are classified according to the rf field com-
ponent at the surface - B, or E; - causing these losses. The magnetic field
B.(t) = B,coswt yields the rf shielding currents j(¥,t) in the metal causing
rf losses PB’ which, for sufficiently plane surfaces, are described by:

P =1 6 dsR M. =2 6 ds Ba hz | (1)

B~ 7 B “Z B ﬁi—_ " :
where the integral 6 ds is extended over the cavity surface. The material
properties of the cavity wall are included in the surface resistance RB’ which
is the real part of the surface impedance ZB = E,/H. of the transverse wave in

the metal. 1 The imaginary part 1,2

InZy = Xg = wuhgs Mg = édx B..(x)/Bu(0) (2)

is related to the magnetic field penetrating into the metal (x > 0). AB yields
an inductance change, i.e. the cavity eigenfrequency w increases according to

Mo = w X/265, With Gy = 10-10%2  the magnetic geometry factor. 2

The second part in Eq.(1) describes the rf losses due to the susceptibility
u(w) =u'+iu"(u'=uruo) of the dielectric coating of the wall having aB as mean
thickness. 1

PB - i.e. ZB and u - include only losses related to B, and neglect any effect

of the longitudinal rf field component E,. These rf Tosses PE are given - like
1,3

Eq-(1) -by: ?

£ we n
Pe = %-39-6 ds ReET + —2- 3 6 ds S Ef (3)
Q r

where RE is the real part of an electric surface impedance ZE with an imaginary
part - quAE with AE the electric field penetration depth into the metal. The
second part in Eq.(3) describes dielectric losses 1in the coating of a mean
thickness EE. Related to H, and E; in Egs. (1) and (3) it should be mentioned,
that H, and E; differ from cavity fields HS = Hy-u,. and Ei = Ej-e,. due to the
shielding by the dielectric coating.

For normal conducting cavities, 1ike Cu, RB>> RE halds and rf losses in dielectric
oxide coatings (d < 102 mm) are negligible. Thus the rf losses are given by
PB = RB $ ds HZ /2, where RB is plotted in Fig. 1, yielding rf losses, e.g.,
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Fig. 1: Surface resistance of pure Pb, Cu, Nb and Nb3Sn at 300 K and 4 K in
the GHz range. The strong reduction of R compared to R(Cu, 4K) is due
to the energy gap 2A > 1011 Hz-h opening in the superconducting state.
The shaded region indicates the appearance of additional - residual -
losses Rres’ e.g., due to dust, joints or interface states.
PB = 10'3 (30 mT/uO)Z/Z = 30 W/cm?, These rf losses cause cooling problems
and huge power bills for large rf accelerators. To lower these losses cooling
is advantageous because the electron mean free path 2 is increasing. But at rf
frequencies the penetration depth Ag* 1/vwf shrinks only for AB >> %, whereas
for Ag < % the anomalous skin effect Timits the rf losses to rather high values
depicted in Fig. 1 by R(Cu,4K). These rf Tosses can be lowered further only by
using superconducting rf cavities - see Fig. 1. This reduction of RB by more
than 5 orders of magnitude overcompensates the additional costs for He Tiquifica-

tion and is thus the reason for the application of superconducting cavities
in rf accelerators - see workshop 1980.
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The magnetic rf losses in superconductors are strongly temperature dependent
and this is quantitatively described by the BCS theory (Figs. 2 and 3):2’4

RBCS(T,w) = ro(kL,EF,Q) w? +exp(-A/kT) /kT (fw<a/2, TsTC/Z) (4)

with Ao/kTC ~ 2 for Pb, Nb and Nb3Sn having TC =7.2 K, 9.25 K and 18 K.

107
Rn f = 12.65GHz
107} AlkgT. = 183 T
[ = 10nm

1073}

Rres=7-107%Q |

107+ Rrecz 0

T 2 3 4 5 6 7
T/ T

Fig. 2: The temperature dependence of the surface resistance of Nb at 12 GHz.
The decrease of R(T) at T. = 9.25 K is stronger than exponential be-
cause the penetration depth AB(T < TC) decreases rapidely also with
lowering the temperature. Below about 4 K XB(T) = const holds and thus
RBCS(T) « exp(-A/kT)/kT describes the decrease of R(T) till the re-
sidual rf losses dominate below 2 K.
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Fig. 3: Summary of experimental (=) and computed (— surface resistance of
Nb between 0.1 and 30 GHz. The R (4.2 K, f) values show a cross over
of experimental and computed values due to the smearing of the BCS
singularity by O precipitates. The differences of the computed slopes
at 4.2 K and 1.8 K are due to R(T)=exp(-(A+hw/2)/kT)/kT.

