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R&D activities on RF Superconductivity have continued at Saclay during the last two
years. For this conference, an important effort has been made to update a picture of the
laboratory latest results, under the form of 19 contributed papers. In the following, a
mere "table of contents" of these contributed papers will be found.

High gradients and field emission

Research on field emission has been in progress, with the double objective of gaining
understanding on its mechanisms in RF superconducting cavities, and of finding
treatments to cure it. Results have been published in various reviews (ref. 1). RF field
emission has been investigated, using a specially designed reentrant cavity operating at
room temperature. Among the various results, let us cite :

-RF processing is believed to occcur via a thermo-mechanical instability of the emitting
sites, leading to their destruction. We tried to disentangle the respective roles of thermal
and mechanical effects by performing RF processing on various metal surfaces, with
different melting points and tensile strengths (Poster W42);

-An important parameter which determines the thermal behaviour of paniculate emitting
sites is the thermal contact resistance between the particle and the substrate. This
resistance was measured by irradiating a particle with an electron beam (Poster W2);

-Adsorbed atoms can modify field emission. We have shown that their removal results in
a very stable and reproducible field emission, both in DC and RF regimes (Poster W40);
-The RF field can be used to clean the surface from its paniculate contaminants. The
interplay between adherence forces and electromagnetic forces acting on the particles has
been studied experimentally (Poster Wl);

-Paniculate contaminants are prominent field emitters. Their behaviour was studied in RF
regime with a reentrant cavity allowing a visual observation of the luminous phenomena
inside the cavity. The main outcome of this study is that insulating particles, basically
inactive in DC regime, emit light and electrons in RF regime (Poster W41);

-Paniculate contamination in cavities or other vacuum systems was studied with a particle
counter operating in vacuum. We tried to identify the most contaminating steps during
cavity assembly and vacuum operation (Poster W12).

Superconductor characterization

A dielectric resonator has been developed, enabling the fast measurement of the surface
resistance of superconducting samples. Even though it is less precise than a usual cavity,
its simplicity, and its ability to measure samples of any size or shape make this device a
valuable tool for the fast characterisation of new superconductors. It has been used
extensively to revisit the Q-disease of niobium contaminated by hydrogen. A few new
results have been added, suggesting that a heat treatment at 300°C might cure the disease
(Poster Tl).

A new method for measuring the RRR-value of Niobium has been developed. Using
eddy currents induced in the material, it is now possible to determine non-destructively
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the local RRR value of the superconductor. Application of this principle to the mapping
of the RRR-value of a cavity is underway (Poster T3).

Niobium properties

The mechanical properties of niobium have been investigated, in order to prepare the
hydroforming of seamless cavities. The influence of annealing and recrystallyzation has
been extensively studied (Poster T10).

Niobium postpurification by heat treatment and titanium gettering seems to be
indispensable if very high cavity performance is sought for. Saclay has developed a new
heat treatment cycle which treats sequentially the Titanium sublimation and the impurity
diffusion (ref. 2). A considerable improvement of the material RRR-value has been
obtained in this fashion (Poster T24).
During niobium postpurification, Titanium acts as a getter, but may also behave as an
impurity if Titanium atoms diffuse deep into the material. Preferential diffusion and
segregation of Titanium in the grain boundaries of the niobium matrix has been
discovered, using the Saclay nuclear microprobe (Poster T23).

The thermal conductivity of niobium and the Kapitza resistance at the niobium-helium
interface are two quantities which determine the thermal behaviour of a superconducting
cavity. These two quantities have been carefully measured on a variety of samples. Semi
empirical parametrisations of the thermal conductivity of Niobium (ref. 3, Poster T27)
and of the Nb-HeII interface (ref. 4, Poster T26) have been extracted from these data.
Using these updated ingredients, the thermal behaviour of superconducting cavities has
been entirely revisited by Henri Safa. He develops a new formalism to treat analytically
the case of a defect on a superconducting surface (Poster W14).

Thin superconducting Ulms

R&D on thin superconducting films has been continued. A collaboration between CEA
and CERN has produced 1.5 GHz Nb/Cu cavities with an exceptionnally low surface
resistance (Poster W26).
NbTiN/Cu cavities have also been fabricated at Saclay with somewhat less encouraging

results. The substrate seems to play a crucial role on the adherence of the film as well as
on its surface resistance, but this role is not yet mastered (Poster W34).

Accelerator issues

The R&D activity decribed above is basically independent of any considered application.
However, the main superconducting accelerators presently envisaged at Saclay are the
e+e" collider TESLA, and the electron linac ELFE. Participation of Saclay-Orsay to the
TESLA collaboration includes the horizontal test cryostat CHECHIA (Poster W23), the
design of HOM and main couplers (Poster T35), and the design and fabrication of the n°
1 injector (Poster T32).

The Saclay laboratory is also in charge of the operation of the superconducting linac
booster, producing heavy ion beams for nuclear physics. The linac was stopped last
year, despite its excellent operation, because of the lack of demand from the nuclear
physics community. Sadly enough, Bernard Cauvin, one of the fathers of this
accelerator, and one of the most prominent members of the Saclay RF superconductvity
team, left us at the same time. The Saclay contributions to this workshop will be
dedicated to his memory.
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Abstract : During the last five years, DC and RF apparati for field emission studies have been developed at Saclay and
Orsay laboratories. Combining these devices, we were able to perform straight comparison between DC and RF field emission
from artificial emission sites on the same sample. Other topics are also reviewed : high field cleaning, plausible origins of
thermal effects that occurred on emission sites in RF, behaviour of alumina particles under RF field, and optical observations
and measurements.

1. Introduction

High accelerating fields in superconducting radio
frequency (RF) accelerators is mainly limited by enhanced
field emission'11 (FE). After their emission by local surface
defects and acceleration, electrons impinge the cavity
walls and consequently increase exponentially RF
dissipation. This limitation for the good running order of
the machines motivated an important effort in many
laboratories in order to cure cavities of FE. RF field
emission studies on accelerating cavities raise many
difficulties : diagnostic tools are mainly indirect (by
temperature or X-ray mapping'21), slow turn over,
destruction of the cavity for microscopic studies... During
the last five years, the GECS* group at Saclay, and IPN*
at Orsay have developed DC and RF apparati for FE
studies. Coupled together, these devices allow new kinds
of experiments on FE in both regimes, without any
drawback quoted above.

The present paper will review FE activities in both
laboratories since the last workshop. Section 2 presents the
whole operating devices, with the last improvements
brought. Some previous results (to be continued) are
summarized in section 3 with the appropriate references.
In the following sections (4 to 8), we shall review a series
of new experimental results on the basic mechanism of RF
field emission, as well as on the plausible nature of
emission sites with artificially introduced dust
contaminant. Then section 9 concludes on these results.

2- Apparati and methods

2.1 The global DC apparatus

A plane parallel gap which can be polarized in DC , is
Placed in an ultra high vacuum chamber (< 10'10 mbar).

GECS : Groupe d'Etudes des Cavités Accélératrices

: Institut de Physique Nucléaire

The maximum electric field available is 50 MV/m when
the electrode separation is 0.5 mm. The very low FE
regime (10'18 - 10"12 A) is investigated by means of an
electron multiplier placed behind a grid anode. This latter
is replaced by a massive stainless steel anode on a
picoammeter for higher detected currents. The recent
addition of an external lamp allows samples' heating up to
300 °C by radiation through a window (Figure 1).

to fast amplifiers
then pulse counter

200 W lamp for
sample's baking

to picoammeter

thermocouple

HV -25 kV

Figure 1: Ultra high vacuum chamber housing the global
DC apparatus.

2.2 The modified SEM

This apparatus consists of a scanning electron
microscope (SEM) modified for FE studies'41. It is
equipped with a polarized tungsten anode (tip radius
20 um) scanning above a broad area cathode surface at a
distance of ~ 50 um. The applied field ranges from 0 to
200 MV/m with a working pressure of ~ 10"6 mb. This
device allows a complete characterisation at the
microscopic level of individual emitter site present on the
cathode surface : study of its morphology, current FE
measurements monitored with a picoammeter and
chemical composition analysed with an EDX facility
(Figure 2).
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Figure 2 : Scanning electron microscope modified for field
emission studies.

2.3 The 1.5 GHz re-entrant cavity

The "warm" cavity151 made of copper-plated stainless steel
is inspired from U. Klein's cavity161. It is designed so as to
have a strong electric field enhancement at the top of a
removable sample (Nb, Cu,...). Electrons originating from
the sample surface are collected by an antenna placed 12
mm afar from it, thus measuring an integrated intensity
with a picoammeter. RF power is supplied by a 5 kW
klystron working in a pulse mode with pulse lengths in the
range 10 us - 10 ms. In order to avoid strong power
dissipation on the cavity walls, the duty cycle must be kept
lower or equal to 1 %. The choice to work at room
temperature, however, allows a fast turnover of the
experiments. The maximum surface peak field achievable
is related to the geometry and the sample material. With a
Cu sample of type # 1, the maximum surface field that can
be applied is 60 MV/m on 10 mm2, whereas it reaches 110
MV/m with a type # 2 sample. However, high surface
fields is paid by the reduction of the studied area down to
2 mm2 (see below).

Sample

Copper

Niobium

#1

60 MV/m

45 MV/m

#2

110 MV/m

95 MV/m

J

Type #2 Type#l

Figure 3 : Sample geometry (all dimensions in mm) and
maximum peak field for 5 kW input power.

When not explicitly mentionned, sample of type # 1 is
used. The experimental set up is schematically represented
here.

current antenna
electrically isolated f r o m _ _ L ^

the cavity

Sample

RF cavity

Figure 4 : Experimental set up of the 1.5 GHz re-entrant
cavity.

An optical measurement facility has been developed171

by I.P.N. at Orsay for quantitative study of light emission.
For that purpose, the warm cavity has been slightly
modified by addition of a sapphire window facing the
sample surface (Figure 5). An intensified camera records
the light emitted by the sample. The camera has a
sensitivity of 5X10"4 lux in the wavelength range 400 -
650 nm. Individual light spots are selected by placing a
square diaphragm (50 X 50 urn). The spectral analysis
system consists of a cooled CCD multichannel sensor
integrating the incoming light dispersed by a prism located
on the optical path. The CCD detector covers the
wavelength range 400 - 1100 nm. The whole acquisition
data has been computerised and camera images are
recorded during the experiment. This device, recently
improved, allows real time analysis of optical radiation
associated with FE measurements.

Icurrtntimplifarl.

Figure 5 : Optical system for light spots observation and
spectral analysis in the "warm " cavity.
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3. Summary of the previous results

Before giving a full account of the new experimental
results obtained with the whole apparati described above,
we shall summarize here some previous ones with the
appropriate references.

Niobium sheets (~ 1 cm2) with various surface
treatments as chemical etching, electropolishing, or oxide
coating by anodization, have been tested in the global DC
apparatus \ It appeared that the first I(E) curve with
increasing field was always accompanied by high current
instabilities, caused by some kind of surface processing.
Fowler-Nordheim (FN) plots obtained seemed to be
composed with a superposition of two regimes : the low
current part providing high field enhancement factor
(ß ~ 500 - 600) with unrealistic emitted area S smaller than
the atomic size, and the high current part giving "standard"
values. Further, it was observed that the FN slopes
extracted from anodized samples were not affected by the
oxide thickness in the range 5 - 342 nm.

It has been clearly shown that emitter sites on clean
surfaces are related with some kind of surface defects,
such as contaminants of foreign species or scratches'8'9'101.
For difficulties raised in the study of natural emitters (no
clear cut zoology, current instabilities and irreversible
damages before their characterisation, e.g. in RF cavities),
we focussed the following studies on well known, well
controlled artificial emitters. Those sites are produced
either by sprinkling particles on the surface, or by
scratching the surface with a diamond needle.

On one hand, scratches performed on samples
previously free of detectable FE'"!, as well as irregularly
shaped metal particles (Fe, Ni, Au, Ag) lying on Nb
susbtrates are strong emitters both in DC field"2' and in
RF (with Fe particles)1'31. Furthermore, after occurrence of
a spark with a previously identified emitter site, then apex
of a scratch is seen to be melted. On the other hand, it is
found that particles with insulating oxides (Nb, Ti),
spherical particles (Fe, Ni), and insulating particles (A12O3,
SiO2) reveal no emission up to DC fields as high as 100
MV/m. Those results lead the authors to revisit the
projection model. The FE originating from these surface
defects may be explained by assuming superposed
geometrical protrusions1"1.

The behaviour of iron particles is somewhat different
when submitted to RF field. Indeed, after an RF test, the
main features deduced from SEM observations are : \l
some particles disappear, generally leaving in their place
small craters (~ 5 urn) on the surface, ii/ the remaining
particles are lined up along the electric field, perpendicular
to the surface, thus maximizing the electric field
enhancement factor, iii/ their bases are generally molten
leaving them well stuck with the metal surface'81.

A Cu sample scratched with a W needle has been
mounted in the "optical " cavity1141. Light spots detected by
the photomultiplier (PM) occurred at a field level of
20 MV/m, whereas the sensivity of the CCD camera
allowed optical detection at 35 MV/m. The time response
of the spots was completely correlated in shape and length

with the RF pulsed power. Intensity of the radiation vs
y rg— representation provided linear fits, which might

be interpreted as electroluminescence or black body
radiation phenomenon. The first light spectra obtained
using a series of wide bandpass filters provided a peaked
structure in the range 600 - 750 nm. However no clear
correlation was found between light emitters and electron
emitters.

4. Field emission in DC and RF regimes

4.1 Introduction

DC FE from large area electrodes has been widely
studied, whereas most RF studies on this theme have been
indirect121. However, RF FE characteristics are close to
those obtained on broad area electrodes under DC field,
i.e. local phenomenon and linear shape of the FN plots. If
one excepts the result of Klein et al.'61 who showed the
absence of correlation between ß and the frequency of the
RF field (range 0.5 - 3.5 GHz), the relation between DC
and RF FE is not always clear. Here we present the results
of the first detailed comparison between DC and RF, and
in particular on the same sample studied in both domains.
As removable samples of the cavity can be tested in the
modified SEM, these complementary tools have been
associated. For that purpose, we use Nb samples, initially
emission-free, with a unique geometrical defect produced
artificially.

First of all, a crucial point about data analysis is to be
emphasised. Indeed, the comparison of I(E) curves
obtained in DC and RF cannot be done directly as it is
shown that the pre-exponential factor of the FN equation
differs between the two regimes. Assuming that FE is
instantaneous and occurs in a quasi static electric field, the
relationship of FE in DC1'1 and RF[5) regimes are
respectively given by :

withC =
3n

where I is the emitted current in ampere, E the
macroscopic surface field in V/m, S the emitting area in
m2, <)> the work function in eV and ß the field enhancement
factor. A and B are numerical constants equal to : A = 1.54
X 10"6, B = 6.83 X 109. In fact (ß. S) parameters are the
only ones comparable in our experiment. FE
measurements are far more reproducible in the cavity than
in the modified SEM. So if we place the deduced
Sgj?) parameters in the Ißc equation giving Ißc
($RF • SRF))> it is possible then to superpose this curve with
the DC measurements. These curves should be the same if
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one assumes the identical basic FE mechanism in DC and
RF regimes.

4.2 Results

After scratching the sample inside the SEM, FE
measurements are performed without breaking the vacuum
in the SEM chamber, and they become unstable when the
current level exceeds 1 nA. The results obtained with the
cavity are as follows : PRF = 158 and S R , ^ 1.04 x 10"
15 m2. The maximum intensity collected with the antenna is
1.47 uA at 46.3 MV/m peak field. Then the sample is
replaced once in the SEM for observation and new DC
tests. The morphology of the defect is unchanged. The
typical results are presented in Figure 6 and in Figure 7.

decreasing »eld

increasing field

decreasing field

decreasing field

A tncreesngfidct

dacreasingMd
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Figure 6 : Comparison of /ßc =/C£DC . (1W. S^)
with ones obtained with the modified SEM.
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Figure 7 : Comparison of Ix =f(EDC > ($RF > SRF) curve
with ones obtained with the modified SEM :

corresponding Fowler-Nordheim plots.

4.3 Discussion

When examining the low current part ( < 1 nA) of 5
DC curves out of 8, it appears that the FE characteristics of
the emitter site are very close to the theoretical FN one
with (pV , SRP), as reported in Table 1. Other samples
tested that way give similar results. Thus, the FE
mechanism seems to be the same in DC and RF domains.
Moreover, simple theoretical considerations with the

Heisenberg incertitude relation or with the Keldysh
theory1151 show that the hypothesis of a quasi-static
phenomenon is fully justified at microwave frequencies.

DC data at low
current level

before RF test

RF
data

DC data at low
current level
after RF test

ß
S (XIO15 m2)

164

0.4

158

1

154

1.4

Table 1 : Characteristics of an emitter site on a Nb sample
tested alternatively in DC and RF devices. The work

function is taken equal to4eV.

The remaining discrepancies may be explained by the
presence of adsorbed gases on the sample surface (no
baking system) whereas RF dissipation on the cavity walls
contribute to desorb the surfaces. The role of adsorded
gases on FE is clearly demonstrated in Figure 8
representing the FE current vs time recorded at constant
field level, under ultra high vacuum conditions. After a
baking cycle, the gain on current stability was so that the
standard deviation decreases down to 1 % tl6). Thanks to
this improvement, new experiments on comparison of RF
and DC field emission will soon be undertaken in order to
obtain more definite conclusions.

DC current at constant field
-+— before baking

~£— 20h after baking (400 *C, Hi)

-t>— 6 days after baking

100
«m« (s)

Figure 8: FE current vs time at constant field level, under
ultra high vacuum conditions : role of adsorbed gases

before and after a baking cycle.

5. High electric field cleaning

5.1 Aim of the experiment

FE on RF surfaces in mainly concerned with dust
particles. At Cornell, Auger measurements revealed
foreign species in each of 29 craters1171. Most of elements
detected, such as Fe, Cr or Si may be related to the cavity
environment (chemical bath, cleanroom atmosphere,
mounting steps... ). Cleaning the surfaces of RF cavities is
thus necessary. Many surface treatments, like firing, high
pressure water rinsing or high pulsed power RF
processing, have already been applied'181. For this latter, it
is generally believed that RF processing reduces FE by
inactivation of emitting sites via a mechanism of thermal
instability, followed by a microdischarge destroying the
site. This mechanism is certainly at work to reduce FE but
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we would like to show that pulse processing is also
effective to remove mechanically dust particles, thereby
reducing the total FE from the surface.

In previous experiments, Nb samples were
intentionally contaminated with iron particles, and tested
in the cavity. We noticed incidentally at that time that the
number of remaining particles on the surface after
applying the RF power was related to the pulse length1131.
Following these observations, we wished to undertake a
more systematic study in order to lighten the basic
mechanism of cleaning dust particles by RF pulses. Three
parameters appear to be of major importance : the field
level on the surface, the RF pulse length x, and the
duration of the experiment or the total number of pulses.

