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I. INTRODUCTION

As indicated in the title '"theoretical aspects', there exists not a well defined
theory on rf superconductivity, but several aspects which have been connected
using the limited knowledge on: dirty surfaces,oxides, oxide - metal interfaces,
inhomogeneities adjacent to such interfaces and superconducting interaction ad-
jacent to such interfaces. All these aspects cannot be discussed in length in
one paper. So we concentrate on Nb and on aspects, where new experimental and

theoretical results exist.
Aspects mentioned shortly are:

Part. II : Stoechiometry of Nb-Nb Os-sorption layers

2
Part IIT : 1
I BCS surface resistance RBCS(T,w)
Part IV : Residual rf losses R and R
resE resH
-Part V : Deviations from thermal equilibrium

Part VI : Rf breakdown

In Part VII the electron emission out of excited states will be discussed, which
is the basis of understanding of secondary- and rf field-emission of Nb cavities.
With this knowledge in Part VIII multipactor - and field emission loading of

superconducting Nb cavities will be analyzed.

II. STOECHIOMETRY OF Nb-Nb,O-—SORPTION LAYERS AND THEIR ELECTRONIC STATES

METALLIC

y

DIELECTRIC VACUUM

Fig. 1: Sketch of a niobium - niobium oxide - adsorbate surface region. Thicker
(=1.5nm) H,y0 sorption layers may exist on not extensivef& pumped or heated
Nb. On fresh NbjOg, H9O forms a chemisorption state which is positively
charged by enhanced electron emission. By electron impact additional hydro-
carbons get adsorbed (-) and polymerized. These hydrocarbons get charged

negatively by electron absorption.
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Destruction free XPS measurements gave the picture of Nb surfaces shown in

Fig. 1, where the following points have to be added: Beside dissolved H, 0, C or

Ta from the supplier or from the treatment, the Nb matrix adjacent to the surface
shows Nb suboxide precipitates with Tﬁ ~ 7K. 3 These precipitates seem to be due

to the oxidation of Nb, and their concentration grows with enforced oxidation, e.g.
by anodizing or by electron impact. 3 The volume concentration of these suboxide

(= NbO 2) in the penetration region (v 50 nm) is about 10% and has drastic effects

0.0
on the surface impedance - see Part III - and rf breakdown - see Part VI.

The Nb-~Nb205 interface is far from being ideal, e.g., at 4.2 K only 2% of the sur-—
3

. 5 . . L .
face shows surface superconductivity, which in addition disappears above 7 K;
and the conduction electrons hybridize with localized states in the oxide, which

have been found by AES (Fig. 1) 2 nm deep inside the Nb These deviations yielding

O_.
275
states 1inside the energy gap shown in Fig. 2, are due to the above mentioned sub-

. . . . . 6 . . .
oxides and due to the interface states acting pair weakening. Beside acting pailr

weakening on the superconducting state, these interface state cause also: — Diffuse
surface scattering; - Rf residual losses as summarized in Part 4; - Smearing

out the transition metal - dielectric oxide as simulated by a tipped potential
7

barrier as transition from Nb to Nb205.

. . . . . 7
About 2nm on top of the Nb,the dielectric behavior of NbZO5 is given by £ _ = 36.

The conduction band starts about 0.2 eV ! above the Fermi energy, which is pinned
by oxygen vacancies. The width of the conduction band is about 10 eV as shown
by the true secondary electron distribution reaching up to about 6 eV above the
work function ¢ - see Fig. 3. The density of the oxygen vacancies,which are popu-
lated by 2 electrons, is below 1018/cm3eV, because otherwise an impurity band would

exist.

2OS - HZO chemisorption state exists. 2 This
state has been identified by its secondary electron distribution curve (EDC), which

peaks around ¢ and ¢ + 10 eV. 2

On top of wet prepared Nb205,a Nb

The sorption layer on top of NbZOS has a thickness between 1 and 3 nm and contains

H20 and hydrocarbons. The amount of the latter grows with electron impact.
The hydrocarbons get "conditioned" by electron or x-ray impact showing up in an

enhanced absorption (relaxation) of slow electrons.

Large amounts (=1.5 nm) of HZO adsorbed on top of Nb20 may reduce the work

5
function by 1 to 2 eV shown by assymetric I-U-tunnel-characteristics. 8 This thick

1,2 .
H,O0 layer is easily pumped away and so the XPS measurements ’” show a thin HZO

2
layer (=0.5 om) only.
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SURFACE STAT.

Fig. 2: Sketch of the density of bulk states N(g) and of surface states at oxidized
superconducting Nb surfaces. Due to small (<< 50 nm) weak superconducting
regions the BCS singularity is smeared out into the energy gap. If large
(2 50 nm) suboxide (= NbOO.OZ) regions exist states deeper inside the energy

gap appear.