The residual rf losses R show a large scatter depending on cavity

res
design and surface preparation. The arrows (:) indicate best values.

The material parameters of superconductors are AL = MﬁﬁT@j?Tﬂ?(nc = density of
conduction electrons) as London penetration depth and EF ='ﬁL¥/2A as Pippard
coherence length. This exponential temperature dependence - see Eq.(1) and
Fig. 2 - 1is levelling off between 10'7 and 10_9 Q at the residual surface
resistance Rres‘ In Fig. 3 it is shown for Nb, that Rres

pending on surface preparation, where - beside cleanness

is sensitively de-

5 and being dust
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free 56 _ the crucial parameters are discussed below. To explain Rres in its
dependence on material parameters, several proposals have been given as there
are :

normal conducting inclusions in the superconductor (Part II)
frozen in magnetic flux (Part III)

dielectric rf losses (Part IV) and

interface rf losses (Part,V);

which will be compared with experiments in Part VI.

Since the reviews 7,8 by the author, no systematic studies on Rres have been
carried out. Hence in Parts II - VI the arguments of Ref. 8 are repeated, but
refined and improved by new informations and thus reference is mainly given
to papers published 1974 and later.

11. Rf LOSSES OF NORMAL CONDUCTORS IN PROXIMITY WITH SUPERCONDUCTORS

Normal conductors in proximity with superconductors weaken the superconductivity
in the superconductor while diffusing superconductivity into the normal conductor.
This diffusion «exp(-l?-?'l/gGL) is governed by the Ginzburg-Landau-coherence
length gGL o« /E;TE’and depends sensitively on the magnetic field and on the tem-

-1 Such a dependence in the GHz surface resistance R(T,Brf) was
11

perature.
found in Nb3Sn cavities where EGL = 3 nm is rather small and thus small normal
conducting inclusions become independently normal conducting at small fields of
B = ST << B.(NbsSn). For Nb £ > 30 nm and for Pb £, > 10° nm hold and thus
such R(T,Brf)m0n0t0n0u51yincreasing with B . have not been observed. The often
observed peak structure R(T’Brfzzin the surface resistance of Nb, where R is
decreasing between 1 and 5 mT, has nothing to do with the proximity effect

as indicated by the decrease of R with Brf' This feature, being typical for Nb,
is explained by localized electron states easily being driven out of equilibrium
by rf absorption. 14 Such deviations from thermal equilibrium occur also for
small (< 1 um ) normal conducting regions embedded in a superconducting matrix
There the decrease of surface resistance of the normal conductor corresponds to

a dc resistance decrease of up to 6 orders of magnitude 9. These deviations from
thermal equilibrium have important implications for the rf breakdown in super-

conducting rf cavities 13.
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IIT. Rf LOSSES CAUSED BY FROZEN-IN MAGNETIC FIELDS

Cooling rf cavities through the critical temperature TC in an ambient magnetic
field Bdc freezes in magnetic flux in thg ?gperconductor, depending on demagne-
tization factor at TC and cooling rate. ~* ~ For composit materials, Tike Cu-Pb
or Nb-Nb3Sn, temperature gradients a;gu?g the highest Tc.cause thermoelectric
current, generatign frozen-in flux. '~ °Neglecting details discussed in Refs.

15 and 17, these losses are given by:

g = BTOrTT=CT7T 7=y Fale) (5)

where Bdc is either the external - earth - field at Tcor a mean field caused,
e.g., by thermo-electric currents. For Nb, and thus also for Nb3Sn, below about

1 GHz RB increases with By_f quite strongly due to fluxoids dynamics, 15and shows
a specific temperature dependence. 17

As aguide for Nb cavities cooled in 0.05 mT (earth field)

Rg(0.05 mT) = 1078 o vf7GHT (5")

15

can be used '”. This indicates the need of proper magnetic shielding of super-

conducting rf cavities to approach Rres < 10'69.