5.2 Samples' preparation and procedures

As we wish to observe a statistical behaviour of dust
particles, hundreds of irregular Fe particles (20 urn mean
size) are sprinkled on chemically etched niobium samples.
In our experiment, RF duty cycle is always kept equal to
1 %. The reference number of particles is arbitrarily taken
to be 100 % after an initial low RF field test (< 5MV/m),
so as to get rid of uncertainties due to poorly adhering
particles that can get lost during the transportation between
the SEM and the cavity.

5.3 Field level and RF pulse length effects

The study of the field level effect should inquire about
the minimum value of the surface field for particles
removal and for an irreversible damage either by welding
the particles or by leaving craters on the surface.

Four niobium samples prepared so have been tested in
the cavity with a constant duty cycle of 1 %, but the pulse
length was different for each sample. It is in the range of
10 us to 10 ms. All samples were RF processed at a low
field level for 30 mn then removed for SEM observation
and for particles numbering before applying the higher RF
field. Thus all samples experienced successively 5, 14, 30
and 45 MV/m for 30 mn each time. The results are
summarized in Figure 9.
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As one could expect, the stronger the field, the lower
the number of remaining particles and consequently the
more efficient the cleaning is. More interesting is the fact
that at a given field, the shorter the pulse length the better
the processing is.

SEM observations of the samples surface are
interesting. A few particles start to stand up along field
lines at 5 MV/m. At 30 MV/m, first craters appear on
samples processed with the largest pulse lengths (T = 1 ms
and x=10ms). Their locations are always related to
missing iron particles, confirmed by EDX analysis. At
45 MV/m, the number of craters increases with t.

5.4 Time processing and RF pulse length effects

Four other samples are prepared following the same
procedure described in § 5.2. We wish to observe whether
the total number of applied RF pulses (or processing
duration) can modify the number of remaining particles.
To do so, all RF tests are done at a constant field level
equal to 30 MV/m. Then different time durations are
applied on the same sample. After each test, the sample is
dismounted for particles' numbering in the SEM. The
results are summarized in Figure 10.
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Figure 10 : Dust-cleaning efficiency as a function of
processing time.

They first confirm the importance of the pulse length
that has been already pointed out in the previous graph.
Short RF pulses are far more efficient than long ones.
Moreover, one sees that there is a very strong cumulative
effect at any pulse length : the cleaning of the surfaces
continues as long as the RF power is applied.

Micrographs of the top of two niobium samples after
processing for 5 hours are shown below. The efficiency of
processing with short RF pulses (x = 10 fis, Figure 1 lb) as
compared with long RF pulses (x = 10000 ßis, Figure 1 Id)
is illustrated here, although the field level was the same for
both samples. It should also be noted that the surface is
much more damaged (~ 100 craters and some molten
particles) when processing with long pulses, than with
short ones (5 craters).

Figure 9 : Dust-cleaning efficiency as a function of the
applied electric field.
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Figure II : Efficiency of short RF pulses and long time processing (5 hours). Before processing in Ila/, and after processing
withx = 10 us in lib. Before processing in lie/, and after processing with x = 1(1000 /JS in lid.

5.5 Discussion

The first series of tests confirms the need for high
electric fields to overcome adherence Ibices. Electric force
can be evaluated by considering electric pressure acting on
a conducting particle. It is of order : F = 7t - e 0 • h2E2,
and depends quadratica 11 y with the height h of the particle
and with the surface macroscopic electric field E.
Comparison between this (repulsive) electric force and the
adherence force acting on the particle'19' shows that
micron-sized particles can plausibly be removed by the RF
field, thereby giving credit to our explanation of the RF
cleaning (see Figure 12).
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Figure 12 : Electric force und adherence forces- —•
represented as a Junction of the particle size.

110



The second series of experiments suggests that
particles removal occurs via a cumulative effect, and
demonstrate that the mechanical action of short RF pulses
is not equivalent to a long one. It can be understood by the
characteristic time for thermal equilibrium which was
numerically evaluated to 1 ms"4). A further experimental
confirmation is given in the following section. So short
RF pulses prevent thermal effects that may lead to melting
and consequently welding particles onto the surface. As
shown in this work, dust contaminated surfaces may be
cleaned by RF pulses. Three conditions are required for a
more efficient processing :

- a large number of pulses to obtain cumulative effect,

- processing with short pulses to avoid thermal effects,

- applying a high enough peak field to overcome
adherence forces.

For that purpose, we use the primary electron beam of
the SEM to fire a metallic particle lying on the substrate.
The SEM (Cambridge Stereoscan 120) provides a
maximum current beam of 3 uA by modifying standard
working conditions, i.e. 1/ applying a maximum filament-
anode voltage (30 kV here), 2/ placing the largest final
diaphragm (140 urn) and 3/ reducing the resolution far
below the cut-off point. However the price for high
intensity is a very poor resolution as the beam cross
section increases'2 from ~ 5 nm to ~ 1 urn.

For electron bombardment, a beam spot mode is to be
used. This mode is approached by focusing on the particle
at the highest magnification, so that in practice a micron
sized beam scans over a restricted area of ~ 0.25 urn2 of
the particle for 30 s. By the same way, the stable beam
current is first recorded with a Faraday cup (70 um metal
diaphragm) and a picoammeter (Figure 13).

S. Contact thermal resistance measurements

6.1 Thermal effects in the cavity

Important thermal effects arise on particles during RF
processing181 (see Figure 12). The poor thermal contact
between the particle and the substrate probably influences
the thermal behaviour of the system. A quantitative
analysis of this behaviour requires the knowledge of this
important parameter. A new experimental method
allowing measurements of the contact thermal resistance
between particle and substrate is presented in the
following.

Figure 12 : Thermal effects that may occur to Fe
particles: ERF - 30MV/m, duty cycle - Wins/ 1000 ms.

6.2 Experimental procedure

The principle of the experiment consists of heating
gradually a particle with a controlled power supply and
noting the minimum power P necessary to melt it. Thus
one may deduce the contact thermal resistance Re with the

following relationship Rc =

(see also ref 20).

T
•* melting point

of the particle

— Tsubstrate

140 pm final,
diaphragm

70 urn diaphragm used for
beam current
measurement

Defocused electron beam
30keV

Figure 13 : Operating conditions for firing particles with
the SEM electron beam.

Iron particles as well as Niobium particles are sprayed
on a Nb substrate. The penetration depth in matter for
30keV electrons for both metals'22' is respectively
3.46 urn and 3.76 urn. So one may assume that the whole
energy is deposited in 20 urn sized particles. Losses due to
primary back scattered electrons and radiation are taken
into account for the effective incident power calculations.
Some physical characteristics are summarized in Table 2.

Melting point

Proportion of back scattered
electrons at 30 keV

Maximum radiation losses
at melting point

Electron penetration depth
at 30 keV

Fe

1808 K

0.25

0.11 mW

3.46 jim

Nb

2741 K

0.35

0.6 mW

3.76 urn

Table 2: Physical parameters needed to deduce the
effective incident power deposited by 30 keV electrons on

20 fim sized metal particles (Fe and Nb).
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6.2.1 Results

For 20 um sized iron (resp. Nb) particles, there is no
apparent change below the threshold power of 10 mW
(resp. 15 mW). The power necessary to melt them is in the
range 10-15 mW (resp. 15-20 mW). Twenty particles of
each material have been melted with the electron beam.
Although this method is destructive for particles, it is
possible for the first time to determine the contact thermal
resistance at a microscopic level.

Fe particles iff K.W1 < Rc< 1.4* 10s K.w'

Nbparticles /.Jx 10s K.W1 < Rc < 1.6* 10s K.W1

Micrographs of particles before and after firing are
shown in Figure 15 and Figure 16. It is also important to
note that after being melted, a further increase of power up
to 100 mW does not change the shape of the particle
anymore. This fact is easily interpreted as a large increase
of the thermal contact at the particle-substrate interface
when the particle starts to melt.

Figure 15 : Fe particle micrographs cd before, bl after exposure to a 14.9 mW electron beam

Figure 16 : Nb particle micrographs al before, b/after exposure to a 18.9 mW electron beam.

6.2.2 Discussion

The characteristic time for thermal equilibrium of the
particle is related to its volume, its specific heat and RC)

and is expressed as : T = R,.C. V. Taking V ~ 10"'4 m\ C =
106 J/K/m3, and the measured Rc, one finds a value of T
close to one millisecond. Now it is shown in the previous
section that RF pulse length at which the polluted samples

undergo a violent thermal process was 1 ms at a surface
field level o f - 3 0 MV/m.

This means two things : 1/ the melting point is reached
during the RF pulse, 2/ the equilibrium temperature is
certainly higher than the particle's melting point. So the
probable evolution of the particle's temperature during a
RF pulse is represented in Figure 17. The results discussed
here are consistent with those obtained on the previous
study of pulse processing. Schematically by shortening RF
pulse length far below the characteristic time for thermal
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equilibrium, melting of particles is avoided, whereas
processing with RF pulses much longer than the
characteristic time leads to strong thermal effects.

particle's temperature

Tequilibrium'

Tmelting

Tsubstrate

Tambiant

Fast cooling down due
to the increase of the

contact with the substrate

RF pulse time

Figure 17 : Particle's temperature as a function of time.

The minimum power level needed to melt a metal
particle can thus be determined, and is of order :

'mdlingnoinl 2000
P = — « — 7 - = 20mW. This power cannot

Rc 10
be provided by RF heating or Joule effect due to field
emission itself. Nottingham effect is equally unable to
deliver this amount of power1231. In our view, the only
plausible cause of heating is ion bombardment induced by
desorption or evaporation from the emitter. However as
the local pressure is unknown, further experimental
investigations should be undertaken to confirm this
hypothesis.

7. Alumina particles

7.1 Alumina particles under RF field

When electrically stressed in the modified SEM,
insulating particles (Al2O3, SiO2) lying on Nb substrate
revealed no FE up to 100 MV/m, as opposed to metal
particles1'21. It was concluded finally that dust emitting
sites consist mainly of irregularly shaped conducting
particles. After a confirmation under RF field with iron
particles, we wish to check the harmlessness of insulating
particles under high RF field. So, a niobium sample
previously free of detectable FE in the cavity, has been
contaminated with 50 um sized alumina particles (the
same origin like those used by Jimenez et al.). After
examination in the SEM, the sample was mounted in the
cavity for a test (duty cycle = 3 ms / 800 ms).

7. / . 1 Observations during RF test

While increasing slowly the RF power in the cavity,
some processing events take place at 7 MV/m. Moreover,
a FE current of 600 pA is recorded at 8 MV/m. At higher
field levels, we can note strong current instabilities. But
after processing, the sample emits a stable current of
160 nA at 47.5 MV/m. Reversible and reproducible
current vs field characteristics are obtained, even after
removal for SEM observations and after exposure to air
for a couple of days. However, a modification in the duty

cycle (30 ms / 4s) produces an irreversible change of the
characteristics (see curves #a and #b of Figure 18). Curve
#c represents measurements made with another sample
prepared the same way.
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Figure 18 : RF FEfrom A12O3 particles sprayed on Nb
samples. # Nbl : curves a and b; # Nb2 : curve c.

The major information brought by this experiment is
that alumina particles emit like metallic ones under RF
field with an exponential law for the current versus field
curves. At least, it is shown here that insulating particles
can be classified as RF field emitter sites.

7.1.2 SEM observations after RF test

Details of modifications that happened to alumina
particles after RF test are shown in the next figure. Most of
conglomerated particles had exploded into thousands of
minute ones (~ 0.2 urn sized). Some of those seemed to be
lined up along electric field (without any piling effect) but
their shape has been completely modified. The occurrence
of thermal effects as melting and welding of particles on
the sample surface, is illustrated in the last micrograph. It
is interesting also to note the lack of « black halo » under
particles submitted to the SEM beam, whose presence
characterize charge effect of dielectric materials. Five
small craters (~5 urn sized) were found on the sample
surface.

7.1.3 Location of emitters sites in the SEM after RF test

The polarized anode tip scanning above the sample
surface has located three emitter sites. Electrons seemed to
originate from heaps of tiny alumina particles, and not
from previously identified craters. The threshold fields for
an emission of 10 pA are in the range of 24 - 42 MV/m.
However it was not possible to determine whether alumina
particles or something else hidden below those was field
emitting.
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b/

e. d/

Figure 19 Allunimi particles before (a/) and after RF test : blparticles exploded, cl lined up, d> melted and welded.

7.2 Contact thermal resistance measurements of

alumina particles

The new method lor measuring the contact thermal
resistance was also applied to these particles. Surprisingly,
it was found that oiil\ 0.25 mW of effective incident beam
power was necessary to melt 20 urn sized panicles
(melting point : 2345 K). This provides an Rc value two
orders of magnitude higher than for metal particles, i.e. :

AI:Oj panicles Rc ~ Iff luti"'

A micrograph of molten alumina particle is shown in
Figure 20. Figure 20 : Alumina particle melted after 0.25 mW

electron bombardment.
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7.3 Discussion

Some hypothesis may be proposed to explain our
observations.

FE from our samples contaminated so can originate
from an external contaminant, present either in our powder
or fell down onto the surface during transportation steps.
However EDX analysis revealed nothing but Nb, Al and O
(with the resolution of this facility) on both samples tested.
Further, craters found were not close to emission sites.

The RF power dissipation relationship for dielectric
materials is proportional to the cube of the particle size <(> :

PgP «—-CO -tgb •£„ -er • E2
p •<)> 3, where to is the

angular frequency equal to 1010 in our case , tg S the loss
tangent. If we assume values of 10"3 for tg 6, 9 for er and a
RF field level Ep of 20 MV/m one finds that the power
deposited in the 20 urn sized particle reaches 0.2 mW.
Note that the electron beam power to melt them was
0.25 mW. One may deduce that under RF field, alumina
particles are close to their melting point, thereby should
emit light and electrons as the conductivity of the material
increases by 2 orders of magnitude per range of ~ 300 K.
When heated, insulating material may exhibit conducting
properties caused by thermal filling of the conduction
band, thereby the mechanism of electron emission should
be thermoionic like.

As submicron particles (constituing the conglomerated
particle) charge themselves positively while field emitting,
electric repulsion between them leads to a dislocation of
the macro-particle, thus minimizing their potential energy.
It has been shown that alumina bulk exploded when
charged with a density of 10'3-10*2 elementary charge per
molecule1241.

Figure 21 : Luminous tracks originating from few spots
following straight or curved trajectories.

Simultaneously, one could note an increase of the
pressure in the cavity accompanied with a frequency
detuning. Electron and light emissions stabilize after
several RF pulses. However these spectacular instabilities
took place at once after a further increase of the field level,
until 40 MV/m where a stable emission phase was
reached. Then light spectra measurements were performed
on stable spots in the range 30-40 MV/m, and presented in
the next figure. The maximum of spectral power ranges
from 600 nm to 800 nm. Other spots revealed some multi-
peaked spectra. The intensity of the spots seemed to obey
the empirical law of Alfrey and Taylor for
electroluminescence'26'.

8. Observation of light spots

The two types of samples (see Figure 3) have also been
intentionally contaminated for light observation and
measurements in the « optical » RF cavity (see ref. 25, and
ref 7 for more details).

8.1 Alumina particles on a Cu sample ( type # 1)

When submitted to RF field (duty cycle 4 ms/800 ms),
few stable light spots, whose intensity was estimated to be
IO"13 W, appeared at 5 MV/m. The density of spots and
their intensity increased with the applied field, even
saturating the intensified camera. At 10 MV/m, the
antenna collects a very unstable electron current (500 uA),
whereas luminous tracks originating from few spots were
following straight or curved trajectories (see below).
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Figure 22 : Spectra of one light spot as a function of the
wavelength, at different field levels.

8.2 Iron particles on a Nb sample (type # 2)

A niobium sample contaminated with iron particles has
been mounted in the « optical » cavity, after observation in
the SEM. RF test was performed with a duty cycle of 4 ms
/ 800 ms. Many events occured during the field increasing
phase :
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i/ An electron field emission of 600 pA is dectected at
10 MV/m. Sudden instabilities of the current level (± one
or two orders of magnitude) indicated a processing of the
sample as long as the field was increased. The highest
current of 650 uA was measured at 37 MV/m, and
stabilized at 46 uA at 58 MV/m.

ii/ Particles started to move at 7.5 MV/m, being either
lined up along electric field lines or ejected out of the
sample surface. Note that the phenomenon is initiated at
field increasing phases, and not at constant field. The
motion of particles is accompanied with flashes which
lasted just one RF pulse. They occured either at the
sample-particle interface or at the particle-particle
interface while piling up (see Figure 23). We lay emphasis
on the absence of stable light spots whereas a stable FE
current of 46 uA was collected at 58 MV/m.

Figure 23 : After RF lest : piling of iron particles
perpendicularly lo the niobium sample surface.

8.3 Discussion

The main features measured from the first experiment
may be interpreted through two different physical
processes, i.e. electroluminescence or thermal radiation.

Electroluminescence described by some authors'26'271

occurs via a mechanism of conducting channel generation
in dielectric material under electric field. Photons are
emitted after electron scattering on local region of high
resistivity in the channel. If one excepts the gaussian shape
or bell shape of the spectra presented here. Hurley and
Dooley had reported similar optical characteristics of light
spots from large area electrodes submitted to high DC
field. The spectra obtained by the authors were sharply
peaked.

The second mechanism involved has already been
suggested in § 7.3. Though calculations of the thermal
radiation due to RF dissipation in dielectric material
exhibit broad spectra in the same wavelength range, this
time the wavelength at maximum intensity is related to the
electric field13'"1. The spectra of Figure 22 where the
wavelengths at maximum power density do not seem to be
field dependent, are not consistent with the second
analysis.

In the case of metal contaminants, it appears clearly
that electron emission is not related to light emission.
Here, light spots seem to be related to transient phenomena
rather than to steady state ones. In a previous experiment
with a type # 1 Cu sample which had been scratched, the
stable light spots studied were not at all located at the
geometrical defect place'141. Moreover, a correlation was
found between the spot intensity and the RF pulse length.
These light spots may be due to the presence of natural
insulating particulate contaminants on the sample surface.
A contrario, it was established that FE current at a given
field level was independent of the pulse length or duty
cycle1281. The main conclusion obtained with this
experiment is that, within the sensivity of our optical
facility, stabilized « cold » electron emission from metal
sites is not accompanied with light emission by these sites.

In the next future, a series of experiments will be
devoted to lighten the mechanism(s) responsible of
dielectric dust behaviour under RF field described above.

9. Conclusions

This review has shown that the association of DC and
RF apparati for field emission studies was very fruitful.