Nb Nb, 0 -H,0 HYDROCARBON

VACUUM

il

Fig. 3. Sketch of the electron states in Nb205 and its sorption layers. Due to the
small ionization energy of oxygen vacancies of 0.2 eV,NbZO5 is a semicon-—
ductor with appreciable conductivity at room temperature. The states in

the sorption layers will not be arranged in bands because such layers

are inhomogeneous.
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The work function of Nb, Nb205 and sorption layers after prolonged pumping

is not varying more than 0.5 eV for different treatments.

III. BCS SURFACE RESISTANCE Rpcs (T,w)
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Fig. 4: Temperature dependence of the surface resistance of a slowly anodized

cavity. After subtracting the residual losses Rre = 4'10“9

2, the
sH
305 © exp(-A/kT)/kT yields two

different gaps. The upper gap represents Nb containing about 10% small

fit to the BCS temperature dependence R

(<< 50 nm) suboxide regions, the lower gap hints to NbOO
4 O

02 lumps

(> 50 nm) with Tg ~ 6.5 K in a concentration of 2%.

In Ref. 9 the surface resistance in the frame work of the BCS theory has been
summarized assuming homogeneous and isotropic superconductors. As mentioned above
Nb is not homogeneous and has states (Fig. 2) inside the energy gap of clean
Nb, which has A(Nb) = 1.61 meV corresponding to a A/ch = 2.02. 6 These states

"inside A(Nb)" lower the A/kTc-value deduced from the temperature dependence of
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the surface resistance. For T > ZK,A/kTc = 1.85 is typical, which seems to rise

with frequency. 4 In addition, this fitted A/kTC can depend on temperature, as

shown in Fig. 4, if some low lying excitations (Fig. 2) exist. Such low lying

excitations occur for weak superconducting regions being larger than the co-

herence length gGL ~ 50 nm. They can independently become superconducting - in

X
our case for A/kT:

1.76, T, = 6.5 K was obtained. 4 This result agrees with
the Tﬁ ~ 7K obtained by penetration depth measurements shown in Fig. 5 for heat
treated Nb. For heat treated cavities,R(T) did not show A/ch < 1.80 indicating

that the volume percentage of large regions with Tﬁ ¥ 7 K is below 1%.

AX A
fnm]
300+ 45 kHz
| 192 kHz
20041 331 kHz
BCS [(=35nm
100 1
AN, A
+ f —
2 3 4 .
VITIE

Fig. 5: Change of penetration depth versus y = 1/»/1-(T/Tc)i for various fre-
quencies at Boe ™ 60 UT. The sample was fired at 1850°C for 2 h in a
vacuum better than 10710 mbar and handled in air for about 1 day. Fits

. . 3
to the data above 8.5 K yield a mean free path 2* = 35 nm and T, = 9.24 K.

Beside these effects of weak superconducting regions

at the Nb—Nb%OS—interface both depressing the A(Nb), the density of states gets
¢]

in Nb and of pair weakening

smeared out by these inhomogeneities as sketched in Fig. 2. This smearing re-

duces the surface resistance and yields Rpcs (4.2K) « £2 below 5 GHz (% 0.016A(NDb))
as shown in Fig. 6. Between 12 and 18 GHz RBCS(A.ZK) o« fl'6 has been found (Fig. 6)

which agrees with the BCS theory, indicating that the smearing of the BCS singularity
is of the order of A(Nb)/50.

If the weak superconducting regions have sizes d 2 EGL = 50 nm,a magnetic field can

drive them normal conducting at Té ~ 7K - see Fig. 5. 3 Such large regions seem tO
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Fig. 6: Summary of experimental (=) and computed (-) surface resistances of
Nb between 0.1 and 30 GHz. The R(4.2 K,f)-values show the cross
over of experimental and computed values due to the smearing of the BCS
singularity. The differences of the computed slopes at 4.2 K and 1.8 K
are due to the growth of hw.
The residual losses show a large scatter depending on surface preparation.

The arrows (¥) indicate best values.

occur in larger numbers and sizes 4 after anodizing or electron impact. 3 Such
regions have a thermodynamic critical field B: 2 100 mT, where at T = O the tran-
sition to the normal conducting state occurs. Below B., the BCS surface resistance
11,12 13,14 a

depends on field only weakly.

So the field dependencies observed re

due to deviations from thermal equilibrium which will be discussed in Part. V.

Because these deviations increase with increasing frequency, the above mentioned
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frequency dependencies could be caused by deviations from thermal equibrium also.

IV. RF RESIDUAL LOSSES

Fig. 7: Model metal-oxide interface showing the overlap of conduction electron
(¢C) and localized electron (¢L) wave function, which corresponds to
hybridization. The hybridization allows the transfer of perturbation

from the system (¢C) to (¢L) or vice versa and enhances tunneling.