IV. ELECTRIC AND MAGNETIC RF LOSSES IN DIELECTRICS

These rf losses are described by Egs. (1) and (3) and have a frequency and tem-
perature dependence given by ¢'(w,T) and u'(w,T) or tgGE = g'/e" and tg GB =u'/u".
As shown in Fig. 4, tg GE < 10'5 increases with temperature for T 4.2 K but de-
creases with frequency for w > 108 Hz for amorphous dielectrics. For dielectrics

18,19

containing dipols rf losses are larger. For well annealed, clean A]ZO3

tgd_ = 4'10'8 has been achieved at He-temperatures 20. For superconducting rf

cavities the losses can be estimated by (Eq. (3)): 21
tgd d
D_ - E_f % tgs RS | .
RE - wuodE 2-5; GHz nm e 'EO- 4+10 & (6')

Because of thE < 10_5 and €. > 10 for natural, microcristalline amorphous oxide

coatings small rf losses-corresponding to Rg 510'129 - are caused by this loss me-

chanism. For CO2 and N2 tgéE(z109Hz, <4.2K) = 10'5 holds, 22 thus these Tosses are
negligible.
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Fig. 4: Dielectric losses of amorphous dielectrics in the GHz range as des-
cribed by the loss tangent tgde= e"/e!

Magnetic rf losses in dielectrics are usually negligible. But some dielectrics
contain magnetic moments, e.g., Cr in A120 19 or condensed O2 - N2 (air). 22
For impurity containing A]203, tg GB < 1072 has been observed at 108 Hz decli-
ning with frequency. 19 Whereas at 4.2 K condensed 02 has a tg SB = 10'4, con-
densed air has a tg 68 up to 6-10'3 as measured in Ref. 22. Hence condensed

air has to be avoided in superconducting rf cavities as shown by (Eq.(1)) 22

tg 6 d, tg &
D _ B _ f 9 B . g.4n-11 .
Rg = wiody 7 “mm mmatoes C 401070 (6")

because M. = 1 has to be assumed.

Beside oxide coatings, cavity surfaces are usually contaminated with dust, 6
which shows rf losses described by Eqs.{6') and (6"). Beside these "dielectric
or magnetic" rf losses, cristalline dust in the "switched on" state 6contains
electrons in the conduction band being accelerated by El(t). As shown by the
field emission current and by the Tuminiscence observed, 6 these rf losses

are quite large and localized at cavity regions with high E; coinciding with
ptane cavity parts, where dust sticks best.
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V. RF INTERFACE LOSSES

As a definition,these - temperature independent - rf losses are neither
bulk dielectric losses, which have been discussed in Part IV, nor shielding
current losses in metals, which have been discussed in Parts I and II. Such
interface losses may occur 23 due to an enhanced structural disorder in the
dielectric adjacent to the metal, but such enhanced disorder seems unlikely

in microcristalline amorphous oxide coatings. In contrast electronic disorder
adjacent to the metal is much more Tikely and more effective in causing losses
as will be discussed below. This is due to the fact, that the high defect
density of amorphous oxides close to metals inciude also a high density of
localized electron states nz(x,EF)> 1O1Z/cm3 eV, which hybridize with the high
density of conduction electrons ne 2 10‘2/cm3 eV forming interface states

4-
Niss 3,8,24-26 as shown in Fig. 5.

The wave function of interface states (IS) is given by 24,27

U = alEdy, + SAE' B(E') y_(E") (7)
where wz is the wave function localized at V2 - see Fig. 5 - and wc are those

of conduction electrons in the metal. In Eq.(7) a(E) is given by a (E) =
c//%'/(E-eQ— 5€2+iA2(E)) with |c| = 1 as phase factor, ¢

)v//%

g
A S S S

o a8 the energy of

Fig. 5: Potential simulating a dielectric coating (Ec = lower edge of con-
duction band) on a metal,housing a localized state at X ge ¢ is the
electron affinity of the metal having EF as Fermi energy.
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the localized state, éeQ its shift due to hybridization and AQ(E,X)EAQ(E)eXp(—ZKX)
with x = /?m(E;:EE)Yh as attenuation constant. It should be mentioned that