Confirmation of the correlation between RF field
emission and surface defects is given here : dust
contaminant and scratches. Special attention was drawn to
dust particles as their presence on extended surfaces is
hardly avoidable. Further, RF experiments have pointed
out some violent processing undergone by particles
intentionnally sprayed on metal surfaces.

Dealing with iron particles, the new beam firing
technique used for measuring the contact thermal
resistance direct our interpretation of the thermal effects
observed towards ion bombardment (microplasma),
whereas RF dissipation seems plausible for alumina
particles.

The behaviour of the latter under RF field differs
fundamentally from previous DC observations where it
had been shown that insulating particles do not emit
electrons in DC. Our new finding is that alumina particles
are strong field emitters and light emitters in RF regime.
On the other hand they melt or explode into thousand of
minute pieces. If high RF field may be responsible of these
effects, the physical mechanism of light emission however
remains unclear.

It was shown that RF pulse processing can remove dust
contaminant from surfaces. A more efficient cleaning is
reached by : processing with a large number of pulses to
obtain a cumulative effect, favoring (if possible) short
pulses to avoid thermal effects, applying a high enough
peak field to overcome adherence forces.

The "direct comparison of field emission in RF and DC
regimes was not conclusive due to the disturbances caused
by adsorbed gases. Now, as problems on DC current
instabilities are solved, measurements to be undertaken in
the next future should answer the following question :
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does the same tunneling mechanism rule RF and DC field
emission ?
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ABSTRACT

The high peak power processing (HPPP) is a well established way to reduce electronic field emission from
radiofrequency (RF) metallic surfaces. The processing occurs because of some kind of instability destroys the
emitter, but the basic physical mechanism at work has not yet been clearly identified. The present study describes
RF processing experiments on samples of restricted area, with well localized artificial emitting sites (protrusions
from scratches on the sample surface). In order to disentangle the role of thermal and mechanical effects in the
processing, the samples were made from metals with different melting temperatures and tensile strengths.

INTRODUCTION

Field emission sets a limitation to the electric field
that can be reached on RF surfaces. High peak power
processing is a well established way to reduce this
emission. It has been employed for a long time in
normal conducting cavities ; its application to
superconducting cavities is more recent, but already
very successful [1,2]. Despite this success, the physical
mechanisms at work have not yet been clearly
identified. Recent studies have shown that, at least for a
wide class of emitters, i.e. scratches and conducting
particles lying on the surfaces, the field emission is
mainly due to a geometrical enhancement of the electric
field at the apex of a nanometric protrusion of the
surface [3,4]. Thermal effects certainly play an
important role, evidenced by the presence of molten
material and craters on the RF surfaces. One can also
expect mechanical instabilities of the emitting sites.
Because of the large field at the emitter apex, the
electrostatic pressure p = eo Endoscopie gets close to the
yield stress of usual metals. Necking or even breaking
of the apex can thus occur, and the subsequent
modification of the surface geometry results in changes
in its field emission characteristics.

The present study tries to gain insight in the HPPP
phenomenology by processing experiments on samples
of restricted area, with well localized artificial emitting
sites (protrusions from scratches on the sample surface).
In order to disentangle the role of thermal and
mechanical effects in the processing, the samples were
made from metals with different melting temperatures
and tensile strengths.

EXPERIMENTAL SET-UP

Previously, a handy facility has been developed for
the study of RF field emission. A detailed description
was given in [5]. This facility mainly consists of
1.5 GHz stainless steel reentrant cavity working at
room temperature and supplied by a 5 KW klystron
(Fig. la). A quality factor around 6000 has been

obtained by covering the inside of the cavity with an
electrolytic copper layer. A new shape is given to the
dismountable sample in order to reach a maximum field
of 110 MV/m on the small surface (2 mm2) at the top
(Fig. lb). The electronic current is collected on an
antenna aligned with the symmetry axis of the cavity. A
vacuum better than 10" Torr is provided by an ionic
pump. RF pulses of 10 |is to 8 ms can be used with a
repetition period of 1 to 4 Hz.

Fig. 1. The reentrant cavity and its new sample

EXPERIMENT PROCEDURE AND RESULTS

A possible substrate influence on the processing of
"scratch emitters" is investigated with different metallic
samples. Material properties are summarized in the
table 1.

Melting point
(°K)

Tensile strength
(Mpa) at 250°C*

Mo

2610

400

Nb

2468

250

Cu

1083

300

Al

643

90
* due to the sample heating by the RF surface loss

Table 1. Sample properties
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The stages of the preparation of different samples
are described as followed :

1) cleaning in ultrasonically agitated alcohol,
2) niobium samples / acid solution (HF, HNO3,

H3PO4) etching for 30 minutes (= 30 UMn removal),
2') other samples / polishing with emery paper up

to grade 4/0, optic microscope examination, cleaning in
ultrasonically agitated alcohol,

3) rinsing with high purity water (resistivity >
lO.Mfi),

4) drying under class 10000 laminar flow,
5) scratching with diamond tip to obtain

geometrical emitting sites,
6) mounting in the cavity under laminar flow.

The sample mounting is followed by a 10 hours
pumping to reach a vacuum of 10"7 Torr. Then a HPPP
experiment can begin. The incident RF power is
modulated by a pulsed periodic signal with duration X
and period T, in order to avoid breakdown in coaxial
cable and N-type feed through. We use t = 1 ms and
100 ms < T < 400 ms. The general procedure is listed
below :

1/ the incident power is slowly increased for 10
min. At the same time, current values and dissipated
power are read ;

2/ once Epeai< m a x is reached, a conditioning period
begins and will last 30 minutes ;

3/ afterwards, the incident power is decreased and
current values are read again. They will be plotted in a
Fowler-Nordheim plan (Y = log(<lRF>/Epeak

25),
X=l/Epeak , see Appendix) from which parameters ß
and Ae will be extracted.

During step 1/, high current values are observed.
Their behavior as a function of Epeak do not obey the
Fowler-Nordheim theory. This is not really surprising,
since emitter sites are being processed during the field
increase.

Furthermore, desorbing species may be ionized by
high energy electrons and then induce resonant
secondary electron emission between the current
collecting antenna and the surrounding cavity wall.

These perturbations can lead to spurious field
emission current values. Only the conditioning at high
field guarantees a substantial elimination of adsorbed
gas layers.

Several sudden drops of the current (reduction by
a factor 2 to 100) occur in step 21. Many of these are
preceded by a short period (~ 2 s) current fluctuation.

Measurements are always reproducible in step 3/.

A total of 14 different samples were tested : 2 non
scratched samples (1 Nb, 1 Mo), 12 scratched samples
(3 Mo, 3 Nb, 2 Cu, and 4 AI). Main results are reported
below.

a) Scratched samples emit higher current than non
scratched ones during the processing ; this recalls that
scratches form strong emitters.

b) Since samples have different thermal and
mechanical properties, a different "processability" is
expected for each metal. However, results show no

clear dependence of emitter characteristics after
processing (ß, Ae) on the sample metal (Fig. 2). The
dispersion of those characteristics probably comes from
the initial geometry of emitter sites, and is not wider
than the dispersion observed on Nb samples. Hence the
field emission on all four investigated metals seems to
be reducible by HPPP.
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Fig. 2. Effective area and Bêta distribution
after HPPP

c) After the RF processing, the examination with a
scanning electronic microscope shows metal droplets
on all samples (Fig. 3). This proves that violent
transformations occur during the processing.

d) A statistic limitation of the current density (j =
<IRF>/Ae) arises around 10" A/m2. No value above
1012 A/m2 is found on any tested samples even at
maximum electric field (Fig. 4).

Fig. 3. Traces of explosive transformations
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Current at maximum electric field (uAI
IE+4

SamDles • Non Scratched

Current density at maximum electric field (A/mA2i

1E+13-

1E+12

SamDles • Non Scratched

Fig. 4. Current and current density

The high current density induced processing is
clearly shown on a scratched molybdenum sample (Fig.
5).

G (MV/m)

125.0 71.4 50.0 38.4 31.2 26.3

1E-20

(A) C=54 MV/m, j=1.2elO A/mA2
(B) E=80 M V/m, j= 1.2e 11 A/mA2
(C) E=100 MV/m, j=2.5elO A/mA2

2E-9 8E-9 1.4E-8 2E-8 2.6E-8 3.2E-8 3.8E-8 4.4E-8

1/E(m/V)

Fig. 5. A scratched Mo sample processing

DISCUSSION

Melting traces, sudden drops of current, and the
limitation of current density observed in this study
provide a further evidence for the explosive nature of
events acting in HP PP.

The statistic limit value of the current density lies
in the order of which that can promote explosive
emission by means of micro plasmas in DC field
emission experiments [6]. In DC regime, several
calculations based on models taking into account
energy exchange processes like thermoionic emission,
Joule effect, or Nottingham effect lead to the
conclusion that a local temperature around 1000-2000
K is reached for current densities beyond 1012 A/m2

[7,8]. In RF field emission, the ionic bombing must
bring an important additional contribution to the energy
exchange.

Since the current density only depends on the
microscopic enhanced electric field, the value of 10"
A/m2 corresponds to E ^ , = ß . Eappl = 1.5 10'° V/m.
Thus surface defect emitters like scratches with ß less
than 150 can statistically survive a HPPP at 100 MV/m.
This could explain why HPPP sometimes fail on
accelerator cavities, when a more important
contamination occurs during the cavity mounting. A
higher field HPPP would leave weaker ß emitters. This
assertion is consistent with E. Tanabe's results, who
found ß around 60 after RF processing at 230 MV/m on
metallic samples [9]. But such a high field is not
available in super conducting cavities because of the
magnetic quench limitation.

The present work suggests that the HPPP
effectiveness is possibly limited to strong surface
metallic defect emitters.

APPENDIX

For a continuous electric field E, locally enhanced
by a factor, Fowler-Nordheim theory provides the
current density, when the image force potential is
neglected :

jDC(E)=
_ 1.54 IQ"6 ß2 E2

exp -
6.83 IO9 (j)'-s

ßE
with jcc in A/m2, E in V/m, the work function in eV.
Since electron emission is localized on very small sites,
one usually sets the measured current, as I = j Ag, where
Ae (m

2) is called the effective area.

For a GigaHertz RF field . the current 1 takes the form
of a very short pulsed periodic positive signal with the
RF period. Since current/voltage converters bandwidths
are limited to a few hundred Kilohertz (typically 100
KHz for Keithley Model 428), only the continuous
component <IRF> is measured. We have :
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THERMAL CONTACT RESISTANCE
OF A PARTICLE ON A SUBSTRATE

J. Tan, H. Safa, B. Bonin
CE. Saclay , DSM/DAPNIA/SEA, 91191 Gif-sur-Yvette, France

Abstract :
It has been formerly established that field emission in RF cavities is mainly due to contamination by small micron

size particles lying on the surface. When applying the RF field, these particles can melt and stick to the surface making
it harder to get rid of them. In order to understand the thermal process involved, a crucial physical quantity is needed :
the thermal contact resistance between the particle and the substrate. In the present paper, an experimental method is
described to measure this quantity, with the use of a scanning electron microscope. By defocusing the beam of the SEM,
one can get enough power deposited in one particle to melt it. The power level at which the particle melts gives the
thermal contact resistance. Therefore, using the measured value, thermal calculations yield some hints for understanding
the violent thermal processes observed in RF fields.

Introduction

Particles are the main source of field emission in RF
cavities [1,2,3]. When applying the field, these can either
be thrown away from the surface [4] or melt and stick to
the substrate [5]. The thermal analysis of a particle lying
on a substrate suffers from the lack of knowledge of its
thermal contact resistance Rc with the substrate. Rc is
expected to be much higher than the thermal resistance of
the particle itself (which amounts to about a few 103K/W).
In that case, the whole particle can be assumed to be at a
fairly uniform temperature T as compared to the substrate
temperature To.

Therefore, if the heat power deposited in the particle is
P, the equilibrium temperatute T«j will be only determined
by the unknown quantity Rc by

(T - To) = RCP

The knowledge of Rc is crucial for determining at
which power level melting can occur, and, more generally,
to put realistic numbers on thermal model calculations
describing the thermal behaviour of a particle under high
RF field. In particular, this might induce some hints for
the physical origin of violent thermal effects observed
after application of RF power in cavities.

Another information directly deduced from Rc is the
time constant T of the system. If (CV) is the total
heat capacity of the particle (in J/K), equilibrium will
be reached with the time constant

r = Rc (CV)

This, of course, is of major importance in pulsed field
conditions where the pulse length has to be compared to r.
Notice that the higher the contact resistance, the longer the
time to reach equilibrium. There, large differences in the
thermal behaviour of particles are to be expected between
the continuous regime and the pulsed mode.

Figure 1- The equivalent thermal circuit of a particle on a substrate.
The thermal resistance of the particle has been neglected.

369



Principle of experiment

140 y m final
diaphragm

70 um diaphragm used for
beam current
measurement

Defocused electron beam
E = 30 keV

Metal

Niobium substrate

Figure 2 - Each particle is heated by a defocused SEM
beam. A Faraday cup is used for current calibration.

The aim is to measure the thermal resistance Rc

on different particles. The idea is to use the beam
of a scanning electron microscope (SEM) to deposit a
controlled amount of power into one particle. Raising the
power P until the particle melts will give the experimental
value of Rc :

where Tf is the melting temperature of the particle and To
the (ambient) temperature of the substrate.

The minimum measurable value of Rc is given by the
maximum power available from the beam. In a SEM, there
is a relationship between the beam size d and the beam
current I connected through the brillance ß of the gun

where a is the opening angle of the beam.

d (nm)

I (A)

Pb(W)

5

1012

3.10-8

30

lo-io

3.10-6

200

10«

3.10-4

900

10"6

3.10-2

2000

io-5

0.3

Thus, a high resolution requires a highly focused
beam (low d) and consequently a low current I. A standard
use will stay at I=lnA giving a beam diameter d=60 nm.
Of course, the deposited power will also depend linearly

on the beam energy. The highest possible electron energy
was chosen (E=30 keV) in order to maximize the available
power. It was possible to do so because the electron mean
range at that energy is a few microns (depending on the
particle material) but anyhow still smaller than the particle
sizes chosen. As high powers are needed, the beam has
been defocused while keeping it well inside the particle
(d=l/im). The previous table shows that the maximum
available power beam will then be around 120mW. The
real beam current has been experimentally measured using
a Faraday cup with a 70jum diameter hole (see fig. 2)

It should be noted that the real deposited power P in
the particle is lower than the incoming beam power Pb
even though the beam is not spreading out of the particle
and with the assumption that all electrons are stopped in
the particle. First, one has to correct for the reflected
primary electrons (approximately 20% depending on the
Z value of the material) and secondary electrons (but these
carry very low energies). Secondly, radiation losses (when
the particle heats up) may contribute to lower the amount
of real heat flowing through the basis to the substrate.

Taking into account all the above mentioned items,
the lowest value for the thermal contact resistance one can
measure with this method will be for example for an iron
particle (Tf=1810K)

Äcmin>2. IO4 K/W

Experimental results

a- On metallic particles

Iron particles (Tf=1810K) and niobium particles
(Tf=2688K) with different sizes (20pm to 50/im) have
been sprinkled on a niobium substrate. Each particle is
individually observed in the SEM. Then, the beam is
defocused on it, and the corresponding power is gradually
raised until the particle is seen to be modified. At that
point, going back to a low power beam, a picture of
the particle is taken. Melting the particle under the SEM
beam can sometimes induce big changes, the shape beeing
completely modified. Other times, it results in a surface
smoothing, the overall shape remaining approximately
identical. In any case, after melting, no modification is
anymore observed up to the highest beam power available
(120mW). This might suggest that the particle contact
with the substrate changed while melting. A better contact
would result in a lower contact resistance Rc by at least
an order of magnitude.
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Fe particle : before firing. Fe panicle : after firing at 14.9 mW.

Nb particle : before firing. Nb particle : after firing at 18.9 mW.

Figure 3 - Examples of two particles melted under the SEM beam. Note the dramatic change in the
first case (that particle was thin) whereas the second one only shows an overall surface smoothing.

Average thermal resistance values deduced from tens
of metallic particles are summarized in the following table.
A relatively low discrepancy is found from one particle
to another. No important differences are observed neither jj_ Qn insulating particles
from different sizes of particles (in the studied range) nor
from their nature (iron and niobium particles have roughly The same procedure has been applied to alumina
the same Rc although the melting points are far different). particles (Tf=2310K) on a niobium substrate. They melt

for surprinsingly low beam currents indicating that they
had a very bad contact with the substrate. From the
measurements, thermal contact resistance above 107K/W
were found (a power of some tenths of mW was enough
to melt them) — with a high uncertainty due to the low
power levels (corrections begin to be about the same
level). It is thus expected that these insulating particles
will immediately heat up in a radiofrequency field (the
bigger the particle, the stronger the heat). This might
explain why alumina particles have a peculiar behaviour
in RF cavities [6].

Nature

Size
[/im]

Beam power (at melting
point) [mW]

Deposited power [mW]

Rc
[K/W]

iron

20-50

20

15

105

niobium

20-50

25

19

1.3 105
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Two alumina particles have beeen fìred at 0.25 mW.

Figure 4— Alumina particles on a niobium substrate.
The two molten particles are easily recognizable.

Discussion
Two important conclusions can be derived from the

above measured values of Rc. First, the power needed to
reach melting on a 20/vm size metallic particles is of the
order of P=10mW. This is at least an order of magnitude
above what can be estimated from the heat deposited due
to the RF losses (PRF<lmW @ E=60MV/m in the specific
case of the RF warm cavity designed for field emission
studies at Saclay [7]). It is also orders of magnitude
above other sources of heating (Joule effect due to the
field emitted current, Nottingham effect etc... which are
completely negligible). The only physical phenomenon
that could lead to that amount of heat would be the ion
bombardment provided that the local pressure above the
particle exceed some 10~2mbar (the global pressure in
the cavity is less than 10~7mbar). This hypothesis of a

"microplasma" forming above an emitting site is plausible.
It can be shown that atoms ionized by the emitted electrons
close to the particle may be accelerated in the RF field,
strike the particle with enough energy (10 eV to 300 eV)
to heat it up. This unstable self growing process may lead
to the melting of the particle and is worth to be analysed
further or demonstrated experimentally.

The second conclusion coming up from the value of
Rc is the time constant. If one considers a 20/um size iron
particle, (CV)=10"8J/K so

r = 2 ras

as compared to its own time (i.e. assuming a perfect
contact) which is around To = 30 us. Therefore, RF
pulses shorter than 2ms should not allow thermal effects
on particles (except perhaps at very high fields) whereas
surfaces submitted to RF pulses longer than 2ms should
exhibit strong thermal effects. And this is, indeed, in
agreement with what is experimentally observed [2,4,8].
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R O L E OF A D S O R B A T E S ON C U R R E N T F L U C T U A T I O N S
IN DC F I E L D E M I S S I O N

M. LUONG, B. BONIN, H. LONG, H. SAFA,
CEA-DAPNIA-SEA, Gif sur Yvette, France

ABSTRACT

Field emission experiments in DC regime usually show important current fluctuations for a fixed electric
field. These fluctuations are attributed to adsorbed layers (molecules or atoms), liable to affect the work function,
height and shape of the potential barrier binding the electron in the metal.