As shown in Fig. 4, with decreasing temperature the residual losses dominate,
which are summarized in Fig. 6. As outlined in Refs. 15 and 16, these rf residual
losses are due to interface states: As sketched in Fig. 7, conduction electron
decay into the oxide like, exp(-kx) and hybridize in the oxide with localized
electron states n forming so new interface states, where properties of ex-
tended and localized states are mixed (Fig. 7). So momentum gained as extended
state can be transfered to localized states exciting so phonons. The transfer is

given by the beat frequency: 13,16

v (x) = 2T = 2T (0) exp(-kx) & = v 2m(E ()-E Jh " (1)

1

=iy
with T'(0.3 nm) 1 eV, and Kk © = 0.5 nm

So the rf shielding currents, given by H, , excite transverse phonons L propor-—

tional to (fVE(x) nL(x)dx)2: 13

R
_ resH 2 -7 2 -12
By = = Hy § 10 "> R . (GHz/E)7/Q > 10 (2)
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The longitudinal electric rf field E,(t) excites longitudinal phonons:

Eo 2 < 1074 002
Riesy BL Rrese © 0 = Qe (3)

P =

H 2
Both residual loss mechanisms sensitively depend on the hybridization and so on
the conduction band in the oxide via Kk (Eq.(l)) and on the demsity of localized
states n, near the Fermi energy. So, the residual losses are changed by surface
treatments or rf processing. But it should be mentioned that chemical residuesfrom

cleaning or dust cause locally enhanced (electric) residual losses dominating at

low frequencies - see Eq. (3) or Fig. 6.

V. DEVIATIONS FROM THERMAL EQUILIBRIUM

In the frame work of the BCS theory,the surface impedance increase only by 20% 11,12

up to the critical superheating field Bsh (= BC(Nb)), whereas experimentally much

stronger field dependencies have been observed: At fields as low as BC/IOO,R decreases

13

with Br ,as shown in Fig. 8,or R increases markedly with B ¢ — see Fig. 9 - showing

f
an rf breakdown around BC/IO. All these effects can be related to deviations from ther-

mal equilibrium, which are not included in the BCS treatment.

14
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Fig. 8: Component of the surface resistance which depends strongly on rf field
N (n=0:2.17GHz; n=1:2.61GHz; n=2:3.62GHz)

1
at 1.2K. The analysis of the experimental curves results in Rp“wu(H)

0 < a(”) £o0.6.

level 13 for the mode family TM0
with
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Fig. 9: 1/Q plotted versus Eg. The straight lines above 3 MV/m, with slopes
Y = 50, reflect the growth of normal conducting regions detected also
by heat pulses. 14 The kinks around 3 MV/m are likely due to a change
in cooling. Because above 3 MV/m Y does not change with temperature

and Qo’ the cooling in He is the same at 1.8 and 4.2 K.

The first effect — Fig. 8 - is due to the long inelastic relaxation time of

electrons with phonons T 17

T, () = 1.5:107% (1 /)3 sec; 2, = 1072(T /1) cm (4)

in c in c
i.e. the quasiparticle system is decoupled from the phonons the more the lower
the temperature is. But also the phonons are not in thermal equilibrium as shown

by their long relaxation time or mean free paths. E.g. at 4 K one can obtain_17

2 ~ 2.6 cm (5)
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So deviations from thermal equilibrium will play a major role in superconducting
Nb cavities. In the following two types of deviations will be discussed: Deviation
of the quasiparticles alone from thermal equilibrium and deviation of the quasi-

particle and phonon temperature from the temperature of the He bath.

. . . . . i -
In the penetration region quasiparticles absorb rf photons 1n a rate ! Taé (1 mT)

> 10+9 secﬂl, which because of T;é @ Hz, soon yields deviation from the thermal

equilibrium because of T, << T;,.For homogeneous superconductors this bottleneck

is no problem, because the quasiparticles excited in the penetration region can
transfer their energy in the bulk to the phonons. In contrast, states localized

in the penetration region cannot escape into the bulk and so the bottleneck will
build up, finally yielding a constant distribution function for states below A(Nb).
So the rf absorption from regions with depressed A will diminish with H as found

for weak superconducting regions - see Fig. 8 and Ref. 13 - and for normal conducting
regions - see Ref. 3. Only in cases where the quasiparticles are strongly coupled to
phonons as in "amorphous superconductors" (£ < 5 nm) or in normal conducting regions

extended far into the bulk, equilibrium R(T)-values can be used.