I'(x) « exp(-«kx) of Refs. 25 and 26 is,in general, too large 24 and has to be sub-
stituted by Az(x) o« exp(-2«x). Due to the localized part Voo IS shows a stronger
electron phonon Eoup]ing than wc’ approaching the interaction Hamiltonian H = 1leV
in dielectrics. “° These IS become also superconducting with an energy gap AIS°25’27
For localized electron pairs in the oxide, which are, e.g., in Nb205 the dominant
defect, 14 at the localized site the unshielded Coulomb repulsion Ueff acts on
the electrons causing pair weakening. 25 This pair weakening reduces AIS so that
in a distance 2 0.5 nm AISEO holds. 26 IS's show an enhanced coupling to the
electric field E (x,t), because E;(x) changes due to shielding by IS's allowing

so an enhanced coupling to the electromagnetic rf field.
IS's mediate in two distinctly different ways the interaction of rf field with
phonons, namely by a transfer of photons (fiw, fik) and by a transfer of electron

momenta Ap(t) by diffuse surface scattering.

a) Absorption of photons fw:

These absorption processes in homogeneous metals by E(x,t) have been discussed

in Refs. 3 and 4. These losses are described by surface resistances 3,4

RB = wquBaB or RE = quAEaE with X the penetration - interaction - depth and

a a factor describing the absorption process being about 1 for normal conductors.
Because then AB(109Hz) 2 1uym and AE(< 1013 Hz) < 0.1 nm holds, electric losses
are negligible. In superconductors for hw < A (Eq.(4)) ap and ap decrease ex-
ponentially (« exp(-A/kT)). Thus for superconductors for fiw < A = h 1010 Hz
only normal conducting interface states yield residual losses. Using ”Q(:1 nm)=
= 102V /em® for Nb,0 Nt (2 .5 nm) £ 210'° cm? -(2/nm)® holds. These IS in-
side the Nb energy gap resonantly absorb photons and transfer the energy to
phonons. Because of the large transition dipol moment via El(x,t), this yields
mainly RresE « n?s. According to Ref. 26, this yields:

-8

€2 R x10°Q (8)

r reskt
Whereas above the electric dipol moment was coupling to IS, E (x,t) changes also
the potential energy of localized states allowing transitions between metal and
localized site. This process has been discussed in Ref. 3 and becomes small due
to the opening of the energy gap of a superconductor.
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If the density of IS with Brg = 0 is high enough, like in Nb3Sn with £ = 1 nm '

or in Nb with a damage layer of NbO caused, e.g., by radiation, 14 residual losses
given by

resB =(Eu/Hu)? d % ~ (wquB)z dn % (9)

occur. 26 In Eq.(9) n are described by the equiva]ent thickness d and conduc-
tivity Iy Because of the small density nIS’ their plasma frequency is reduced
accordingly. This allows surface plasmon type excitation in the GHz range and thus
enhanced electrical res1dua1 losses in a s1m11ar way as in surface enhanced Raman
scattering (SERS):

Rresg = WH, dy (9*)

b) Electromagnetic Generation of Ultrasonic Waves

28-
The electromagnetic generation of phonons by rf waves is well understood. c8-32

This - transversal - phonon excitation mechanism include 28'32,as volume parts,
the momentum transfer by impurity scattering (collision drag force), which is
counteracted by the direct force qE(t) on the ions and,as surface force, the
momentum transfer by diffuse surface scattering. The latter dominates in the
GHz range 29,30

because of the small penetration depths or film thicknesses
used. In Refs. 33 the bulk forces on the ions (= qE(¥,t)) have erroneously
been proposed as explanations for Rres and for phogogsgeneration. By correctly
including the counteracting collision drag force ~*~~ the bulk forces exciting
phonons become small, especially for short mean free paths 2.

8,28

The surface force Fyq due to diffuse scattering can be described by 32 the momenta

= fdteE of electron,hitting the surface,being transfered there to the atoms. For
1dea1 smooth surfaces,this yields Apa(t} = eE. min(2, Ap)/u. and Fe 7Eu(t)
ne min(xg L) .