In the following paper, we investigate the role of these adsorbed species by showing that the field emission
from a well desorbed sample is stable and reproducible and by comparing the emission from the same sample
before and after desorption.

INTRODUCTION

According to the Fowler-Nordheim theory [1], a
fixed and stable electron field emission current is
drawn at a given electric field. Nevertheless this
prediction is only true under the assumption that the
metallic surface is perfectly flat and clean. Practically,
the latter condition is rarely satisfied ; gaseous species
stick on the metal surface by adsorption phenomena
(physisorption and chemisorption) [2]. The resulting
modification of the work function has been well
known ; as an example, a reduction of one eV has
been measured on water-covered Cu(llO) at 100 K
[3]. Furthermore, adsorbates can affect significantly
the shape of the potential barrier seen by the electron
and thus its tunneling probability [4,5].
Experimentally, the effect of gases on the emission
currents from metallic micropoints in ultra-high
vacuum has been reported [6].

More recently, experiments in RF field emission
showed that the mean current on a RF millisecond
pulse was stable after a conditioning period [7]. This
stability has been attributed to a desorbing process
due to the RF surface loss heating of the emitting
sample. These observations suggest a possible
stabilization of the DC emission current by the mean
of a thermal desorption. The present experiment gives
both some understanding on current fluctuations and
an effective method to cure them.

EXPERIMENTAL SET-UP

The experimental set-up essentially consists of an
anode-cathode system placed in a ultra-high-vacuum
vessel equipped with two viewports (Fig. 1). The
spacing gap is measured by a cathetometer through the
first viewport. The second viewport is used for the
heating of the sample by a 200 W halogen lamp
installed outside the vessel.

The high voltage application, the emission current
measurement and the safety device are monitored by a

LABVIEW program. More detailed descriptions are
available in [8,9].

The field emission is studied on two copper
samples ; emission sites are intentionally set by
scratching the surface with a diamond tip.

Fig. 1. The anode-cathode system

DESORBING PROCEDURE

1/ After the mounting of the sample inside of the
UHV vessel, an intermediate vacuum of 10"6 Torr is
set and a baking of the vessel by heating strings at 200
°C lasts 48 hours.

2/ The vessel is cooled down.
3/ Ultra High Vacuum better than 10"9 Torr is set

by an ion pump.
4/ The sample heating is realized by an 200 W

halogen lamp placed at the first focus of an ellipsoidal
rear reflector. The luminous power converges at the
second focus which corresponds to the sample
location. The temperature at the thermal equilibrium is
measured with a thermocouple in a similar
configuration. It is about 700 K.

A voltage is applied to draw approximately a
current of I \lA during the heating that lasts 6 hours.
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RESULTS

1/ Effective stabilization of the emission current is
obtained. Fig. 2 shows a comparison of fluctuations
before and after the desorbing procedure. The relative
fluctuation on the desorbed sample is found to be
1.9 % around 100 nA and 0.9 % around 800 nA.

1400
empty = before desorption

full = after desorption

Time (5 minutes)

Fig. 2. Reduction of current fluctuations

2/ The stable emission is reproducible. The
reproducibility is tested by two consecutive
measurement cycles (increasing and decreasing field
in one cycle) with identical parameters : gap =
0.97 mm, minimum voltage = 3 KV, maximum
voltage = 5.5 KV, step increment/decrement =
0.25 KV, number of measure on one step = 20, time
interval between two measures = 1 second. A total of
440 points are read on one cycle ; each point is
reported by one cross in Fig. 3.
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Fig. 3. Reproducibility of stable emission

3/ A desorbed sample kept in UHV vessel for one .
week conserves approximately its stable emission
characteristics (Fig. 4). The relative fluctuation stays
under 5 %.

4/ The stable emission obeys the modified Fowler-
Nordheim theory (Fig. 5).
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Fig. 4. Conservation of emission characteristics
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Fig. 5. Fowler-Nordheim plot

5/ Important fluctuations of the emission current
reappear after a vacuum incident during which the
pressure inside the vessel reached a value of 10^ Torr.

A new pumping with a turbomolecular pump resets
a vacuum of 10"6 Torr. Then a new measurement is
made. Thé current behavior is presented in Fig. 6.
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Fig. 6. Reappearance of fluctuations after vacuum
incident
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DISCUSSION

This study proves that field emission is not an
intrinsically fluctuating process since an effective
stabilization of the current has been obtained by the
heating of the sample under ultra-high vacuum. The
usually observed fluctuation could be due to
adsorption of molecules or atoms on the metallic
surface.

The experimental identification of the adsorbate
responsible to the current fluctuation is not an easy
task because of the small area of the sample compared
to that of the walls of the vessel ; a very sensitive
method is required. However a possible absorbate can
be guessed thanks to the large data base concerning
the adsorption of the main gases present in
atmosphere, on copper surfaces (H2, N2, O2, CO2, CO,
H2O).

According to data found in [ 10], H2, N2, CO^ and
CO are not adsorbed on copper at 300 K. On the
contrary, O2 is strongly chemisorbed and a thermal
desorption even at 1020 K can not leave a atomically
clean surface. Consequently, water adsorption and
desorption appear as the most likely processes that
might affect the current stability in field emission.

Acknowledgments to M. Boussoukaya, A. Curtoni, A.
Zeitoun-Fakiris for their support and E. Jacques for
his help.
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FIELD EMISSION AND HIGH VOLTAGE CLEANING OF
PARTICULATE CONTAMINANTS ON EXTENDED METALLIC
SURFACES
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C.E Saclay (DSM/DAPNIA/SEA), Gif sur Yvette, France

Abstract
The vacuum insulation properties of extended metallic surfaces depends
strongly on their cleanliness. The usual technique to reduce electronic
field emission from such surfaces consists in exposing them to very
high electric fields during limited periods of time. This kind of
processing also reduces the occurrence of vacuum breakdown. The
processing of the surface is generally believed to be due to a thermo-
mechanical destruction of the emitting sites, initiated by the emission
itself. Comparison of the electric forces vs adherence forces which act
on dust particles lying on the surface shows that the processing could
also be due simply to the mechanical removal of the dust particles,
with a subsequent reduction of field emission from the contaminated
surface.

1 . INTRODUCTION
Dust particle contaminants are known to be a dangerous enemy of all devices working

under vacuum and high voltage, because they tend to promote electron field emission and,
subsequently, vacuum breakdown [1,2,3]. This is of concern e.g. for vacuum gaps working in
DC regime, but also for klystrons or accelerating cavities in RF regime.

Field emission from extended smooth metallic surfaces has been shown to come mainly
from the particles themselves [3]. In DC regime, the conducting particles tend to emit strongly.
Their emission obeys a Fowler-Nordheim law, with a field enhancement factor ß of 50-200 and
an effective emitting area of 10~13 _ 10-17 m 2 The geometrical shape of the particle plays a
very important role : the irregularly shaped particles emit more than the smooth ones [4]. For
these conducting particles, the emission is probably due to a geometrical field enhancement at
the particle apex. Nano-protrusions sharp enough to produce geometrical field enhancement
factors as high as 50-100 have indeed been seen on active emitters under investigation with a
scanning electron microscope [5]. In RF regime, metallic particles also emit, with a similar
phenomenology. Whereas insulating particles do not emit in DC regime, they emit in RF,
probably for non-geometrical reasons (as a plausible hint, they tend to heat up in RF). In the
following, we shall restrict ourselves to conducting particles.

2. PROCESSING OF CONTAMINATED SURFACES
Experimentally, emission from conducting particles lying on a metallic surface is difficult

to study because the particles tend to be blown away under the influence of the electric field.
Experiments on RF processing have been made in our laboratory, using an especially designed
RF cavity [6]. In this cavity, an RF electric field as high as 60 MV/m is concentrated on the
hemispherical top of a removable metallic sample of area 10 mm^. The field emission properties
of the samples can be studied by direct measurement of the field-emitted current. In a dedicated
series of experiments [7], the surface of several niobium samples was purposedly contaminated
by a controlled amount of iron particles with a size of 10 - 50 jj.rn.The samples were submitted

to a pulsed processing with pulses of various durations between 10 |is and 10000 )xs. The
repetition rate of the pulses was adjusted to maintain in all cases a constant ratio : 'pulse
width'/'repetition period' of 1%. The number of remaining particles was measured periodically
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with a scanning electron microscope, and was found to decrease steadily with increasing
processing time. . _. . ,
- As exDected the particle density decreased faster for high applied electric fields
Moreover Aeceaning was more effective for many short pulses than for a few long ones with
the sa^e processing time. Also, the biggest particles were removed more easily than the small
ones.
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Fig. 1 Dust-cleaning efficiency as a function of processing time.
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Fig. 2 Dust-cleaning efficiency as a function of the applied electric field.

These results can be interpreted if one evaluates the forces acting on the particles :

1) The electric force is of order: F, = K.eo.h
2.E2 , where h is the particle height and E

the macroscopic electric field on the surface. Note that the electric force between pamele and
substrate depends quadratically on the electric field and is always repulsive, independent of üie
sign of the field; Its magnitude is the same in DC and in RF regimes and is larger for bigger
particles,

2) The adherence force depends on the size of the particle, and on many details like the
nature and surface state of the particle and substrate. The adherence force is roughly
proportional to the particle size. Its order of magnitude is given by the graph of fig.3.
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Fig. 3 Comparison between the adherence force and the electric force (for macroscopic
fields of 10 MV/m and 30 MV/m) and the adherence force (hatched area). The
order of magnitude of the adherence force is taken from [8-11].

It can be seen that for an electric field of 10 MV/m, the electric force exceeds the adherence
force for particles larger than 10 p.m. With an electric field of 30 MV/m, one can expect to
remove micron sized particles. These findings are in line with the results of the present
experiment. The fact that cleaning is more complete for long processing times seems to
indicate a gradual decrease of the adherence force during the processing.

3 . CONCLUSION
We have shown here that application of an intense RF or DC electric field is an effective

way of cleaning a metallic surface from conducting paniculate contaminants.
The usual technique to reduce electronic field emission from metallic surfaces consists in

exposing them to very high electric fields during limited periods of time. The high voltage
processing of the surface is generally believed to be due to a thermo-mechanical destruction of
the emitting sites, initiated by the emission itself [12, 13]. We suggest that the processing of
metallic surfaces contaminated by conducting particles could also be due simply to the
mechanical removal of the particles, with a subsequent reduction of field emission from the
contaminated surface.
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ABSTRACT

Nowadays the accelerating gradient of the RF cavities is limited by the strong field emission (FE) of electrons
stemming from the metallic walls.

Previous experiments evidenced luminous radiations associated with electron emission on cathodes subjected to
intense DC electric field These observations led these authors to propose new theoretical models of the field emission
phenomenon.

Our experimental study extends these previous DC works to the RF case. We have developed a special copper RF
cavity equipped with an optical window and a removable sample. It has been designed for measuring both electron
current and luminous radiation emitted by the sample, subjected to maximum RF electric field. The optical apparatus
attached to the cavity permits to characterize the radiation in terms of intensity, glowing duration and spectral
distribution.

This paper summarizes the results concerning different niobium or copper samples, whom top was either scratched or
intentionally contaminated with metallic or dielectric particles.

INTRODUCTION

Field emission phenomenon is the ultimate limitation of the accelerating gradient of the RF cavities in the linear
colliders. These superconducting (SC) RF devices suffer from the occurrence of enhanced field emission (EFE) at surface
electric fields typically higher than 10 MV/m, i.e. much below the Fowler-Nordheim (FN) limit for ideal metallic
surfaces (> 2 GV/m). For many years, this local field enhancement was attributed to metallic microprotrusions or
whiskers on the emissive surfaces. But such surfaces topography studies failed to reveal any protruding microstmcture
consistent with measured field enhancements. Besides, an increasing body of evidence indicated various kinds of emitting
features leading to the conclusion that the electrons emission can stem from a "non-metallic" emission mechanism. New
theoretical models emerged but hitherto the mechanism(s) explaining thoroughly EFE is (are) not elicited. One of these
original observations is the luminescence of cathodes under the influence of intense electric fields. Studies [1-2] of the
conducting surfaces exposed to high electric fields (5-40 MV/m) in vacuum have shown luminescence occurring from
discrete regions on the cathode. Electron emission accompanied the luminescence, and in his additional investigation [2]
Hurley could conclude that the electron emission originates from precisely the same sites as the light sites. The spectral
distribution of the spots were found comparable to electroluminescent spectra and the luminous intensity was found to
obey the law of the electroluminescence. Since electroluminescence is a "non-metallic" phenomenon, these authors
concluded to the existence of an emission mechanism involving inclusions of semiconductor type.

Luminous radiation observations have also been reported in the RF cavities : at CERN [3], a photomultiplier
measured luminous intensity in a monocell superconducting cavity equipped with a view port. The measured spectra
suggested a thermal behavior due to the heating of the electromagnetic fields on an insulated particle of the metallic
wall.

Guided by these original results, we developed a new tool, offering the possibility to study simultaneously the RF
field emission on a very confined surface and its associated luminous emission.

EXPERIMENTAL SET UP

The investigated surface is the top of a sample (in copper or niobium), located on the maximum surface electric field
( E ^ ) area of a copper reentrant X74 (1.5 GHz) RF cavity. A klystron fed the resonant device each second during pulses
of 1 to 5 ms, with an available maximum RF peak power of 5 kW.

At the upper part of the resonator, a hollow electrode collects the electrons emitted by the sample tip,
simultaneously the light stemming from this surface is reflected through an optical system to a luminous detector
(Fig. 1) (The experimental apparatus is detailed in previous papers [4 - 5]). A sensitive camera (sensitivity of 10~15 W)
localizes the luminous events on the sample surface with a theoretical resolution better than 10 \im on the sample
surface. A morphologic detail of the surface (currently a scratch) is taken as reference for the localization of luminous
points. But this mark is spotted with an uncertainty, lowering the effective resolution of the localization to - 100 |im.

A discrete event is isolated by the interposition of a square diaphragm forming by crossing a pair of slits (width of
50 pm) remotely controlled. The transient behavior of the radiation in comparison with the RF pulse is measured when
the selected sensor is a photomultiplier (sensitivity of 10"15 W). A prism is positioned on the optical path and disperses
the luminous beam to a cooled linear CCD multichannel sensor (sensitivity of IO"14 W). Its video output, digitized by
an oscilloscope, is processed by a Labview software. Finally, the spectral distribution of the radiation is drawn out with
a resolution better than 10 nm.

The spectral bandwidth of the sensors extends from the visible wavelengths to the near infra-red ones. The spectral
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ranges at 40 % of maximum relative response are equal to : 400 - 650 nm for the intensified camera, 160 - 750 run for
the photomultiplier and 500 - 950 nm for the CCD sensor.

In addition, the pulses of RF transmitted power from the cavity are continually recorded by a data acquisition board,
jointly to the measured current. The transmitted power value allows to deduce the Emax value, so by this way precise
investigation of the influence of the electric field intensity on the current is achieved, simultaneously to the luminous
investigation. All the video images are recorded by a video tape recorder.

Two types of sample are tested, they differ in their diameter and tip shape. Type #1 geometry (3 mm diameter
cylindrical stick with a flat sample and rounded edges) offers a maximum value of Emax of 50 MV/m, whereas
90 MV/m are reached with the type #2 (2 mm diameter cylindrical stick ended by a conical tip). These values ate
obtained for the maximum input RF power of 5 kW.

After the RF tests, the sample is removed from the cavity and observed on a scanning electronic microscope (SEM).

Square diaphragm
Dispersing prism

50 » 50 |im:

f: 180mm f :60mm f :200mm

I Intensified

tl H camoa

Videotape
recorder

Frame grabber
+

image processing

IPicoammeter •

Deflecting magnets

Klystron 5kWk
Spectrum acquisition

svstem on iabview

Sample and hold
amplifier

1500MHz
Copper cavity

Sample
(Cu. Nb....)

Figure 1 : The experimental set up

FIELD ELECTRON EMITTERS

The early studies established that the electron emission occurs on discrete micron-sized regions of broad-area high
voltage electrodes, called electron emitters. Recent analytical techniques have the ability to obtain high-resolution spatial
and material composition where exactly electrons are emitted in relation to the microstructure of the cathode surface [6].
Field emission sites investigations in SC RF cavities confirm similar features for the RF field emitters [7]. Broadly
speaking, the electron emitters can be categorized as follows :

1/ Surface irregularit ies consisted of geometrical deformations of the surface, without external element present,
these defects can result from accidental mechanical contacts or chemical etching.

2/ Foreign elements such as superficial particles resting or embedded in the surface substrate, whom size varies from
0.1 to 10 |im. The material composition of such particles is apparently independent of the surface and can be very
varied : electric conductors or insulators were found.

These results led us to test "natural" samples, i.e. polished then chemically treated and rinsed. In order to examine
specific emitters types, we intentionally "contaminated" samples : their top was scratched with a tungsten or diamond
point or sprinkled with specific and calibrated particles ( iron and alumina particles).

LUMINOUS EVENTS OBSERVED ON THE DIFFERENT SAMPLES

We present on the following paragraph the different light phenomena observed on different samples.

AJ The luminous spots from "natural" samples and scratched samples

There are threshold fields E& which activate very localized light emissions on the RF surface of both "natural" and
scratched samples. These discrete events will be referred to as luminous spots or sites. The value of the "activator" field
varies with the considered site, with the sample material and obviously depends on the sensitivity of the sensor.

Because different behaviors were encountered, we will not draw a distinct and clear mechanism describing the
initiation and the development of a site under the influence of the electric field. Some spots started shining at Elb, then
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si their luminous activity as the field increased or the pulse was lengthened and finally disappeared at higher
J?, J Their luminous activity was reproducible in a well-delimited field range of about 10-20 MV/m. On the contrary,
L ones experienced a kind of conditioning, they "switched on" at Em and persisted at higher fields, then after a field

FLber o p p g
increase below Ea, they got the ability to shine. For copper samples, we encountered sites which sparkled on a sufficient
broad field range to evaluate their radiated power as a function of the electric field. The measurement was consistent to
. e gjectroluminescent law, relating the brightness of the light to the inverse root of the electric field [8].

Two kinds of sites can be distinguished taking their "optical life" as criterion. When they glow during one or two
RF fields, we refer them to as "unstable " sites whereas the "stable" sites reach currently durations of few RF minutes.