The quasiparticle and phonon temperature T* can be enhanced over THe of the He bath,

but because of the large 2-values (Eqs. (4) and (5)), T® cannot be evaluated by the

usual heat conductivity equation:

(6)

where di/Ki are the different heat resistances. It should be mentioned that es-—

. 2
pecially for normal spots (RncH /2) lateral heat flow in the Nb and the addition
of heat flows (Rnc+aRsc)H /2 from different sources asks for a 3 dimensional

treatment. The temperature increase AT increases the surface resistance R(T) which

can be described by: 19
SR ATOR_RH g UAR |2
R R oT | 2R Lk, ot | ' 'H 7
) o o i T c

For cases where R = RO holds,y will be independent of RO and nearly temperature
independent below 0.8 T, because the dominating electronic heat conductivity K
has the same temperature dependence as R. For T¥ < 5 K,Y < 1 can be evaluated

and such small increases have not been observed, yet.

As shown in Fig. 9, Y's 2 50 have been observed and such strong increases are due

to the growth of normal conducting regions An 19
c
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R AA
AR _ "mc_nc _ H 2 | _
R RA =Y (H > s AAnc AT Cnc (8)

o sc
Without numerical calculations the growth rate Cn cannot be estimated. Experi-
mental results 14 _ Fig. 9 — show that also in this case Y 1is nearly indepen-
dent of R, changing with T or frozen in flux, indicating that the effective
AA « AT = (R___+ aR )i? is dominated by « R > R . This indicates, that
nc nc sc sc nc

the growth is not given by the normal conducting regions but by superconducting
regions with their losses, which are rapidely rising with temperature. This
astonishing experimental result is well known from normal conducting regions

in flux cores.

VI. RF BREAKDOWN

As outlined in Ref. 21, the rf breakdown is due to a thermal explosion driven
by the more than 104 times larger rf losses in normal conducting regions as

compared to the superconducting state. The beginning of this explosion at B can

crit
be due to the occurence of normal conducting spots at their local critical super-

heating field Bsh or due to a instability of Fhe heat conductivity equation. 18
But small normal conducting regions embedded in superconductors have by more than
2 orders of magnitude reduced normal conducting losses 3 due to deviations from
thermal equilibrium. 17 And, as shown also above, large normal conducting regions
stationarily exist in superconductors as fluxoids 20 or as

larger regions, which grow like H2 with field. For small normal conducting regions

(< 0.5 cmz) the rf breakdown seems not to be caused by normal conducting losses but

mainly by supavconducting losses and by impinging electromns. 14

14,18,21

So, beside some qualitative theories there exists no quantitative theory

for the rf breakdown.

VII. ELECTRON EMISSION OUT OF EXCITED STATES

Electron loading in superconducting rf cavities is classified in multipactor (MP)

and field emission (FEM) loading 22 as outlined in Part. VIII. Experimentally, both
types of loading are very sensitive to the sorption layers and in both cases, electrons
hit the emitting surface. 22 So, first the excitation, relaxation and emission of such
states will be discussed. Secondly this will be applied to secondary emission of

Nb—NbZO5 ... surfaces. And thirdly the rf FEM of such surfaces will be discussed.
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1. Excitation, relaxation and emission of electrons

Electrons impinging solids are slowed down by exciting electron hole pairs of

2,23-25

energy around 30 eV. These excited states of density ne(;:E) relax

by electron-electron (plasmon) interaction T—i , by phonon (LO) interaction
-1 26 o -1 -1

Lo’ FEM' 'e-e
Ti& are proportional to mean free pathes le_e and QLO' All these relaxation

T by escape into the vacuum T;l and by field emission T and

. . 3 3 -> . »
and emission rates depend on position r and on excitation energy E, and so the
. - o,
(transport) equations for n_(r,E) are very complicated. In Ref. 23, the trans-
port equation using Te—e and T has been used to treat secondary electron

LO
emigssion. A simplified version of this approach reads as follows: 2,25

Neglecting
band structure effects and electron diffusion, the electron-electron interaction

soon (= 10§&3)26 thermalizes the electrons to a distribution function:

ne
_2- =, (10)
E

with E(=kT) as mean energy (= 8 eV)25 and n, the overall concentration of excited

states being proportional to, e.g., the impinging electrons. This cloud of excited
electrons relaxes (= 1011 eV/sec) 26 by phonon emission and is scattered by
electrons and phonons 26 in approaching the surface. Hitting the surface barrier,
electrons with an energy E smaller than the electron affinity X,will be reflected

totally and for E > X partially with a reflection coefficient R(E):

R(E) = 1-4 /F)‘(—f,EEﬁE—Fl (E-x>>Y) (11)
F

For semiconductors E_ has to be substituted by zero because E and X are then re-

F
lative to the conduction band edge. So with Eq. (10) as inner distribution of

excited electrons, one gets as outer distribution:

= 1 - X _Ey .
nt(E) 3 no(l E) exp ( E) R(E) (12)

which is well known as distribution of the true secondary electrons - see SE

in Fig. 10. The factor (1- X/E) in Eq. (12) is due to the finite mean free path 2.25