The transfer process will actually be mediated via the localized part of inter-
face states nj and thus the conversion efficiency o "rf - phonons, i.e. the re-

sidual rf losses are described by:

R

- (e, 8D (L, 2g(D)

1
o~ *
resB ) v ng*)e

(10)
F S

where p is the density and Vr the transversal sound velocity. For normal conductors
L << Ags this ¢ dependence has been proven as shown in Fig. 6, where the efficiency
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Fig. 6: Experimental 30 temperature dependence of the squared conversion effi-
ciency a® (in dB) relative to its value at 4.2K for an indium film.
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Fig. 7: Measured conversion efficiency squared ag versus reduced temperature T/Tc
for a superconducting In film (TC=3.4 K). The theoretical curve (—) des-
cribes 23 the experimental data well assuming diffuse surface scattering
for the whole wave function. The dashed curve (---) assumes diffuse surface
scattering for the normal component n(T)/nC = (1-(T/TC)4) only and cannot
describe the experimental results.
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decreases with increasing temperature because 2 decreases. For superconductors
AB(T) < £ holds in the In film shown in Fig. 7 and thus R . = A4(T) is obtained

in agreement with Eq.(10). This Rees & (AB(T) min (AB(T),Q))2 dependence shows that
F_ is not a result of individual single electron scattering events. Instead, as

S

shown in Ref. 28 for bulk scattering, F_ is due momentum transfer by scattering of

S
the overall wave function, i.e. due to weakly localization, and thus not dissappe-
aring in the superconducting state - see Eq. (10). These phonons have been recently

detected in ac Josephson junctions. 34

As indicated by the dependence of Rres « nzz and by enhancements of the momentum
transfer by roughnesses, RresB will depend on interface quality, i.e. on IS. The
phonon detection measurements, where metallic films were evaporated in moderate
vacuum onto - contaminated - Si surfaces indicate total diffuse surface scattering.

This absence of specular reflection yields for Nb-Nb205 interfaces:

29,30
~7 '
" Roaeg S 57107 Q (f/GHz)? (10")

Obviously improved interface quality, i.e. areduction of Nis will reduce R
accordingly.

resB

VI, EXPERIMENTAL RESULTS AND DISCUSSION

Before discussing residual rf losses in the "strict interface sense" outlined in
Part V, temperature independent rf losses being bulk in nature and which can
clearly be identified or avoided are discussed first.

VI. 1 Bulk Residual Rf Losses

a) Rf losses caused by dust

As summarized in Part IV, dust not only causes rf losses according to its dielectric
or magnetic properties but also the dissipation of quasifree electrons of dust in
the “switched-on state" yields large rf losses 6 observable, e.g., as emission of
Tight. Dust is usually found at horizontal bottom surfaces below, e.g., a coupling
port or a beam hole. 35,36

hanced electron emission and enhanced radiation damage.
5

Such surfaces show enhanced losses together with en-
35,36 The amount of dust

in dust free methanol or water. Thus, the experimental
results of Karlsruhe discussed below are measurements of such "clean" surfaces, and

Rpes S 107 @ have been achieved.

can be reduced by assembly
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b) Dielectric or magnetic losses in oxides and adsorbates

For Pb the microcristalline Pb0 has a thickness below 2 nm and Nb is coated by
microcristalle amorphous Nb205_y in a thickness below about 3 - 5nm. 14 The ad-
sorbates coating the oxides consists mainly of H20 and hydrocarbons having a

thickness below 0.5 - 2nm, depending on conditioning. 6,14

As shown by measurements of anodized Nb, these "natural" surfaces have residual
losses below 10'10 Q, orQ, > 1012 correspondingly.

Vacuum failures with cold rf cavities yield air condensates which become measu-
rabel (Q, > 10'0) above 10nm  thickness. 22

and pumping the condensates away restaurates the results, if dust is not involved.

Heating the cavity to room temperature

c) Rf losses due to frozen-in magnetic flux

Rf losses due to frozen-in magnetic flux are described by Eq.(5) RB « RanC/B0
estimated for Nb by: Rg(0.05 mT) = 10° /F7CHz (5')

Bdc is externally applied or caused by thermoelectric currents. The latter are
large in composit materials as Pb-Cu, Nb-Cu, Nb3Sn-Nb, «+s. As discussed in Part
IITI, these fluxoid rf losses show specific Brf’f and T dependencies and, thus,
can be identified.