Their apparent diameter on the sample was typically evaluated to few tens of micometers. Most frequently, the spots
3ppeared on the sample edge where the field was found highest in the Urmel calculations of the resonator, but some were
also to be seen on the flat part of the sample. The sites were located on the sample surface and retrieved in a square of
„ 100 (im edge under a SEM after the RF test. In very few cases, a melted particle or crater was found close to the site
locations, but mostly no striking morphologic feature was found at their location. Concerning the scratched samples, no
luminous sites were detected directly in the scratch. The number of sites per sample was typically less than a ten.

We observed different transient effects, measured by the output current of a photomultiplier. Sometimes light is
emitted in synchronism with the RF power, while in other cases, it is emitted with a delay of 1 to 2 ms, which was
seen decreased during the test.

The spectra obtained on "stable" sites show broad gaussian shapes centred on the range of 700 - 800 run
wavelengths.

"Stable" spots have been observed simultaneously during the conditioning period of the sample, i.e. during strong
variations of measured current or even stable ionic currents. After these instabilities period, "stable" spots were detected
at low field levels, at which no emission electron stemmed from the sample top. At higher fields, such "stable" spots
were currently active jointly to a stable electron field emission. It is interesting to notice that no luminescence was
observed on one niobium sample, in spite of an stable electron emission (of 2 (iA at 86 MV/m).

The following table gives few orders of magnitude of results :

Sample type

Contamination

Eth

Sites intensity

Sites type

Spectra

Cu (0 3 mm)

scratch

25 MV/m

io-'3w-io12w

stable
(not correlated with
the contamination)

broad shape
(measured with

filters)

Nb (0 2 mm)

scratch

10 MV/m

few IO"'3 W

unstable
(not correlated with
the contamination)

no measured

Cu (0 3 mm)

Alumina (50 (im)

5 MV/m

> io-13 w

stable and unstable,
with flares and

luminous tracks

broad gaussian shape
(measured with the

CCD sensor)

Nb (0 2 mm)

Alumina (1 urn)

20 MV/m

io1 3 w - io-12w

unstable

no measured

B/ The luminous spots and the explosive events on samples contaminated with alumina particles

1/ Contamination with small alumina particles (diameter < 1 fim)

A clean niobium sample exhibited in the cavity a field emission of ~ 2 |J.A at the maximum field. Contaminated
with small particles of alumina, during its conditioning period few "unstable" spots at "low" field level (- 6 MV/m)
and very unstable currents where jointly observed. Then, no light activity was detected until a field of - 80 MV/m was
reached. At this level, unstable spots glowed simultaneously to strong vacuum perturbations. After this regime of
unstability, a more stable phase was recovered and an electron emission was detected at 52 MV/m leading to a current of
~ 7 \iA at the maximum field level. But no more spots were visible during the emission. The SEM examination
revealed a large number of small craters (diameter of - 1 - 2 |im) in the area where appeared the spots and maybe where
were deposited the alumina particles. Let's notify that no trace of initial particles was found over the sample surface.

If Contamination with "large " alumina particles (> 20 ym)

Stable spots were initiated at low field (~ 5 MV/m). During the pulses concomitant to these luminous events, the
electrode signal exhibited a strong increase of positive or negative current, mostly triggered at the end of the RF pulse
and which is extended beyond the RF duration. The intensity and the number of spots increase with the electric level.
Then, at about 8 MV/m, unstable and intense spots occurred, correlated with strong increases of the electrode current.
For higher fields (> 10 MV/m), explosions were triggered during 1 or 2 RF pulses and appeared irregularly, typically
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during ihc power increases. Generally a strong spot shincd, succeeded by a very intense flare (Fig. 2) saturating the
camera and was accompanied by a multitude of adjacent activated sites on the top surface. This flare initiated sometimes
intense luminous tracks with cune or straight trajectories. Simultaneously, strong perturbations were detected on the
vacuum gauge, revealing strong gas desorptions or residual gas ionizations. A second RF test was performed, the intense
luminous activity started at higher field level of ~ 19 MV/tn and a more stable electron current was detected with a
maximum value of 120 \iA at 38 MV/m.

The spectral analyses of the first low field stable spots reveal broad gaussian shape spectra, centred on a specific
wavelength A.c. At given field level, different spots brighted on the surface and showed different central wavelength,
ranging from 600 to 800 nm (Fig. 3). It is of some interest to emphasize the indépendance of Xc in respect to the
electric value : lor a given spot, the increase of the electric field does not alter the spectral distribution of the emitted
light : the peak at Xc is maintained, only its luminous intensity is increased.

After the RF test, small melted dusters of illumina particles and few overlapped craters were seen on the surface.

a«o aw aso aso
O.0CEK»

a» oso

Fig. 2 : luminous activity at L. = 20 MV/m on a copper
sample ( 0 3 mm)

contaminated with ~ 20 pm alumina particles
Fig. 3 : three different light spots on a copper sample

( 0 3 mm) contaminated with ~ 20 \im alumina particles

C/ The microdischarpes on samples contaminated with iron particles (diameter of -SO (Am)

No spots as described above were detected on a sample contaminated with iron dusts. But we observed clearly the effect
of the electric field on the metallic contaminants ; it provoked particles motions, initiated at low field level (8 MV/m).
The particles were ejected out of the surface, lined up and piled up along the electric lines perpendicular to the surface
(Fig 4). These displacements occurred at the field increases, none was observed at constant field. They were accompanied
by luminous Hashes, sparkling around the moving particles for one RF pulse. All these phenomena were observed
during the conditioning period, when strong instabilities on the vacuum gauge and on the current were measured,
revealing gas desorptions. Then a second RF test was performed : the faster field increase phase showed neither particles
movement neither luminescence, but a stable field
emission (50 jiA at the maximum field level of
70 MV/m).

Afterwards, the SEM investigation showed
numerous stacks of 3 - 4 particles piled up and
individual lined up particles. The iron particles had
melted and welded on the substrate, resulting in a
good electrical contact with it. Identically, a welded
contact joined two particles of a stack and small
craters (diameter < 1 \m\) were visible at the
contact vicinity.

DISCUSSION

The luminescence in such experiments can stem
from two physical processes:

1/ Klectroluminescence: this optical emission
occurs in a dielectric medium under the influence of
high electric field. High energy carriers are released
due to a high field utilization, they collide
luminescent centres and excitate them. These activators return to lower energy level emitting optical photons. In [2],
Hurley evidenced a definite relationship existing between electron-emission and light-emission processes at discrete

Fig. 4 : The iron particles lined up on a niobium sample
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noints, associated with oxide type impurities. Electron emission is thought to occur by a Fowler-Nordheim process at
[be vacuum-oxide surface interface where the field is locally intensified, then conducting filaments are electroformed
through the impurities. On this model, electron scattering from weak point in the filaments produces
electroluminescence in the surrounding oxide.

2/ Thermal radiation : the thermal emission occurs for a dielectric particle in bad thermal contact with the cavity
wall- The RF power is absorbed in this dielectric volume in the form of heating, which is evacuated by radiation and by
conduction to the substrate. A consequence of this intense heating is a possible thermoionic emission occurring
simultaneously to the radiation.

At the moment, our experimental reults do not evidence an explanation rather the other one. Indeed, the experimental
relationship between the light intensity and the electric field verifies the electroluminescent law but this argument in
favour to the first phenomenon is counteracted by the spectral distributions. The electroluminescent spectra exhibit
defined peaks, identifying the types of luminescent impurity involved. Such sharp structures have never been observed in
our case. On the contrary, the broad shapes spectra measured could be close to radiation spectra, attenuated by the
specific material emissivity. However, because the RF heating is directly dependent on the electric field by the

relationship PfW/m3) = 1/2 eQ er © tg5 E , the reached temperature should vary with the field. Therefore, for a given
luminous spot, the peak wavelength of its spectrum is expected to shift with the field, what our results do not support.

These preliminary establishments require deeper interpretations based on simulations of the evoked physical
processes and the estimation of their pertinent physical parameters. For instance, for the second thesis, some relevant
parameters could be the field levels promoting the experimental luminous intensities, the reachable temperature, the
time scales of such phenomena. In order to verify the orders of magnitude, a simple estimation has been already
envisaged : the RF field heating of a spherical alumina particle in poor thermal contact with the substrate. Asserting this
energy is evacuated by conduction and by radiation, we have evaluated the reached temperature as a function of the
electric field. In these conditions, the particle reaches the 2300 K melting temperature of alumina for a electric field of
45 MV/m and radiates a luminous power of few IO'9 W through the experimental solid angle.

The experimental results on the alumina contamination are spectacular, they reveal the strong dépendance of the
optical behavior on the dielectric contaminants size. This impressive emission suggests that a plasma is developed when
high field levels are reached resulting in the destruction of the alumina particles. These results have to be compared to
the direct and post-mortem investigations of RF cavities which suffered from RF field emission. Microscopic features
found at the processed emission sites after the occurrence of an RF spark (starbursts, molten craters ...) indicate that
emitter extinction takes place by an explosive process [7]. Possibly the plasma cloud associated with the spark is
responsible for the surface features. The most interesting aspect remains to elicit : the understanding of the origin of a
such plasma.

Concerning the iron particles, the particles edifices are likely very nocive for the RF cavities; it is interesting to
remark that effects like sparks or microdischarges are induced in the vicinity of the iron particles, carried by gas media
i.e. vapour resulting likely from an intense heat.

CONCLUSION

Few others contaminants should be tested soon in our experimental set-up. The adaptation of this apparatus to a
special shaped SC cavity [9], called the "mushroom" cavity. Its buttom, consisted of a "dimple", permits to dispose of a
small region exposed to very high RF electric fields. It is envisaged to contaminate this region and to investigate the
expected optical emission.
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Abstract : Many vacuum devices, like RF cavities, are sensitive to particle contamination. This fact has motivated a
considerable effort of cleanliness from the SRF community. The present paper reports the first results of a general study
trying to identify the most contaminating steps during assembly and vacuum operation of the cavity. The steps investigated
here are gasket assembly, evacuation and venting of the vacuum system, and operation of sputter ion pumps.

1- Introduction

It is well know that dust particles are terrible enemies of Superconducting Cavities [ref 1]. Recently, efforts have
been made to improve the cavity cleaning techniques. Generalised use of automatized chemical treatment [ref 2] and high
pressure rising facilities [ref 3] have improved considerably the cavity performance level. But this effort towards
cleanliness can be spoiled if the next steps in the cavity life ( assembly, and operation under vacuum ) recontaminate its
surface. It has been shown on a statistical basis that cavities having had trouble during assembly steps or vacuum operation,
have a significantly lower field emission threshold and overall performance level [ref 4].
The risk of contamination during the cavity assembly and vacuum operation must be measured, and minimized. The
present paper reports the first results of a general study intended to identify the most dangerous steps and components:

1. gasket assembly
2. valve operation
3. pre-pumping and venting
4. steady state pumping by ion-pumps and getters
5. particle liberation by walls under the influence of shocks or vibrations

The present paper will describe only results on items 1, 3 and 4. The main tools for this study are particle counters
operating in air or under vacuum. The counters are placed close to the component or to the location of the suspected
contamination during the abovementioned operations.

2- Particle counters description

Met-One 205 Model
This counter detects the number of particles contained in 28.3 liters air volume. This volume is pumped through a

conic head sensor and then the particles are detected with a laser diode. The detected particle sizes are : 0.16, 0.2,0.3, 0.5
,1 and 5 urn.

HYTPM 250 Model
The HYT PM250 sensor can operate in air or in vacuum. The particles fall through a window crossing in its center

a laser beam of about 1 mm diameter. Photodetectors receive the light scattered by the particles. The particle size is
proportional to the intensity peak. The detected particle sizes are : 0.19,0.27,0.3,0.4 and 0.5 um.

Counter calibration
The two counters were used in the same gas flow in order to compare their coutings. The couting ratio K between

both counters was not exactly the same for all particle sizes:
• 0.16 urn<X<0.29 um «*K = 7
• 0.3 um < X < 0.49 um «* K = 5.4
• AU particle sizes **> K = 6.2

S M
From this last value, the sensitive area of detection of the PM250 counter was determinated: S„„ S ——— = 0.4 cm

eff 6.2
In the rest of this paper, the particle countings by the PM250 sensor can be transformed into particle fluxes by division by
the effective area of detection: Stff.
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3- Particle contamination by gaskets setting

The particle contamination by the gasket setting was evaluated for confiât (CF35) and helicoflex gaskets.
This kind of measurement does not require a counter able to work under vacuum, so the Met-One sensor was used

for convenience. The sensor was installed directly downstream the tested gasket (fig: 3.1). Due to the flow aspiration, it can
resonably be assumed that all generated particles are detected. The experiment was conducted in a clean room class 100, by
trained operators. All components were washed with 18 MQ deionised water prior to assembly.

For the tests we used a particular process which is as follow:
1. Installation of a cleaned joint
2. Installation of a cleaned flange
3. Installation of the cleaned screws on the top of the flange
4. Installation of the cleaned nuts and washers
5. Tightening without moving the screws

Experimental device :

, 1 1 , , , .

MONITOR

- FLOW CLEAN AIR
CLASS 100

3 PIPE LENGTHS

-TESTED GASKET

- CLEAN ROOM
SENSOR HEAD

FLOOR

Diagram 2 : Setting of the CF35 flanges Average
on 10 gaskets - Pipe of 500 mm. long.

Figure 3.1: Experimental set-up used to measure
the particle contamination during CF or Helicoflex
setting.

Results :
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Diagram 3 : Setting of the flanges with an
Helicoflex gasket (n°: 15040) - Average on 8
gaskets - Pipe of 365 mm. long

The standard deviation S results, on 10 measurements for
all the processes are as follow:

Diagram 1
Diagram 2
Diagram 3

S= 180 form* =480
S =16 form* =19
S =18 form* =42

Diagram 1 : Setting of a CF35 flange - Average on
10 gaskets - Pipe of 120 mm. long.

(* : m = average )

Conclusion
• Gasket assembly is contaminating;
• There is no clear influence of the nature of the gasket;
• No particles are liberated between assembly steps, this particle generation is due to the operator. Some of the

particles are of human origin ( this contribution is smaller if the pipe is higher ); some particles may also be
liberated by shocks or vibrations during the assembly.
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4- Particle contamination by Sputter-Ion pump

The sputter-ion pump tested was a Varian Vacion Plus 75 StarCell. The PM250 sensor was placed just below the
pump for a better sensitivity ( fig 4.1 ).

As can be seen in fig 4.2, the pump in normal operation ( p < 1(T* Pa ) does not generate particles since the
measured contamination level ( 1.42 particles/min ) is almost the same as the detector background noise
( 1.25 particles/min ). The only particle generation observed occurs during startup ( p « 10"3 Pa. ). Some particles bursts
( about 10 particles ) are also observed during arcing. Of course, the ion-pump can also liberate particles because of shocks
or vibrations, like any vacuum chamber wall. These contributions can be minimized if the pump is operated in vertical
position, with the flange on the top.

Experimental device : Results ;

P

SPUTTER ION PUMP

PM 250 SENSOR

PUMP
— •

-VALVE

Figure 4.1 : Experimental device for the
measurement of the dust contamination by the
sputter-ion pump.
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Figure 4.2 : Particles counting in UHV system
after a 300°C baking of the sputter-ion pump

Generally, the particle sizes distribution is as follows :
• « 50 % [0.19 um ; 0.27 um[
• « 10 % [0.27 urn ; 0.3 um[
• « 15 % [0.3 um ; 0.4 um[
• « 10 % [0.4 um ; 0.5 um[
• «15%à0 .5um

5- Contamination during pre-pumping and venting operations

Evacuation or venting of the cavity are also potentially contaminating steps because turbulent gas flow can release
and transport particles. To evaluate this contamination we used an experimental device shown in fig 5.1. For pre-pumping,
the regulation valve V, was closed; for venting V, was opened.

This experiment showed that the particle generation is observed mainly at the beginning of the evacuation process,
and practically stops when the vacuum level becomes lower than 5.104 Pa . A smaller number of particles is generated if
the evacuation is slower.

Particle generation during venting is also very significant, specially at the beginning of the process. Here, the
opening of valve V, determines the speed of the venting. The influence of this speed on particle generation has not yet
been examined in detail.

As will be justified in the next paragraph, particles are likely to be generated at the level of the valve Vj itself,
where the air speed and turbulence is largest. Reduction of the opening of V! reduces the air flow, but not the air speed at
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V[, and this might explain why particles are always generated during venting. The only plausible remedy we propose
against this contamination is a filter located between V, and the vacuum vessel.

We have noticed also, when we pumped quickly, a formation of water droplets which can be eliminated with a
60°C baking of the vacuum vessel ( fig 5.2 ). The difference between the percentage of the 0.5 urn particles for the
experiment at 20 °C and for the experiment at 60 °C proves that the biggest particles are water droplets.

Experimental device :

CLEAN AIR
INLET

VI

VALVE

-*-PUM>

PM25O SENSOR

Figure 5.1 : Dust particle transport device

• Particle tlzej distribution for T-20°C

Q Panicle sizes distribution for T-6CC

Figure 5.2 : Particle sizes distribution function of the
operating temperature. Regulation valve is closed, V2 is
opened suddenly.

6- Contaminatori induced by the flow speed

In order to investigate this contamination, clean
air coming from a class 100 laminar flow was pumped
through a 1.20 m. long DN 40 pipe, with an adjustable
flow rate ( fig 6.1 ). The flow rate was controlled by a
diaphragm at the upper end of the pipe, and by a
regulation valve located close to the pump.

The source of the observed particles is probably
the diaphragm, where the air speed is highest. As can be
seen from fig 6.2 and 6.3, the relevant variable is not the
flow rate, but the flow speed, which should be kept
below 2 m.s'1 at the diaphragm location for a particle-
free operation. Note that the threshold between laminar
and turbulent flow in the vicinity of the diaphragm
occurs for flow speeds of about 2 m.s'1. It is then
tempting to correlate the onset of particle generation
with the onset of turbulence. Further experiments will be
undertaken to confirm this hypothesis, but we can
already say that evacuation and venting of the cavity or
vacuum vessel are contaminating steps, unless the flow
is kept slow and / or laminar during these operations.
This constraint applies not only at the cavity level, but
also everywhere in the duct, including the narrowest
sections, since the particles generated there can be
transported on long distances ( 1.2 meters in our
experiment ).