. .. . 25
The true secondary electrons escaping per incident electron are given by:

] Aant(E) )
§ o« [JE —/——— = A exp(--é) (13)
t X 2 a F
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Fig. 10: XPS spectrum of a Nb3Sn surface coated by oxide and

sorption layers. The labeled peaks are used for the studies of Nb,

Nb and Sn oxides, O in oxides, adsorbed C and O and secondary electrons
SE, where the latter contain about 80% of all photoelectrdns. The secon-
dary electron distribution curve (EDC) shown,is typical for the true
secondaries dt, i.e. excited states distributed like exp(-E/E) emitted
across a barrier of height ¥ ~ ¢. This work function ¢ is defined by

the intercept of the steepest slope with the axis.

e—e is short and so the secondary yield is about

Gtm ~ 1.5 at maximum. In insulators the electron electron scattering is missing
and hence Ka(> QLO)islarge and Gtm = 10 has been found. 24 Also the distribution

In metals and semiconductors Xa=2

nt(E) depends on the dominating type of relaxation: For emission out of & conduction
band with dominating Re—e scattering,nt(E) gzs a maximum around E-X= 2eV, whereas
for insulators the maximum is around 1 eV. For localized surface states the
maximum can be even closer to ¥ because then also R(E) is enhanced like in re-

sonance tunneling.

For rf cavities also the time between impact and emission has

to be discussed. The mean energy of secondary electroms is about E-¥ =~ leV, which

corresponds to a frequency 15 AV 1015 Hz. So for GHz cavities the secondary

E
electrons are emitted instantaneausly.

If an electric field is applied to such a surface,the excited states will be
emitted the stronger the higher their excitation energy is like in the case of
F-T 28 and photo field emission 29. Because states having energies well above ¥
relax or are emitted fast inanrf field,states with E £ ¥ will be emptied by an

applied electric field E. As sketched in Fig. 11 ,the density of such states is
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Fig. 11: Sketch of excited states in Nb-NbZO5 sorption layers. The fast electron-—

electfon interaction in Nb and NbZOS thermalizes the states to neﬁexp(—E/E)
with E = 8eV. The slow emission of longitudinal optical (LO) phonons (¥)
relaxes the excited states if no emission (=) into the vacuum occurs.
Localized states in the sorption layer approach equilibrium by emission
into the vacuum and the slow LO emission. Conditioned - polymerized -

hydrocarbons show enhanced absorption and relaxation of slow electrons.

very high and so the emission will be very strong- see Fig. 12 - and proportional
B . A o . 22 . . ; :
to the impinging electrons. The emission time will be quite short in this case

because of the low and narrow tunnel barrier.

Nb Nb, 05 -H,0 HYDROCARBON

e(x-d)E

Fig. 12: Sketch of the field emission of a Nb-Nb205 .. surfaces with excited
states. Because,according to Fig. 11,the density of such states at ¢
is very high their emission dominates the electron current. The barrier
is very small for states in the sorption layer and so, e.g., NbZOB-HZO
enhances the field emission very much by resonance tunneling. Polymerized
hydrocarbons can absorb slow electrons and will so reduce the field

emission current, especially because this absorption enhances the work

function.
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2. Secondary electron emission from Nb—Nb,,O5 ... surfaces
<

To analyze the secondary yield of the Nb sketched in Fig. 1 we start with the
yield of Nb and NbZOS' The maximum in the true yield occurs at about 300 eV
with étm ~ 0.8. 2 For clean Nb205 the true yield is about Gtm = 1.1 and not
depending on temperature, despite the fact that Nb205, as semiconductor
with 0.2 eV activation energy (Figs. 11 and 12) becomes an insulator at He
temperature. But according to electron current 14,31 or yield measurements 2,30
typical electron currents are above 10‘9 A/cmz. Because the secondaries are
a small percentage of the excited states of a surface layer A = 5nm, the den-
sity of excited electrons is well above 1019/cm3. :

Then according to Ref. 26, the fast electron-electron scattering
1,2

~

dominates yielding, e.g., Xa = 5 nm. For such impinging electron currents
> nA/cmz) Aa is short and temperature independent. The higher yield of NbZOS
as compared to Nb could be due to the smaller electron affinity of NbZO5 (0.2eV)
- see Eq. (13), which also reduces the reflection coefficient R (Eq. (11)). The
latter effect of enhancing the yield by reducing the reflection at E 2 X is
fairly effective because the density ng (Fig. 11) is very high at E > X. The
reflection coefficient is reduced further,by the NbZOS-HZO chemisorption

state, because the peak in n _(E) occurs well below E-x = 1 eV - Fig. 13 - and

INTENSITY

P=— = =S==—========—=

e 11A1.7 11I1.5 143 1141 1139 1137 135
B.E. [eV]