VI. 2 Interface residual rf losses

The actual interface rf losses can be classified according to the size and the
density of defects. Macroscopic defects are oxide filled joints or oxide filled
deep fissures. The microscopic defects are given by the density Ny of localized
states in front of the superconductor. With decreasing density ng these residual
losses are classified in "normal conducting losses, " , "resonant absorption of
fw by IS" and momentum transfer by diffuse surface scattering.

a) Oxide filled slits

A typical example for such defects are joints, where two oxidized superconducting
surfaces are squeezed together. These two metal surfaces with oxides in between
allow strip line modes 7 with wave lengths AV 2 10'3 cm radiating energy from
the cavity into the cold vaccum. This radiation and the residual losses at the
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. . . 7
poor, metal oxide interfaces because of squeezing, yield large residual losses: 8

Experimentally, such enhanced losses have often been observed: A systematic frequency
dependence is shown in Fig. 8, 7 qualitatively thermal resistors at joints often show
enhanced rf losses.
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Fig. 8: Surface residual resistances Rres of lead plated Cu cavities:
x = TEM harmonics,
0

different modes in one cavity.
In TEM002n+1 modes the maximum current is flowing across the joint, whereas
in TEM002n modes the current is small. The lowered Rre

1 values in the o-cavity
are due to an improved joint construction.

S

b) Normal conducting interface layer

A high density of ny yields interface states Nis with AIS = 0 and metallic like
conduction. Because of the short mean free path 2 = 0.5 nm invoived, proximity
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effect stabilizes this superconductivity only up to Brf x mT. That is, these
"normal conducting regions" yield with B¢ decreasing R(Brf) values 11.Be-
cause of the strong localization of these states, they are more strongly coupled

to phonons and thus deviations from thermal equilibrium are unlikely. 13 As
discussed above, these losses are described by

Rr‘esB = (muolgzcndn (9)
The losses Rres§ = (wquB)zondn have been identified for ggssn cavities,11 yielding

dn ~ 1 nm for O, ~ 130 uQm, These losses did not depend on Nb3Sn grain size
(2 1um) and thus precipitates at the Nb3Sn - (Nb205 Sn02) interface with TC*<1 K
are the most 1likely explanation.

The above mechanisms are also appropriate to explain the large residual losses
(ﬁres < 1070 Q) og cold worked Nb or radiation damaged Nb. Cold worked Nb shows,
beside Rees £ 10 7 Q, as outstanding feature the enhanced 0 concentration in a

Nb surface layer (>1 um)9’14, which is partly precipated in large lumps of sizes
above 10 - 100 nm with TC* = 7 K. 9 The author proposes, that aside from these
Tc* z 7K 1umps,TC* < 1 K lumps exist. These Tumps are most likely the NbOx nuclei,
which occur at defects of Nb or along Nb grainboundaries. Assuming 081 > 200 pQcm
for these Rr,eS = 10'5 Q lumps yields dn ~ 10 nm hinting to Tumps extending deep
into Nb 1ike the TC* = 7 K lumps 9. This fits to cold working and explains that
stress annealing reduces these Rres values by about 1 to 2 orders of magnitude.

The electron impact on Nb-Nb,O; interfaces enhances ﬁres’ e.g., from 71079 o
to 1.8-107° @ at 3.7 GHz. 3°

R < 5-10'6 Q@ and thus dn < 10 nm. This is in line with observations, that

res
stripping of about 10 nm Nb restores 35,36

is likely NbO, produced by electron impact (~ 1C/cm?) onto the interface.

Assuming 1 c¢cm® damage area this yields as local value

the previous results. The stoichometry
14

c. Electrical interface rf losses

For clean metal surfaces the electric losses are with 3 RE(GHz) x 10-12

Q2 negligible
small. As discussed above interface states enhance RE by several orders of magnitude,
because n ¢ Tocallyyields a small surface plasma frequency. Thus 3 Rpesg $ whody

with d. = 0.5 nm seems plausible for Nb-Nb205 interface yielding 3 with er(4.2K):3O

N 6, 2 o . 40=9 .
Rpesp = 27+107°0/¢ © =21+107°0 (9")
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Such electrical rf losses are difficult to seperate from R .o (Eqs.(9)) and
from losses caused by dust. Independent of this problem of separation the dimi-

nish of RB « u? with lowering the frequency causes R to dominate below

rest
1 GHz - see Fig. 3. This effect is especially prominent in accelerator cavities,

where the electric geometry factor GE is small. This the more as in such cavities
6

36

dust is easily switched on, which then causes large electric rf losses.