Experimental device :

LS
FLOWMETER

-DIAPHRAGM:
10/20/32/40 mm

-PM25O SENSOR

PUMP

•REGULATION
VALVE

Figure 6.1 : Experimental set-up to measure the
particle contamination induced by the flow speed.
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Figure 6.3 : Number of the detected particle
(0.19um<size<0.5um ) as a function of the
flow speed.
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Abstract

The surface resistance of high and low RRR niobium plates at 4.2K and 1.8K has been measured as a function of
many processing and testing parameters. A dielectric resonator was used instead of a resonant cavity. This resonator
offered the ability to make many, sensitive measurements with an efficient use of time and helium. It was found that the
surface resistance, Rs, of RRR = 190 niobium increased noticeably from the theoretical value if the cooling rate was
slower than ~10 K/min. Fast-cooled plates subsequently warmed to 130K, and then recooled, showed a larger increase in
Rs than plates warmed to either 100K or 160K. Both chemically polished, and electropolished RRR = 190 plates showed
the effects of the "Q-virus". A heat treatment of 200°C made the RRR =190 plates less susceptible to the "Q-virus".
RRR = 30 niobium plates did not show any increase in Rs, regardless of treatment.

1. INTRODUCTION

Experiments have shown that the Qo of a niobium
superconducting cavity may degrade if it is held in a
certain temperature range immediately prior to testing.
Saito and Kneisel [1] have determined that the dangerous
temperature region lies between 70K and 150K, with the
worst temperature being ~110K. It was found that the Qo

of a cavity degraded monotonically with increasing hold
time at 100K, for times as long as 25 hours. A saturation
of the degradation was not observed. When the cavity was
warmed above 200K and then quickly cooled to 4.2K, the
degradation was completely eliminated. Additional results
were presented in [2]. There have been anecdotal
inferences that only high RRR niobium displays this Qo

degradation.
Values of Qo of degraded cavities have been

measured as a function of temperature and field below
4.2K [2, 3]. The temperature dependence found was not
the expected BCS dependence. In addition, a change in
slope was observed at -2.2K. It was found that the Qo of
a degraded cavity dropped abruptly at a particular field level
(e.g. ~6 mT) when tested in this temperature regime [2,
3]. This behavior was reversible in field. No such effect
was observed during testing of degraded cavities at 4.2K.
These results were taken to indicate the presence of a
superconducting-normal transition in some part of the
cavity surface.

Only the layer of material within a penetration
depth of the RF surface of a cavity affects its properties.
This layer is extremely thin, on the order of tens of
nanometers. Surprisingly, hydrogen has been found to be
concentrated at niobium surfaces [4, 5] and a low-
temperature phase transformation involving hydrogen is
possible [6]. These facts have lead all investigators to
conclude that hydrogen contamination is at the source of
this phenomenon.

Many different laboratories have investigated the
factors affecting the RF surface resistance, Rs, of niobium
at 4.2K and lower (Rs is inversely proportional to Qo).
However, because measurement^ materials, procedures,
etc. vary widely, it has been difficult to draw specific

conclusions as to which processing factors have the
strongest influence on Rs. In this study we have applied a
new measurement technique to this problem and have
made many measurements in an attempt to determine the
relative importance of the factors which influence what
has been "affectionately" called the "Q-virus".

2. THE DIELECTRIC RESONATOR

For our investigation of this effect, we have chosen
a different type of cavity, the dielectric resonator. A
schematic of this resonator is shown in Figure 1. This

50 mm

*— Coupling loops

Nb platesr
zSapphire disk

Figurei. Schematic of the dielectric resonator. The coupling
loops can be adjusted before testing. The clamp and carbon
resistors have been omitted for clarity. The resonator is
completely immersed in liquid helium during testing.
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resonator is simple, inexpensive to operate, and has a fast
turn-around time. The single-crystal sapphire disk is
21 mm in diameter and 6 mm tall. Loop couplers are
used to excite the resonator and to measure its response.
An aluminum frame with an adjusting screw holds
everything together. A resistance heater is attached to the
aluminum clamp. A carbon resistor is taped to each
niobium plate to monitor their temperatures.

There are several choices to be made when using a
resonator such as this — operating mode, frequency,
sapphire thickness, etc. TE modes were chosen for
excitation because there are no E fields at the
niobium/sapphire interfaces in these modes, making the
Qo measurements insensitive to helium films at these
interfaces. The sapphire dimensions were chosen to
produce a low resonant frequency while minimizing the
dielectric losses.

Data were obtained with an HP 8510A network
analyzer. The loaded Q value was determined by
measuring A/ at the -3dB points on the transmitted
power. The external Q's, and the unloaded Qo, are
determined using the following equations:

_l±\0-AR!20_QL

a trans '
(2)

= T=r (3)

where AR is the drop, in dB, of the reflected signal at the
resonance and T is the absolute transmitted power at the
resonance. Because T is an absolute measurement, the
cable attenuations must be measured at the frequencies of
interest. To verify the calculations of Qtrans> which
depends on the value of a,„c , the cables were reversed and
Qtrans was measured directly. The calculations and the
measurements were always in close agreement. Typically,
the external Q's were 4-5 x 107 for the incident coupler,
8-10 x 107 for the transmitted coupler.

Unloaded Qo 's were measured in two different
modes: the TEQ \ \ and the TEo 12- The frequencies of
these modes are ~9.52 and 12.25 GHz, respectively. It
was expected that the TEo 12 mode would be more
sensitive than the TEQ 11 mode to the surface roughness of
the niobium plates. This was found to be true. For this
reason, only the results from the TEon mode will be
presented and discussed.

The data will be presented in terms of the surface
resistance of the niobium plates as this is a quantity of
more general interest. This is obtained using:

K = ~ (4)

measurements, we have noticed interesting effects of the
bath temperature on frequency (Figure 2).

1.5 2 2.5 3 3.5 4 4.5

Température (K)

Figure 2. Temperature dependence of the resonance
frequencies. The filled symbols correspond to the 9.52 GHz
mode. The frequency differences for each mode are calculated
relative to the frequency at 2.2K.

The resonator was cooled from room temperature
many times during the course of this investigation.
Figure 3 shows the measurements made on three different
pairs of plates under the same cooling conditions. These
data show that this resonator produces reproducible results
with an absolute error bar of ±5jiß at 9.52 GHz.

1000

Ct
100

1.8K

4.2K

10
2 3 4 5 6 7 8 9 10 11 12

Test#

Figure 3. The results of twelve different measurements of
surface resistance. The resonator was cooled quickly from
room temperature for each test. All measurements were made
at 9.52 GHz. Tests 1-5 used chemically polished, high RRR
plates. Tests 6-8 used chemically polished, low RRR plates.
Tests 9-12 used electropolished, high RRR plates. Rs at 1.8K
was not measured in tests 6 and 8.

where G is the "geometry factor" for the mode of interest
-- 294 Q for the TEon mode, 602 Q for the TE012
mode.

This resonator rests in a liquid helium bath, i.e.
liquid helium is part of the resonator. While the losses of
the helium are low and are not believed to affect the Q

3. SAMPLE PREPARATION

Three different pairs of plates were used in the
present study. The RF surfaces of all plates were milled
using standard machining techniques and lubricants. This
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produced a flat surface over the entire plate. The surface
roughness of the machined surface was reduced using 320
grit abrasive paper. The plates were then ultrasonically
degreased.

All plates received some form of chemical attack.
One pair of plates was prepared from 3mm thick, high
RRR, ~190, niobium and received a chemical polish
using a 1:1:2 mixture of HF:HNO3:H3PC>4. (N.B.
European HF is only 40%, in contrast to the American
48%),. Approximately 60 u.m were removed from the RF
surfaces. A second pair of high RRR plates was
electropolished after machining. The third pair of plates
was prepared from 5mm thick, low RRR, ~30, niobium.
Sixty four microns were removed from the RF surfaces of
these plates using a 112 chemical polish.

4. EFFECT OF COOLING RATE

The RRR = 190, chemically polished plates were
cooled from room temperature to 4.2K at four different
cooling rates. The temperatures of the top and bottom
plates were always within 5K of each other.

The results are shown in Figure 4. The values of
Rs for the two fastest cooling rates are in good agreement
with the BCS predictions. For the slower cooling rates, a
noticeable increase in the surface resistance was seen.
When the plates were cooled at 0.65K/min, Rs at 4.2K
increased a factor of 3.1 above the BCS value, whereas at
1.8K it increased a factor of 6.6.

1000

100

10

Figure 4. Effect of cooling rate on the surface resistance of
RRR= 190 niobium at 9.52 GHz. The plates were cooled
directly from room temperature to 4.2K.

5. EFFECT OF HOLDING
TEMPERATURE

A typical thermal cycle for a resonator test is
shown in Figure 5. The resonator was first cooled to
4.2K at a rate of ~60K/min.. Measurements of Rs were
made at 4.2K, while the helium bath was pumped to

0 60 120 180 240 300 360 420

Time (minutes)

Figure 5. Typical thermal cycle of the dielectric resonator.

1.8K, and at 1.8K. These measurements established
reference values for Rs. After all helium-temperature
measurements were completed, the resonator was warmed
to the chosen intermediate temperature, and held there,
± 5K, for ~2 hours. The resonator was then rapidly
cooled to 4.2K again and the measurements repeated.
After the second cooldown to 1.8K the resonator was
warmed to room temperature over a period of ~12 hours.
The results are shown in Figures 6,7 and 8.

These data show that the holding temperature
required to produce the greatest increase in Rs, at least at
9.52 GHz, is closer to 130K, rather than 100K. For a
holding temperature of 130K, the electropolished plates
showed a 3-fold increase in Rs at 4.2K, 4.5-fold at 1.8K.
The effect was much more pronounced for the chemically
polished plates - Rs increased 15 times above the
reference value at 4.2K, 44 times at 1.8K. In one or two
tests Rs increased so much that it was difficult to identify
the resonance.

1000

100

10

Figure 6. Effect of intermediate holding temperature on Rj for
RRR = 190, electropolished plates. The thermal cycle
shown in Figure 5 was used for each pair of measurements.
Measurements were made at 9.52 GHz.
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Rgure 7. Effect of intermediate holding temperature on Rs for
RRR = 190, chemically polished plates. The thermal cycle
shown in Figure 5 was used for each pair of measurements.
Measurements were made at 9.52 GHz.
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Rgure 8. Effect of intermediate holding temperature on R. for
RRR = 30, chemically polished plates. The thermal cycle
shown in Rgure 5 was used for each pair of measurements. R3

at 1.8 was not measured for the first and fifth tests shown.
Measurements were made at 9.52 GHz.

The data shown in Figure 8 clearly show that
RRR = 30 niobium does not appear to be affected by the
"Q-virus". That not even a slight effect was observed was
surprising.

6. EFFECT OF 200°C HEAT
TREATMENT

It is well known that a UHV heat treatment at 700
- 900°C will remove hydrogen from niobium and thus
"inoculate" a cavity from the "Q-virus". The Nb-H phase

diagram [6] shows that there is no stable hydride above
171°C. If a room temperature surface hydride were the
cause of the "Q-virus", dissolving the hydride and
diffusing the hydrogen into the bulk at some temperature
between 171°C and 700°C may also "inoculate" a cavity.

The RRR = 190, chemically polished plates used
to generate the data in Figure 7 were vacuum heat treated
at 200°C for approximately two hours. The results are
shown in Figure 9. This heat treatment produced no
change in the reference values of Rs and was successful in
reducing the effects of the "Q-virus". After a 200°C heat
treatment, the increase in Rs after a 130K hold was only a
factor of 3.6 at 4.2K, 3.8 at 1.8K.
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figure 9. Effect of intermediate holding temperature on Rj for
RRR = 190, chemically polished plates. The plates used to
generate the data in Figure 7 were vacuum heat treated at
200°C for ~2 hours. Measurements were made at 9.52 GHz.

The RRR = 190, electropolished plates were also
heat treated at 200 and 300°C. The surface resistance of
these plates showed a factor of 2 improvement after the
200°C heat treatment, but were unchanged after a
subsequent 300°C treatment.

7. EFFECT OF COLD-WORK

The metallurgical state of as-received niobium
sheet is a quantity which is poorly defined and difficult to
measure. It is possible that the degree of residual cold-
work in high RRR niobium sheets is different than that in
low RRR sheets. If so, this could have an effect on the
hydrogen absorption properties of the sheets.

As a first attempt to study the influence of cold-
work on the "Q-virus", two 5mm thick, RRR = 30 plates
were tested in the as-received state. The results from these
plates were shown in Figure 8. These plates were then
rolled to 3mm in thickness, a cross-sectional area
reduction of 40%. They were machined flat, and
chemically polished again. Approximately 60 [xm were
removed from the RF surface during polishing.

I
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The results of the tests are shown in Figure 10.
One can see that the additional cold-work did not cause the
"Q-virus" to appear in RRR = 30 niobium.

1000

Ct

95

05

100

10

Figure 10. Effect of cold-work on Rs for RRR = 30 plates.
The plates were tested at 5 mm thickness, then rolled to 3 mm
thickness and tested again. The plates were chemically
polished before each series of tests.

8. DISCUSSION

It has now been well demonstrated that the
dielectric resonator is an effective tool for investigating
the processing parameters which may affect Rs. The
samples are easy and inexpensive to prepare, and testing is
time and helium efficient.

The resonator made it possible to test the effect of
cooling rate on Rs, something difficult to do with an
accelerating cavity. It was found that rather fast cooling
rates are necessary to achieve the theoretical Rs. This
sensitivity to cooling rate may pose a problem for large
accelerator modules.

The effect of hold temperature on Rs was roughly
the same as measured by Saito and Kneisel. However, the
temperature which produced the maximum degradation was
somewhat higher in this study. This may be an artifact of
the different test frequencies. It was also found that
chemically polished plates were more sensitive to Rs

degradation than electropolished plates. Perhaps this was
due to the electropolishing technique.

The 200°C heat treatment was successful in
reducing the effects of the "Q-virus". This demonstrates
that it is not necessary to completely remove hydrogen
from the walls of a cavity, only to displace it from the RF
surface. The low temperature of this heat treatment may
allow it to be applied to a cryostat when the effects of the
"Q-virus" prove debilitating.

It has now been clearly shown that RRR = 30
niobium does not suffer from the "Q-virus" in the same
manner as RRR = 190 niobium. Several more
experiments need to be performed in order to fully

understand why this is so. If high RRR niobium is
contaminated or heavily cold-worked, does it become
immune to the "Q-virus"? If low RRR niobium is
purified, does it become susceptible to infection? If low
RRR niobium is thoroughly annealed, but not purified,
does it demonstrate the effects of the "Q-virus"?

At this point it is worthwhile to comment on three
other incidental aspects of the present investigation.
When comparing measured values of Rs as a function of
temperature (between 4.2K and 1.8K) with the BCS
values, we found that the agreement was quite good for
tests with rapid cooling. However, when the resonator
was cooled slowly, significant deviations were observed.

The Rs vs. temperature data were smooth and
continuous, regardless of the thermal history of the
resonator. Because the helium bath was part of the
resonant circuit, bubbles, ice crystals, etc. in the helium
caused some noise in the RF signal when the bath was
above the X. point. For this reason, it was easier to record
data while warming the resonator from 1.8K, rather than
during pumping from 4.2K. When this was done, a
significant change in Rs was observed at 2.2K. Further
investigation showed that this was strictly an artifact
caused by stratification in the helium. It is, therefore,
presently believed that the previous evidence for a
superconducting/ normal phase transformation at this
temperature was also a result of stratification.

All measurements were made at two power levels
in an attempt to observe a field dependence of Rs. No
effect was seen although it should be noted that the
maximum power output of the network analyzer was
probably insufficient to observe this effect.
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Abstract
A new method for measuring the RRR-value of niobium is presented.
The principle of the measurement uses low frequency induction in a
niobium sheet placed close to a pair of coils. In contrast with the usual
resistive method, the present one gives information on the local value
of the RRR, with a spatial resolution of the order of 1 cm. In addition,
it is non destructive, thus opening the way to mapping RRR
measurements on cavities. This tool will permit the measure of RRR
inhomogeneities in cavities due to sheet forming or heat treatments, and
the systematic check of the quality of weld seams.

1 . INTRODUCTION
Niobium purity is a major issue for the technology of superconducting cavities. A clear

correlation between cavity performance and material purity has been established (ref.l). In this
context, tools enabling the characterization of this purity are especially useful. So far, the most
convenient criterion for the evaluation of niobium purity is the residual resistance ratio (RRR)
defined as RRR = P300K / P4K- ^ n e r o o m temperature resistivity of niobium is a constant
(p30QK=1.45 10~7 fì.m) and the residual resistivity p 4 K depends primarily on the material
purity and, to a lesser extent, on its crystalline state (ref. 2). In practice, for niobium, the low
temperature resistivity is measured either at 4 K in the normal conducting state, or at 10K in
order to avoid the onset of superconductivity. PIQK *S n o t v e r y different from P4K, and
appropriate corrections can be applied to deduce the true RRR from PJQK •

Usually, the Niobium RRR is measured by "4-wires" resistivity measurements from
elongated metal samples at cryogenic temperature. This very widely used technique has two
severe drawbacks : it is non local, since the measured quantity is the resistance averaged over
the sample length (typically 10 cm). Moreover, it is destructive, since the measured strip has to
be cut out from the bulk. This practically precludes the application of the method to measure the
RRR on real accelerating cavities, even though RRR measurements on finished accelerator
structures would be most valuable.

In order to overcome these shortcomings, we developed a new method for measuring
non-destructively the local RRR-value of Niobium, using low frequency induction.

2 . PRINCIPLE OF MEASUREMENT
The mutual inductance of a pair of coils can be modified by the presence of a

neighbouring piece of metal. The magnitude of the modification depends on the details of the
geometry, and on the metal conductivity.

In the present case, the pair of coils is placed close to the niobium surface (fig. 1).
A known AC current is injected in the primary coil. The AC voltage V induced in the

secondary coil is measured. In order to minimize systematic errors, V is measured both with the
niobium sheet in the normal conducting state at 10K and in the superconducting state. The
measurement in the superconducting state being used as reference, the ratio V N / V S is plotted as
a function of frequency (fig. 2).
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Fig.l Experimental setup

Ao Aoo

Fig. 2 The ratio as a function of frequency.

In the normal conducting state, the eddy current induced in the niobium sheet circulates on

a skin depth 5 = (eq. 1). 5 vanishes for high frequencies. The electromagnetic wave is

then totally reflected, like in the superconducting state, where the current circulates on the
negligibly small superconducting penetration depth X. The ratio V N / V S thus approaches 1 for
high frequencies. At very low frequency, the skin depth becomes larger than the Niobium sheet
thickness, and the sheet becomes transparent to the AC electromagnetic field. V N / V S then
saturates at a constant value, smaller than one.