©

1

Fig. 13: EDC's of secondary electrons emitted by excited states of wet Nb,O.
The two peaks indicate the existence of electron emitting levels of the
NbZOS-HZO chemisorption state below ¢ and around ¢+10eV. The electrons
being emitted out of the Nb,O. conduction band (Fig. 11) seem to be re-

275

sonantly scattered into the NbZOS—HZO states. With enforced polymerization
of the hydrocarbons by electron impact, more -~ slow — secondary electrons

get absorbed by the hydrocarbons lowering the yield dt (Fig. 14).
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the yield 6tm is enhanced up to 2. Because in this case the true peak of Nb205
at X + 2eV cannot be seen, the NbZOS-HZO seems to form a dense layer and the

excited electrons of Nb205 are resonantly scattered into states around X and Y+10eV

from where they are easily emitted because of the small R(E).

An other way sorption layers on Nb205 enhance the yield is by the reduction of
the surface barrier ¢ = X-2 But according to Eq. (13) and Fig. 14, ¢ changes by
less than 0.6 eV, which is insufficient to explain the about 50% yield reduction
observed (Fig. 14)? As outlined in Ref. 2, the yield reduction is due processes
absorbing electrons in the insulating sorption layers by which negative charging
occurs measured by C peak shifts or as ¢ increase. 2 I.e. charging in insulators

indicates enhanced (or reduced) electron absorption. If thick enough H,_ O sorption

2

SE Nb - OP Nb,Sn -OP Nb - HT
SE, 3
11 a
1 keV
08l P
a
06t 2503
05+
38 4 42 Wk 46 ¢ [ev]

. 2
ig. : h =38 /6 i
Fig. 14: Yield changes SE/SEo t/ o Versus work fugctlon of 31Nb samples
(OP: oxipolished; HT = annealed in UHV at 1850 C for 2 h)~ and one
NbBSn sample, subject to electron impact (100 uA/cmz). The final du-

ration of the electron impact of 1.1 - 11 h corresponds to electron

2
doses between 0.4 and 4 Coulomb/cm”.

layers (< 1.5 nm) exist, which lower ¢ by 1 to 2 eV as inferred from asymmetric
tunnel characteristics, 8 the yield can be drastically enhanced. This layer seems
to be evaporated by prolonged pumping in UHV and so it was not found in the XPS

and secondary yield measurements. 2,30

Above it was mentioned that the sorption layers are insulating and then the long
Aa(> 20 nm) should enhance the yield. But because the sorption layers - after
prolonged pumping - see Ref. 2 - are only about 3 nm thick,this mechanism enhances

the yield not more than 10%.
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The most dramatic effect in the secondary emission of Nb is the reduction of
the yields Gt by about 407% by electron impact of 1 C/cm2 - see Fig. 14. As
discussed in Ref. 2, this yield decrease seems to be due to an electron im-—
pact induced polymerization involving hydrocarbons. This polymerization yields
low lying (v¢) electron states which resonantly absorb electrons and which
relax fast. Details of this polymerization are not known, but the effect is

dramatic, stable at He temperature but not stable at room temperature.

. Rf field emission of Nb surfaces sketched in Fig. 1

W

Nb with its oxide and sorption layers has a work function above about 4 eV

as summarized in Fig. 14. So the field emission current will be negligible 28

up to fields of 2'109 V/m. Because electropolished Nb has nearly no roughness,

a field enhancement factor 8G= 100 is anupper limit and so below Q-109V/m)/100 =
2'107 V/m no field emission current should be observable. Thus, the observed

FEM loading at 14,31 5 MV/m can only be due to FEM from excited states - see

Fig. 12. Thermally excited states, e.g. due to heating proportional to E; s
would yield an upward bending of the Fowler-Nordheim plot - see Fig. 4 in Ref. 28 -
which has never been observed - see, e.g. Fig. 15. In contrast, in some cases a
downward bending has been observed. So, one has to explain the Fowler-Nordheim
dependence shown in Fig. 15 by other excited states. As discussed above -

see Fig. 12 -electron impact excites states, which around ¢

are easily drawn by an electric field out of the dielectric sorption layers (Ska)

where they in addition can gain the energy Aa eE/Er.