The cavity type allowing to separate electric losses from RB are reentrant, narrow

~

gap (dg) cavities because their electric geometry factor GE s wuodg/Z becomes small

compared to GB' Then PE = RE/GE dominates with a frequency dependence P «G"1c 1/w ,

EE
3 . 3,38

which has been found experimentally for dn < 107 **~ So recent 10um gap Nb

cavities showing Qo > 107 yield 38

RresE =107 @

which is in fair agreement with the above (Eq.(9')) estimate and with the difference
of Ries in TE and TM modes shown in Fig. 8.

d) RF losses by diffuse surface scattering

The momentum transfer by diffuse surface scattering yields, in the sense of the
collision drag effect, phonon excitation which can be estimated by Eq.(10):

R 541077 @ (f/GHz)? (10*)

resB =
where the upper limit occurs for smooth surfaces with a high defect density Nig»

i.e. bad Nb205_y quality occuring for, e.g., cold worked or fine grain (<10 nm)
14
Nb.

For Pb cavities, Eq. (10') describes Fig. 8 well, indicating a high ng concentration.
Likely, the now improved Pb plating 39 techniques will result in reduced Rre
values.

S

For Nb cavities Rres « w172 dependencies have been observed in mode fam111e55’40
fitting to Eq.(10') if ReesE by dust and interfaces is taken into account. A clear
Rres & w24?ependence with the forfactor given in Eq.(10') as upper limit has been
obtained for dust free, plasma oxidized Nb. Because these Nb films have a grain
size of 10 nm and are full of defects and because of the plasma oxidation these
oxides contain a high defect density n, and thus R ¢ (Eq.(10')) is at its upper

limit 14,
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The dependence of Nis and n, on surface preparation and "impurities" has been
discussed in length in Ref. 14. Thus here only the main consequences relevant
for Rres of Nb are presented without repeating all arguments and references of
Refs. 8 and 14. For Rres’nIs’ i.e. localized states n, at E;, are important.

In Nb,0; these localized electron states are oxygen vacancies,V , which are pro-
pulated by an electron pair and neighbored by two Nb4+ sites, because Nb205
consists of {Nb05} octahedra blocks. The density nQ(EzEF) is enhanced by an
enhanced disorder in Nb205 or by impurities stabilizing V0 sites. Nb205 grows

on single cristal Nb, NbN or NbC more ordered, resulting in reduced ng- This
explains, why UHV annealing reduces Rpes* On the other hand more slowly grown
Nb205 or thin (< 2 nm) Nb205 coatings contain less n, explaining so the reduc-
tion of Rres by Nb205 annealing or for pinched-off cavities. Impurities in Nb205
stabilizes or destabilizes V0 and, e.g., Nb3Sn yields because, of Sn4+VoSn4+ large
Rres values, whereas N3' in Nb205, e.g. from quench cooling with N,, destabilizes

V0 and reduces Rres' On thin (51 mm) Nb205 gases can chemisorbe, where electronic

states at EF enhanoeRres drastically according to Eq.(10),in line with observations.42
Defects in Nb causing nz(NbZOS) are related also to H,0,N or C precipitates in

Nb surface layers, which precipitates below 700°C{4Thus impurities in Nb, the

pick-up of impurities and their precipitation should be avoided. For the first

demand you need money and a producer. The last two demands are fullfilled by

quench cooling the Nb cavities in UHV furnaces, e.g., by N2 convection cooling at T<
600°C. This should improve the NbZO5 quality in addition by a thin NbN Tayer

and by N°”, where both reduce the V, site density, like annealing of Nb0 at

80°C in modest vacuum 14

The role of H is often discussed, but never clear evidence for a deterioration43
of Rres was shown for H contents below 10 At%, which are easily achieved by an
UHV anneal around 1000°C. This is explained by the fact that these low H-concen-
tration are removed from the surface (> 102 nm) by O precipitates%4whereas higher
concentrations yield NbH precipitation causing surface defects.

VII SUMMARY

As shown by the above analysis, wet assembly with dustfree agents and a cavity
design avoiding joints are crucial, to approach the low Rres values, which are
mainly caused by partly localized electronic states at the metal oxide interface.

This interface is improved by reducing the defect density in the oxide, which are
partly caused by defects of the metal, as discussed in Ref. 14. In the

case of Nb this reduction is achieved by stress annealing in an UHV furnace and by
reducing the amount of dissolved impurities, which tend to precipitate.
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