Between these two extreme limits, the curve V N / V S (f) has an inflexion for a frequency
fc such that the skin depth 8 is of the order of the sheet thickness e. For a given coil geometry
and sheet thickness, the curve V N / V S (f) depends only on the material RRR. Considering two

542



metal sheets of equal thickness with resistivity pi and p2 respectively, it can be seen from eq. 1
that the penetration of the magnetic field is the same in both sheets for two frequencies f l and f2
such that fj / f2 = Pi / P2 • More generally, these two sheets have homothetic V N / V S (f)
curves : V N / V S (0 (metal 1) = V N / V S (f.p2 / Pi) (metal 2). The measurement of the
experimental V N / V S (f) curves for both metals can thus give the ratio Pj / p 2 . Instead of two
different sheets, one single metal sheet can also be measured at 300 K and at 10K. The
frequency ratio between the curves V N ( 3 0 0 K ) / V S (f) and V N ( 1 0 K ) / V S (f) then yields
P3OOK / PlOK' i-e- m e RRR-value of the metal sheet. The above considerations are completely
independent of the geometrical arrangement of the coils. This method of measurement of the
RRR is thus (to some extent) free from systematic errors.

3 . EXPERIMENTAL DETAILS

Choice of the coils and geometrical arrangement
Two key components of the device are the primary and secondary windings. Special care

was taken in the choice of these coils. The following criteria were used :
-Small coils, for a good spatial resolution.
-The useful part of the field created by the coils is the one located close to the Niobium

surface. The stray field must thus be as large as possible, for both primary and secondary
windings. Flat coils were chosen to this end.

-The voltage induced in the secondary coil is proportional to its inductance L. For a large
signal to noise ratio, L should be as large as possible.

-L may also vary with temperature, causing undesirable variations in the voltage induced
in the secondary coil. The choice of a coil having a low temperature coefficient is important.

The chosen coils (reference SIGMA 289.85880 ,L = lmH, R(300K) = 37 £2, R(10K) =

1 £2, length 10 mm, diameter 4 mm) meet these requirements, and have the additional advantage
of being commercially available at low cost. For simplicity, the same component was used for
the primary and the secondary coils.

The coils have to be on the same side of the sheet. This arrangement is desirable if one
wishes to use the device on cavities. The geometrical disposition of the coils with respect to the
sheet was chosen so as to maximize the influence of the metal sheet. Several arrangements were
tried, with coil axis perpendicular or parallel to the sheet plane, and coaxial or parallel coils. A
satisfactory arrangement was found with parallel coils, with their axis parallel to the niobium
surface, the coils lying as close to each other as possible (fig. 1). In this geometry, a crucial
parameter is the distance between the coil doublet and the niobium surface. In order to maximize
the influence of the underlying metal, this distance should be maintained as small as possible.
The influence of this distance has been investigated. As can be seen from fig. 3, the signal
decreases when the the coil-sheet distance increases. The shape of the VN/Vs(f) curve thus
varies when d varies (fig. 4 ), but the critical frequency fc stays the same, so systematic errors
induced by changes of the coil-sheet distance between the warm and cold measurements will
probably be small.

Excitation of the primary coil was made with an AC generator (ref.SEFRAM 4434) with
an output level of the order of" 10 volts. The detected voltage across the secondary coil was of
the order of 0.1 mV at low frequency and 300 mV at high frequency.
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4. ERROR BARS
Sensitivity of RRR measurement to temperature errors
During the normal state resistivity measurement, the sheet is maintained above the critical

temperature, i.e. at about 10 K in the case of Niobium. This resistivity pn(T) varies with
temperature as follows :

- i - ~ P n ( T ) -4.10-7T3

RRR pn(300K)
This gives the following error evaluation :

pnRRR
The RRR measurement could thus be affected by errors on the temperature evaluation.

The temperature of the sheet is controlled with a typical uncertainty of less than 1 degree. This
corresponds to a relative uncertainty of 2 or 3 % on the RRR-value.
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Systematic errors of the RRR measurement
Several Niobium samples of known RRR-value have been measured by the inductive

method described above (fig. 5). The response curves VN/Vs(f) are fairly different for the
different samples, so the discriminating power of the measurement will be good. The main
limitation comes from the dispersion of the V N / V S values at various frequencies. From the
dispersion apparent in the curves of fig. 5, we estimate that the RRR-value of the sample can be
evaluated with an error of the order of 5% for RRR-values of 200.
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Fig. 5 VN/VS(f)for three Niobium samples of different RRR-values

Reproducibility
The same sample was also measured three times in three independent experiments, with a

purposedly different distance between coil and sheet (fig. 4). The three corresponding
VN/Vs(f) curves appear to be rather different, but the RRR-values which can be extracted from
the determination of the critical frequency fc agree with each other within 5%.

From the analysis of the three sources of error (temperature uncertainty, systematic
errors, reproducibility) mentioned above, we conclude that the overall relative precision of the
RRR measurement is about 5% for RRR-values of 200. This is confirmed by the comparison of
inductive and resistive measurements of the RRR of several samples : both methods agree
within 5%.

5 . CONCLUSION
We believe that the inductive method of RRR measurement described above is a valuable

new tool for characterizing superconducting material. Its main domain of application will
probably be the control of the RRR homogeneity of the Niobium sheets supplied by industry,
and the local RRR-value of fabricated cavities. For this last application, we are presently
preparing a rotating arm to make a complete RRR mapping of a cavity. This arm will use the
same mechanical arrangement as the temperature mapping arm in use in our laboratory. Given
the size of the coils and the geometry of the system, the expected spatial resolution will be of the
order of 1 cm. This tool should permit to check the RRR modifications due to sheet forming,
heat treatments, and to measure the local RRR of weld seams.
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SUMMARY

Mechanical properties of niobium samples have been measured after various thermomechanical treatments :
rolling, annealings at different time and temperature. Comparison with data from literature is made, and the accuracy of
the different measurable parameters is discussed in view ofRF cavity fabrication.

INTRODUCTION

Hydroforming is one of the possible ways to industrially produce seamless cavities, which is an advantage in
terms of costs and reliability. This idea still need a feasibility demonstration, and several laboratories and/or companies
are on this "track".

To achieve such high deformations of Nb tubes as required for forming a cavity (about 250 %), one really need
to know which parameters are important in the forming process, and how they can be optimised.

In term of mechanical properties of the niobium, we can sum up the situation with two kinds of criteria :
- 1st order criteria : we want to have the most important deformation ("elongation" in the case of

traction curves) as possible before breaking the material. Actually, what we need is the deformation before necking,
especially if we need to handle this deformation into several steps, because after necking the thinning of the material
becomes unstable, and breaking can occur at any localised defect. We shall use the term " uniform " for this type of
deformation at the difference with total (maximum ) elongation that is measured at breaking

- 2nd order criteria : we need to preserve a good surface state and purity.

Several parameters can influence those criteria, some linked to the niobium itself, and some linked to its
metallurgical state.

Parameters linked to the metal :
- Purity : like every metals, mechanical properties of niobium depend on materail purity : the more

pure the softer is the material is. But we shall show hereafter that within the range of purity that we handle, this effects
is second order compared to the actual metallurgical state of the metal.

- Speed sensitivity : this point is very particular to BCC (Body Centered Cubic) metals ; several
studies, including ours show that the reachable homogenous elongation depends on the strain rate and present a
maximum value. ,

Parameters linked to the metallurgical state :
It is very difficult to fully characterise the mechanical state of a piece of metal. There exist overabundant

amounts of mechanical tests (traction, creeping, torsion, deepdrawing with special forms of blanks, e tc . ) . Each one
enlightens a specific behaviour of the material in given conditions. They allow to draw what is called a " Forming
Limit Diagram " in the plane of bidimensionnal strains, which for instance is currently used to predict behaviour of
blanks even for complex deep drawing processes. (For examples of FLD, see ref [1] for Niobium, and [2] for a more
complete overview). But as this FLD is difficult to get (need of many testing facilities and material sample), the most
common test used to shortly describe the behaviour of a material through a simple deformation process are :

- Hardness : this gives the general trends of the mechanical behaviour of the material, in particular, it a
very practical and quick way to obtain information on the changes that occur with a thermo-mechanical treatment (cold
working , recovering, recristallisation....), although it is not very precise. (Hardness is also sensitive to purity, but in a
lesser extent).

- Traction curves give us information about the behaviour of the material in a very specific way of
deformation. Parameters determined with such a test are very commonly used to characterise deformation in general
because it is very drastic to the material, and figure out somehow the "worse" conditions that can apply to the material

- Metallography gives information about the structural state of the material, in particular about the
homogeneity, and the size of the grains, which have very important influence on the final result (thickness
homogeneity, roughness, surface state).
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It is well known that metals that have a "good" forming behaviour, should exhibit the following feature when
performing the precited tests (within the range of variation corresponding to the type of metal of course!) :

- A low hardness
- A uniform and rather small grain size to accommodate better local deformations

- And the traction curve must exhibit the following parameters :
- A low tensile strength, which implies lower efforts of forming
- An enhanced elongation, which is of course the main parameter, as it traduces the feasibility of the

deformation into a few steps. One should note that the parameters that is of interest in the case of forming is the
"uniform" elongation before necking and not the ultimate elongation.

- An enhanced strain hardening coefficient n. The influence of this parameter is also very important
because it traduces the resistance of the material toward local instability (i. e. necking) : indeed, when some local
deformation occurs, this area of the material is "hardened", and then becomes more (as more as n is high) resistant to
deformation. Then the other softer parts of the material will start to deform first under strain. The more n is high, the
more deformation can occur uniformly inside the whole material, and the later localised necking appears.

Note : the experimental measurement depends on eventual textures induced by deformation and can vary with
the samples orientation.

All these parameters vary a lot with the thermomechanical story of the material, especially- among the BCC
metals like niobium. Only well recristallized material can exhibit such feature. In the following we show some results
that were measured on niobium dedicated to the production of welded tubes in order to hydroform them.(supplier =
TELEDYNE, RRR = 370) The goal is to determine in what condition we can recover "good" forming parameters after
the deformations the sheets, and/or the tubes will encounter. Additional data from the literature are added for comparison.

EXPERIMENTALS

sensivity to purity :
In reference [2] ,a very complete comparison is made between four different purities of niobium :

" commercial ", " intermediate purity ", " high purity ", " ultrapure ", all in the same very well recristallised state,
with the same grain sizes. Comparison of the announced composition indicate that commercial quality corresponds to a
RRR less than 10 while ultrapure correspond to RRR better than 300. One can see on table 1 that homogenous
elongation measured on these samples varies between 23 and 30 % with purity, and when the niobium becomes quite
pure, this variation is not very sensitive. The same measurement were made on a very pure sheet of niobium (RRR -
370) at different stages : as received, 46 % deformed (rolled), annealed without full recrystallisation and then fully
recristallised. The most meaningful parameter : the uniform elongation eu is quoted in table 1 ; between the two last
steps the difference is already huge : 2.6 to 30 % ! ! !

Table 1 : influence of purity compared with influence of metallurgical state
on eu (elongation at necking)

Nb
Type of sample reference

[21
" commercial "

" intermediate purity "
" high purity "

" ultrapure "

eu%

22%
27%
30%
31 %

Nb RRR 370
Type of sample

[this work]
as received
46 % rolled

46 %+600°C, 2 h a)
46 %+800°C, 2 h b)

eu %

26%
0.5%
2.6%

30.6 %
a) beginning of recristallisation, b) recristallisation completed

This simple comparison indicates that purity is not the main factor to achieve good forming properties, and for
financial reasons it is worthwhile to foresee a postpurification of the material, and to start with less expensive low RRR
material.

sensitivity to strain rate :

LL

Figure 1 shows the dependence of maximum elongation of three different niobium batches (although quite close
in composition) versus strain rate as found in references [2]and [3] ,and as measured in our laboratory. One can notice
that all the experimental figures are very close, but this sensitivity is quite important : one can gain about 10% (from
20% to 30%) in elongation by judicious choice of the strain rate. We assigned the optimum value of 5.10~3 S*1 for the
strain rate of every following deformation experiments.
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ivi : Niobium supplier : Pechiney, data from P.
Mazot, PhD Thesis, Poitiers, 1970 [ref 4]
H : Niobium supplier : Kawecki, data from C.
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S : this work, Niobium supplier : Teledyne Wah
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Figure 1 : dependence of maximum elongation of three different niobium batches versus strain rate

sensitivity to annealing conditions :

Annealing of the traction samples were conducted in an experimental oven, between 600° C and 900° C, during
2 or 4 hours. This oven is composed by a quartz tube linked to an Alcatel CFF 450 Turbo pumping group : a
turbomolecular secondary pump linked to a primary oil pump. The vacuum during annealing is better than 10^ Pa (10"
5 Torr). This vacuum is typically not sufficient to keep RRR grade to the niobium, but the easiness and swiftness of
use of this small oven led us to use it for a feasibility demonstration.

Niobium
RRR 370

Without
Heat
Treatment

Heat
Treatment
(Nb rolled
at 46%)

600°C

700°C

750°C

800°C

900°C

sample

as
received

Hv

56

0
(pm)

45

MPa

151.2

eu(%)

26.1

OE
MPa

120

n

0.096

2H

B

A

C

B

A

C

64

64

64

52

44

60

110

60

160

310

197.2

172.5

175

157.6

146.8

145.4

2.6

9.8

10.6

26.0

30.6

30.8

163

137

142

82

64.5

62.8

0.075

0.116

0.104

0.198

0.283

0.287

sample

rolled at
46%

Hv

64

0
(jxm)

OM
MPa

241.3

eu(%)

0.5

OE
MPa

238

n

0.196

4H

A
B
C
D
A
B
C
D
A

C

B
D

73
69

36
36

60

90

60
60

60

60

310
125

190.1
199.7
181.5
195.6
161.4
172.2
167.5
170.5
145.8

155.9

147.8
155.8

4.7
2.4
5.9
2.5
11.2
8.7
11.8
5.5

26.9

20.6

31.1
25.1

159
176
158
166
134
139
131
148

70.1

99.7

57.5
67.8

0.080
0.119
0.079

-
0.089
0.091
0.114
0.085
0.235

0.157

0.272
0.267

A, B, C, D refer to rolling and cutting directions(see fig 2). Mechanical properties are measured on an
INSTRON 4507 traction facility from the Service de Recherche Metallurgie Appliquée from CEA/S ACLAY, Hv is the
Vickers hardness (1KG charge), O the grain mean diameter in (Am, oM the ultimate strengh, cE the yield stress, eu the
uniform elongation and n the strain hardening coefficient
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fig 2 : Description of the different orientations for rolling and cutting of the samples

Table 3 summarises some data obtained on niobium samples described in the introduction. One can see that
recristallisation is very sensitive to temperature variations, and to a much lesser extent to annealing time. Although we
can not control the final texture in the case of the tubes we also checked the influence of the rolling direction (four
different " orientations " : A, B, C, D). The differences are quite important.

The important grain growth observed in our case seems an indication that temperature should be controlled to
better than + 50° C. Quenching with rare gases is also very often evoked in the literature to control better the decrease of
the temperature after heat treatment. One can note that although literature points out that recovering should occur before
recristallisation [7] for niobium, this one is not very noticeable, and one has to wait until total recristallisation to reach
good mechanical properties.

Uniform elongation measured on (800°C, 2 H), (800°C, 4 H), and (900CC, 2 H), are very close, but grain size
tend to increase with time and temperature. Moreover the annealing parameters recommended by the company
" TELEDYNE " is also very close to : (800°C, 2 H). Hardness measurements also indicate a noticeable transition at
this time and temperature treatment. We shall then apply this treatment to niobium after its deformation steps.

Discussion on the strain hardening coefficient n : this coefficient is very often used in the " deepdrawing
community ". Moreover, it as been proven in the case of biaxial deformation, that emax varies like 4/ll(2n+l) (ref
[6]), i. e. that an increase of n favours biaxial deformation as it delays instability (necking) apparition (for more detail
about this calculation and its discussion, see ref [6]).It is then obvious we should try to get an n coefficient as high as
possible. Table 3 represents data from ref [6], compared with data about niobium measured in this wok or found in
literature. Note that in the case of an easy formable metal like copper, n ranges between 0.3 and 0.45. The value found
for niobium show that niobium can be as easy to deform as copper, and, that n is not much influenced by impurities like
O (samples 2 to 5 in table 3). On the over hand, this n value seems to be very affected by the metallurgical state of the
metal.

Metal
softened steel

austenitic steel 18-10
aluminium

copper
zinc

nickel

n (ref [61)
0.15 - 0.25

0.4 - 0.5
0.07 - 027
0.3 - 0.47

0.1
0.6

Niobium
a)
b)
c)
d)
e)
f)
g)

n
0.075 - 0.287

0.45
0.45
0.45
0.45
0.10
0.31

a) This work,
b) ref. [4], pure Nb ; c) ref. [4], pure Nb+ 80 Wppm O ; d) ref. [4], pure Nb+ 230 Wppm O ;
e) réf. [4], pure Nb+ 330 Wppm O ; All sample in a well recristallised state
f) Heraeus batch used to form half-cells, high failure rate at forming
g) Heraeus batch used to form half-cells, same purity, high success rate at forming
(Note:

- f) et g) exhibits very different feature on the traction curve, and can be explained by lack of control of
the annealing.)

- when not explicitly found in reference, n is experimentally calculated with a graphic method described
in ref [3] where n is the slope of the straight part of the curve ln(a) = ln(e).
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First experience with several deformation steps

At this stage of the study, it is necessary to check if it is possible to apply the annealing parameters for several
deformation steps. Rolled samples where annealed 2 hours at 800°C, and then 25% deformed by traction, and then
annealed again in the same condition. First experiments showed that it was not possible to get as much as deformation
after the second annealing, and even less after the third one, and that it was difficult to recover a good strain hardening
coefficient value. A second trial with 2 hours annealings at 900°C instead of 800°C showed the same behaviour,
although with slightly higher elongation and strain hardening coefficient.

Several effects can conjugate to explain this disappointing result:
1) 800°C is maybe not sufficient to get total recristallisation in all the direction of the material
2) After several annealings, the grain size becomes very important and the mechanical properties are

affected.
3) Damaging phenomena can occur and are not yet well studied on niobium
4) Although purity is not a 1st order parameter, it is certainly degraded after several annealings and the

observed mechanical properties degradation can also be influenced by this.

CONCLUSION
It is obvious now that purity does not much influence the mechanical properties of niobium, but that a very

good control of the recristallisation parameter is needed. These parameters are very much influenced by the
thermomechanical history of the material, and are even more difficult to control as the material becomes very pure.
Moreover complementary results are needed on the apparition and the nature of damaging phenomena when deforming
niobium.

It seems then judicious in order to demonstrate feasibility of hydroforming of Niobium tubes into RF cavities
to start with a less pure and less expensive material and to make efforts mainly on the control of its thermomechanical
transformation from the earliest stage of fabrication as possible ; i. e. to concentrate specially on the preparation of the
tubes.