As indicated in Fig. 11 the density of excited states around ¢ 1is very high and

0—10 sec. 26

their relaxation is fairly slow and given by exp(-t/To) with T, ® 1
Neglecting mirror charge effects the FEM out of excited states of energy E is
given by (EC = EF):

P = e P, Kk =V 2n(¢-E) /R (14)

Jrem — ©
Comparing this current with one assuming ¢-E = ¢ = 4 eV one obtains as correction

factor in the exponent

- / 9°E QéE (15)

1
Bx ¢

yielding for ¢-E = 0.4 eV B* = 31. So B-values of 103 fitted to experimental

14,31-34

data hint to emission out of states excited to about ¢-0.4 eV. This typeof

FEM is proportional to the electron impact and varies slowly with ¢ like exp(—¢/§)
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- see Eq. (13). So B changes observed hint to changes in ¢-E, i.e. to changes
in the states in the sorption layer. Chemisorption states and other states in

front of Nb205 with its high € = 36, will enhance the FEM in the sense of

. 27.34
resonance tunneling.
T T T L} T T v T 1
N
Iy Eg® *~a 0 o DORIS I

10~

1 1 1

016 018 0.20
Eg' (m/MV)

Fig. 15: Fowler Nordheim plot ot the x-ray yield measured at the midplane of

014

the cylinder of a 500 MHz TMOlO mode cavity. 1 With impinging FEM
electrons (rf conditioning) the FEM is reduced. This reduction is
mainly due to a reduction of the emitting area, whereas the B(®700)only
decreasesby about 207%. The oscillations, which are most pronounced

for run C, are an indication for emission out of excited states, which

fits to the large B values.

Another hint to emission out of excited states is the oscillation on top of
the Fowler-Nordheim dependence shown, e.g.,run C in Fig. 15, which seems typical

. . . 2 .
for tunneling through a thin barrier. 2 As already mentioned above, NbZOS—HZO
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chemisorpion states inside the FEM barrier most likely channel excited states
into the vacuum and so the oscillation in jFEM (Ep) could be due to

Ep—field induced level splitting.

For the secondary emission the changes due to Nb205 and sorption layers have been
discussed above and in Ref. 2.For FEM these changes with sorption layers

can be even stronger because states in the FEM barrier can enhance the FEM much
stronger than the secondary emission, but less quantitative information is
available in the case of FEM. The above summarized ideas offer some quali-
tative explanations for the FEM changes observed with surface treatment, rf

processing or He-conditioning (Refs. 14, 22, 31-34):

- B = 103 hints to emission out of states with ¢-E < 0.4 eV, which could be

the statesof Nb20 —H20 found by the EDC (Fig.13) slightly below ¢.

- B changes with Hefconditioning 34 can be explained by an increase of b-E
e.g., due to sputtering off the H,0 or by positive charging of the
sorption layers.

- The reduction of jFEM by rf conditioning seems to be due the enhanced ab-
sorption of slow electrons by polymerized hydrocarbons. So mainly the emitting
area is reduced and not B - in agreement with some experiments - see, e.g.,

Fig. 15. 14 But if this absorption charges the sorption layer negatively the

enhanced ¢ should reduce B. 14

The following points , which are important for the analysis of experimental results,

should be mentiomned:

As outlined in Ref. 22, FEM decreases with increasing frequency because of the
finite beat frequency. This beat frequency increases exponentially with
Ep reducing the fit parameter B up to a factor 1/3. 22 Because in rf
cavities FEM out of excited states will occur also at Ep(t) = Epcoswt < Ep, the
fitted B is enhanced also by this effect. So, e.g., the downward bending of the

Fowler Nordheim plot could also be due to shift of the FEM to earlier phases.

VIII.ELECTRON LOADING IN SUPERCONDUCTING Nb CAVITIES

In Part VII the mechanisms important for emitting electrons from Nb covered by
NbZOS and sorption layers have been discussed. Whereas the secondary emission
. . 2 . . . ..

is now fairly well understood, the mechanisms governing rf field emission
are just becoming clear. But because both processes are intermingled in rf
cavities, first the evolution of the electron emission will be discussed, and

then the type of loading encountered.
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1. Electron currents in an rf cavity

Assuming some impinging electrons, e.g., from noise, onto a surface with
E, = Epcoswt present, the fast electrons escaping during the time

-m/2< wt < m/2 will be slowed down by E; and so they loose energy and most are
accelerated back to the surface. Only fast, i.e. backscattered, electrons can
escape. Because true secondaries have energies below 5 eV and because their se-
condary yield is about 1, the secondaries emitted in {-m/2, m/2} are collected
at the surface. At wt 2 T/2 these electrons are accelerated away from the sur-
face. Electrons impinging at m/2 < wt < 37/2 produce instantaneous secondaries
and excited states,E_ will draw electrons out of the excited states proportional
to exp(-c/Ep(t)) and this FEM will decay like exp(—t/To) with T > 10_10 sec -
see Part. VII. The amount of electrons impinging at the different phases depends
on the trajectories, which will be discussed in Part. VIII.3. Here it should be
mentioned only, that electrons with impact energies between 100 and 2000 eV are

most effective in producing secondaries and excited states.

2. Multipactor loading (MP)

As discussed, e.g. in Refs. 22 and 32, multipacting occurs at well defined field
levels with starting phases wt > 7/2. So secondaries produced during the wrong Ep
direction (< T/2) are stored and will be accelerated into MP phase regions, i.e.
they will enforce MP. Because electrons gain energy on MP trajectories, the ''back-
ground loading' will be enforced in these field regions. For example, the second
order one side MP shows up in a peak on the background FEM current as shown in

Fig. 4 of Ref. 31.

Another example is two side MP: At such levels the electrons stored during wt<m/2,
the secondary electrons and the field emitted electrons out of excited states will
enhance the MP levels - see, e.g., Ref. 14 for orders n = 20 and Ref. 31 for n =1
(dgap = 11 cm). Due to the high Ep—field, FEM is the dominating enhancement mechanism

in the latter example.

This discussion shows, that dc secondary yields can be enhanced very much in rf
cavities due to the storage of slow electrons and due to FEM out of excited states
which explains the occurence of MP levels, where the dc yield is still smaller 1.
Because the FEM out of excited states is changing more strongly than the secondary
yield with variations of the sorption layers, this effect can explain the success

of rf or He conditioning in overcoming MP levels. 14
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3. RF field emission loading

The rf FEM loading seems the ultimate limitation in superconduting Nb cavities,

yielding for narrow gap (dg < A/2m) cavities about E_ = 20 MV/m 22,31,32 and

for wide gaps (dg > ¢/w = Af2m) about Ep ~f16 MV/m GHz. 31,32

The appearance of
the FEM loading is an electron current jFEM o« exp(—c/BEp) (Eqs. (14) and (15))
with 100 < 8 < 2000, 22,32 which is shape and frequency dependent and which
initiates rf breakdown by heating 14 or limits the attainable fields simply by

the absorbed rf power. 31-34

As already mentioned above, the high B-values together with the oscillations -
see Fig. 15 - hint to FEM out of excited states—especially states in the FEM
tunnel barrier - which explains its sensitivity to surface treatments like rf

or He conditioning.

The question to be discussed in this part is then: where are the excitations

coming from and why is this depending on shape and frequency?

The observations that FEM loading in narrow gap cavities (d < A/2m) limits E

to about 20 MV/m and that B-values are often smaller than iﬁ wide gap cavities,

can be explained as follows: Electronsemitted around wt = T, where Ep is maximal,
hit the opposing surface shortly afterwards. There, at this time E_ is still slowing
down emitted electrons and so nearly all excited states will disappear like
exp(-t/To). So the '"temperature' of the excited states (around ¢) in the sorption

layer will be fairly low yielding B X 200. 31

In contrast in wide gap cavities, electrons emitted around wt = T will return
roughly 2m later to the emission region with small impact energies. So electrons
are excited at wt X 37 where the large Ep—field enlarges the secondary emission

by FEM out of excited states. In parallel plate geometry the maximum excursion

distance d is given by: 35
max
AeE
= (16)

dmax 2m arctg 2Trm0c
That is for AeE /2m < mocz, dmax « E grows with field amplitude, whereas for re-
lativistic energies XeEP/Zﬂ > moc2 the excursion no longer depends strongly on EP,
where

Ep = m(pz(Zﬂ/Ae) = 10 MV/m GHz (17)
holds.
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In accelerator cavities E_ decreases due to beam holes and roundings with

distance from the surface? So

an electron starting at wt = T will return in {27 +a}. For the nonrelativistic
case, where dmax increases with Ep’ the trajectories see with increasing Ep more
inhomogeneous fields,which lowers the return efficiency. For the relativistic
Case’dmax (Eq. (16)) becomes independent of EpilO‘f MV/m GHz, i.e. in-

dependent of EP some trajectories will return to the region where they have been
emitted. At this spot, the electrons in the oxide and sorption layers get excited
allowing so secondary and FEM emission with large B values. Because in this field
region, the impact energy 35 € scales like € « f_z, the number of excited states
will diminish like f-z. Thus B will decrease with increasing frequencies in agree-

. . 22,32
ment with experiments

if the large variations of B with sorption layers are
taken into account. This is also an explanation why for £ > 2GHz higher Ep fields

have been obtained than for narrow gap structures.

The frequency dependence of the maximal field in wide gap cavities is with

Epmax = 16 MV/m GHz in good agreement with Eq. (17) where this type of rf FEM
loading should become dominant. According to the ideas outlined above, a strong
decrease of Ep with distance from the surface for the high field region should
weaken the loading. which would explain the differences between Refs. 31, 14 and

33 as due to larger beam holes and rounding. It is obvious that the above
arguments can be made more quantitative only by trajectory calculations, 14,22,31,32
These have already shown that backscattered electrons will dominate the loading

via thoitr high v oti 7 (Nb) = 0.42.

An ellipticallv shaped ravity should - besides theoretical and cleaning arguements -

1A
show reduced FEM loadling
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