From the point of view of deformation, it seems that the niobium studied in this work has not favourable
properties, but one has to keep in mind that the deformation applied in the case of Hydroforming (more or less
bidimensionnal expansion) is very different from the traction test (for instance the influence of the metal thickness is
very important in the case of biaxial expansion and not very sensitive for traction). By the choice of appropriate tooling
it is also possible to optimise the deformation in term of trajectory on the forming limit diagram of niobium. This last
point is beyond the scope of this paper but shall be the next step of our approach.
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Abstract :

High purity niobium is required for SRF cavities in order to achieve high accelerating fields. Ti getter ing at high
temperature in a vacuum furnace appears to be a nice way to get rid of light elements (O, C & N). Using this technique,
gRR as high as 2000 can be obtained from standard 160 RRR niobium samples. Results of heat treatment applied to
low RRR samples are shown. The influence of metallic impurities is also discussed. Another important feature to point
out for that kind of purification is the sample thickness dependence. An experimental profile of the local RRR as a
function of depth is drawn. Finally, the improvement of the accelerating field obtained on heat treated cavities is clearly
demonstrated.

Introduction
One of the requirements to achieve high gradients in

bulk niobium superconducting cavities is to have a good
thermal conductivity [1-8]. The value at low temperatures
of this thermal conductivity K is strongly dependent on the
residual impurities in the metal which limit the mean-free
path of normal electrons. The residual resistivity ratio
(RRR) defined in the normal state as

RRR =
P4.2K

is also relevant from the same limiting mechanism. In
fact, if one neglects the phonon contribution to the
thermal conductivity, one may easily show that K is
proportionnai to the RRR for T<20K. This still holds
for superconductors in the superconducting state (the only
difference is that normal electron contribution is so low for
T<2.5K that phonon contribution may begin to contribute
at low temperatures). Thus, improving the RRR will mean
improving K. AS the RRR is much easier to measure, we
shall focus on this quantity for the rest of this paper. The
residual resistivity in the normal state is mainly due to
light impurities in niobium and can be expressed for low
concentrations as

where Cj is the concentration of impurity i and ( §§). the
corresponding resistivity coefficient [2]. Light elements
(C, O & N) have the most important contribution to

So, one way to increase the RRR is to purify the niobium
from these impurities using a solid state getter as titanium,
zirconium or hafnium [3]. Purification has to take place
at high temperatures (above 1000°C) in order to allow for
diffusion in the bulk.

RRR function of Time and Temperature

It has been well established that the gettering of
light impurities is effective using titanium as a solid-
state getter [4]. Samples of niobium 100mm long and
a section of approximately 2x3 mm2 having a starting
RRR of 165 have been annealed in a furnace at different
temperatures and for different times inside a titanium
cylinder [5]. Experimental curves plotting the RRR after
heat treatment as a function of time for the different
temperatures are shown in figure 1. A theoretical model
based on diffusion of impurities has been done showing
that, for each temperature, there is a maximum value for
the RRR [5]. This is due to Ti diffusion in the Nb which,
although much slower than light impurities diffusion, may
start degrading the resistivity. The experimental time to
achieve RRRmax is longer than what can be estimated from
the model, using official diffusion coefficients [All details
are given in reference 5]. That might be understood by
the fact that
i) Purification might be slowered by the kinetics of
titanium sublimation
ii) In the simplified 2D model, higher orders of time
diffusion are neglected (only one mean time diffusion of
zero order is taken in account).
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Figure 1 - RRR as a function of time of heat treatment for different temperatures

But the most suprising fact is that the value of RRRmax

is temperature dependent : the lower the temperature,
the higher the value! Of course, the drawback is that
the time then to reach this maximum is longer. For
example, at 1200°C, maximum RRR obtained is 900
(in 10000 minutes) whereas at 1300°C, it does not
exceed 600 (time= 5000 min.). This phenomenon is still
unexplained. One of the hypothesis could be that the
thermodynamic equilibrium between the concentration of
one given impurity in the metal and its partial pressure in
the residual vacuum is modified following an exponential
increase with temperature. Anyhow, the conclusion is
that one has to anneal at low temperatures (but still high
enough to allow diffusion) in order to achieve higher
values of RRR.

An optimized heat treatment

Considering what have been found above, an
optimized heat treatment has been elaborated minimizing

the time needed to reach some given RRR. The idea
to separate the Ti deposition process from the effecti
gettering one. Ti sublimation is done by heating
relatively high temperature (1300°C here) for a few ha
giving enough titanium for purification while reachii
a RRR of about 350. Then, the temperature is slow
lowered to 1000°C achieving the best purification (fig. •

Optimized heat treatment cycle

1500

1000 2000 3000
Time (minutes) •

4000

Figure 2 - The optimized heat
treatment temperature cycle in the furnace.
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few niobium samples cut from sheets supplied by Depth profile
S »eus with a starting RRR of 155 were heat treated
|J/j! wing that procedure. They reached a final RRR close

2000 (fig. 3). This confirms the fact that the initial
was mainly limited by light impurities (C, O & N)

nd that íd11108*a^ °f those can be removed when applying
optimized heat treatment.

RRR Sample N°2 after optimized heat treatment
(T=1300°C-1000"C )

111 r"
6000

woo2000 MOO 40O0

CUBE OF TEMPERATURE [K3]

"'I
1000

Figure 3 - A sample with an initial RRR of 155 showing a
RRR of about 2000 after an optimized heat treatment.

Purification of low RRR niobium

Following the very good results obtained on RRR
155 samples, one may ask how far the standard reactor
grade niobium (typically RRR 30) may be purified. Clear
interest would be their cheaper price and better mechanical
properties prior to annealing. Reactor grade niobium
sheets have been purchased from different companies and
the optimized purification process previously described
applied on samples. Results giving the final RRR are
summarized in the following table. The best RRR
achieved is 566 which might be sufficient for most
applications. This time, the RRR limit seems to be due
to the amount of residual metallic impurities (for example
Ta) even though these have a resistivity coefficient ( | | J
five times lower than the light impurities one [2].

Nb
from

Wan
Chang

Cabot

Cabot

Plansee

Initial
RRR

34

34

27

24

Final
RRR

566

427

270

300

Ta
(ppm)

<1000

650

835

< 1000

The basic mechanism of purification is based on the
diffusion of light impurities in the bulk. Thus, it may
be expected that this process will not be uniform in the
sheet. Purification should be more efficient at the surface
where gettering occurs as compared to the deep bulk. As
a consequence, the RRR will not be uniform because
the annealing time may not be long enough to reach
equilibrium. One has to be aware that an experimental
measure will give an average value for the RRR.
This has been confirmed on two samples (initial RRR
160) heat treated with the optimized cycle for only 1000
minutes. The average RRR has been measured to be
800. Then, chemically etching step by step the samples, a
simple calculation can allow to deduce (from the measured
RRR) the real local RRR of the etched part. RRR profile
shown in figure 4 clearly demonstrate the non uniformity.
The RRR of the surface is measured to be as high as 2650
whereas the bulk value has only increased to about 500.

2500 i

2O0O

1000

500

0

-

Alter neat treatment e=1.88mm

UNA ,RRR y
INITIAL RRR

500 1000

Depth (|im)

1500 2000

Figure 4 - Local RRR profile as a function of depth in the sample.

Heat treatment of cavities

Quenches in superconducting RF cavities made of
standard RRR160 niobium appear to occur at accelerating
fields Eacc between 15 and 23 MV/m. This level is much
lower than what might be expected from calculations if
no local defect is assumed [1, 7]. The thermal model
also indicates that the quench field level will increase
if the thermal conductivity is improved. Two results
supporting the benefit of heat treatment applied on cavities
are discussed here. The first is obtained on a 1.5GHz
3-cells cavity that previously quenched at a very low
level (6.5 MV/m) due to an identified (by means of X-
rays) defect at the equator weld. Improvment after heat
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treatment is obvious (fig. 5 where the field is limited at
22MV/m by available RF power).

L 3 06 T 1.7k

: •

•

BEFOHE

jQUENCI

» ' ï~<
" " V ^ AFTER

\

HEAT THEATMI

ÍAX RF INPUT.

NT

10 IS
Cocc (UV/m)

25

Figure 5 - A 3-cell l.SGHz cavity having a quench at an
accelerating field of 6.5M V/m due to an identified defect. After heat

treatment, its quench level was pushed up higher than 22MV/m.

The second cavity shown is a "typical" single cell
1.3GHz exhibiting a quench at 17MV/m. Annealing has
been applied at 1200°C for 5000min. (the final RRR is
expected to be around 700). Here again, the improvement
is impressive as the cavity went up to 32MV/m without
any quench (fig. 6, RF power limitation). Another
advantage of the optimized heat treatment is that Ti will
not diffuse deep in the niobium [9]. Therefore, it will not
be necessary to make a heavy chemical etching after it
to recover good superconducting behaviour. For example,
this cavity exhibited a high Qo after a chemical etching
of only 14/im.

C 1 01 T 1.7k

X RF INPU -

'5 20
Eocc (UV/m)

Figure 6 - A standard 1.3GHz single cell cavity quenching
before heat treatment below 15MV/m. It achieved

32MV/m without quenching (field emission limited).

The question that immediately arises is why the 1
treatment works so well (Accelerating gradient can
improved by 50% to 100%). Three answers can
considered :

i) RRR — Part of improvment is certainly due to
increase in RRR. But calculations [1,6] predict that
part accounts for only 25% increase,
ii) Homogeneization — It is known that the RRI
not uniform in the sheet. The rapid diffusion of 1
impurities during heat treatment could help makin
much more homogeneous,
iii) Dilution of defect — It has been pointed out eai
that the quench is probably caused by a local k
defect. This defect might progressively dissolve in
bulk during annealing ending up with less RF losse

Further investigations are necessary to detem
which of these three hypothesis is most likely
be predominant during the heat treatment proc
Nevertheless, it is definitely demonstrated that a gi
heat treatment is efficient for increasing accelerai
fields in superconducting niobium cavities.

Conclusion

To summarize, niobium can be purified by a prc
heat treatment with titanium gettering from almost
its light impurities. Residual metallic impurities *
limit the final RRR. RRR achieved are over 2000
samples having an initial RRR of 160 and up to
for reactor grade niobium (RRR 30). The purificai
process is based on diffusion and starts at the surf;
Heat treatment applied on RF cavities seems to be v
efficient. The improvement in the accelerating fiele
even higher than what might be expected from
corresponding increasing in RRR. Thermal stabilir)
presumably helped by homogeneization or dilution
defects during annealing.
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EVIDENCE OF PREFERENTIAL DIFFUSION AND SEGREGATION

OF IMPURITIES AT GRAIN BOUNDARIES IN VERY PURE NIOBIUM
USED FOR RADIOFREQUENCY CAVITIES

ANTOINE C t , BERTHIER B | t , BONIN B t , CHEVAR1ER At t t , CHEVARIER N t t t , ROUX Bft t , TESSIER
Et t , TROCELIER p t t , SAFA H+

Submitted to Applied Surface Science

SUMMARY

Grain Boundaries (GB) of titanified, heat treated and then etched Niobium have been observed by the mean of
the Nuclear microprobe from the Laboratoire Pierre Sue at Saclay. The very small area of the probe allows to measure
by PIXE^ quantities of Titanium as low as one monolayer at the G B. Indeed concentrations of titanium as high as
some Atomic Percent were found on 6um etched samples, giving indication of a preferential diffusion and/or
segregation at GB. Titanium was detectable also on 15 urn etched samples but was bellow the sensitivity of the
microprobe for 35 urn etched samples. Moreover we could show that not all boundaries were polluted with titanium,
and that their behaviour was correlated with orientation. A discussion of the literature shows that all these facts are
consistent with the behaviour of very pure metals. Segregation at G B is also known to influence dramatically the GB
resistivity in metals and superconductors. For the latter, it has been shown [1,2] that the GB resistivity can be
responsible of occurence of granular superconctivity phenomena. The presence of Ti deep into the Nb GB explains why
a strong etching is needed after a purification heat treatment. Moreover, it has been shown [3] that a heat treatment at
lower temperature, although much longer in time, allows less deep diffusion of Ti and then needs a lighter etch.

1500 -

500-

0-

I ! M :
iì
i

i
1 1 :

Figure 3 : photographic montage of one grain boundary that was explored in detail. Note
the change in concentration that occurs when the orientation of the barrier changes.

[1] C. VALLET, PhD Thesis, Université Claude Bernard- Lyon 1, (1994)
PI B BONIN, H SAFA, Superconducting Sc. & Techno!., 4, 257-261, (1991)
[3] H SAFA, this workshop.
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PARAMETRISATION OF THE NIOBIUM THERMAL CONDUCTIVITY

IN THE SUPERCONDUCTING STATE

F.Koechlin, and B.Bonin

DSM/DAPNIA/SEA Centre d'Etudes de Saclay, 91191 Gif sur Yvette, France

Abstract
Thermal conductivity measurements of niobium sheets manufactured for deep-

drawing of superconducting cavities have been gathered. Due to various histories of the
niobium samples and a wide range of metal purities (35<RRR<1750) the data offer a large
scatter of thermal conductivities. An attempt is made to obtain an analytical expression with
realistic parameters for the thermal conductivity between 1.8 K and 9.25 K. The set of
parameters deduced from a least square fit of experimental data is not very different from those
yielded by the theory of superconducting metals, taken as a starting point. This should make
possible to obtain a reasonable guess of the thermal conductivity of niobium in this temperature
range, once the RRR and the past history of the metal samples have been determined.

I. Introduction
In the recent years, industrial suppliers of niobium have made an important effort to

produce very pure niobium. The main motivation was the increasing use of superconducting RF
cavities in particle accelerators.The thermal conductivity of the metal is an important criterion,
which determines the thermal stability of the superconductor. Consequently, several
laboratories - as well as manufacturers - nave studied the improvement of niobium purity by
various processes, including vacuum melting by electron bombardment, and post-purification
by solid-state gettering.The authors of this paper have gathered a large experimental database of
niobium thermal conductivity at cryogenic temperatures, and tried to compare these results with
a theoretical model.

Then, it has been tried to adjust a semi-empirical parametrisation of the thermal
conductivity profile. The aim of this work is to demonstrate that the thermal conductivity of
niobium can be estimated rather precisely from two basic informations, namely the material
residual resistivity ratio (RRR) and the knowledge of the material history (annealings, cold
working,...). We believe that the resulting parametrisation can be useful for thermal model
calculations describing the behaviour of various superconducting niobium devices, including
RF cavities for accelerators.

II Theoretical model for niobium thermal conductivity
The thermal conductivity of pure niobium at temperatures lower than 9.25 K is given by

the theory of metals, modified in order to take into account the superconducting state. The
thermal conductivity of a metal is dominated by that of the electron "gas", but the lattice heat
conductivity, due to the propagation of phonons has to be added. This writes :

K = K e +K la t t ice

1) Electron heat conductivity
-normal state
The dominant term in the thermal conductivity is usually that due to electron conduction,

given for the normal state by [MAK]:

where Wen is the electron thermal resistance term, p the residual resistivity, measured at 4.2 K

P = P295K / RRR> RRR the residual resistivity ratio, LQ the Lorentz constant,
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(Lo~2.45 10~8 W.K"2), and a is the coefficient of momentum exchange with the lattice
vibrations. The first term in thermal resistance is due to the scattering of electrons by impurities
and lattice defects, the second term describes the scattering of electrons by phonons.

-superconducting state
The electron heat conduction in the superconducting state is reduced because the electrons

which have condensed into Cooper pairs do not contribute any more to any disorder or entropy
transport. This decrease in electron heat conduction has been calculated by Bardeen, Rickaysen
and Tewordt [BRTJ using the BCS theory. It amounts to a factor :

K e s /K e n=R(y) R(y)<l
y = A(T)/kBT = A(T)/kBTc.(Tc/T)

The approximation y = OC.Tc / T is valid if T / T c < 0 . 6

Here T c is the superconductor critical temperature, A(T) the superconductor energy gap,
kß the Boltzmann constant, and a=1.76 in the BCS theory, but may take values in the range
1.5 < OC ^ 2 according to experiments carried out with metals.

2) lattice thermal conductivity
The lattice thermal conductivity is well known in the case of insulators - as it is the only

one to exist. In the case of metals, it is usually negligible as compared to the electron
contribution. However, in the superconducting state, due to the quasi vanishing electron heat
conduction at temperatures below T/Tc=0.3, the lattice heat conduction obviously plays a role
and is observed experimentally.The lattice thermal conductivity could be limited by two
phenomena :

(i) scattering of phonons by the electrons :
In a normal metal, the thermal resistance Wgen due to interaction with electrons has a T -2
dependence [MAK]. In the superconducting state, its contribution is strongly modified, due to
electron decoupling resulting from the condensation into Cooper pairs. As T decreases, the
normal electron density falls like exp(-A/kBT)=exp(-y). The lattice thermal conductivity thus
writes :

Kges=exp(y).H(y).D.T2

as calculated by Bardeen et al.[BRTJ.
y has already been defined ; H(y) has a flat maximum at 1 in the range 0 < T/Tc < 1;

(ii) the second resistance to heat transport is the scattering by grain boundaries,
lattice dislocations, and sample boundaries in the case of a monocrystal. In a general way, this
implies a mean free path for phonons, and a T"3 dependence with temperature [LYN]. This
term was calculated by Casimir [CAS] in the case of scattering by crystal boundaries as :

Kgb=B.l.T3

where 1 is the phonon mean free path, and B a constant depending on the mechanism of
scattering and the metal.

3) total thermal conductivity
The total heat conductivity of the superconducting metal is obtained by adding the electron

term Kes(T) and the lattice term KgS(T). This of course is valid for temperatures T lower than
the critical temperature, because y = A ( T ) / k B T is defined only in this domain.

-i-I
1 1

K,(T) = R(y).
- i - l

K295K , „ T.2

L.RRR.T
a.T D.exp(y).T2 B.l.T3.

In order to obtain Ks(T) by using this model, it is necessary to give experimental values
to three variables : temperature T, residual resistivity ratio RRR, and phonon mean free path K
On the other hand the following five theoretical parameters should be defined : a,L,OC,B,!>•
In section IV these parameters were adjusted by a fit procedure, taking as initial values the
theoretical estimates deduced in the first part of this paper.
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Taking into account the experimental data for niobium (P295K=^-^ *0"8 Ohm.m ;
0 D = 275 K ; ao=2.6 Â ; K 2 9 5 K =54 W/m.K), these parameters are easily calculated :

L=2.45 10"8 W/K2 a=2.30 10-5 m/W.K a=1.76
1/D=300 m.K3/W B=7.0 103 W/m2K4

III. Experimental data base
1) Summary
Measurements of the thermal conductivity of the niobium sheets prepared for the

fabrication of superconducting high frequency cavities have been carried out at Desy laboratory
[SCH] and at Saclay [DOK.KOD].

16 experimental curves K=f(T) have been obtained in a large range of residual
resistivity ratios, namely RRR values varying from 35 to 1750. Among these :

-3 curves have been measured at Desy (RRR=244,379,1071);
-13 curves have been measured at Saclay, with 13 different samples, including :

2 samples of high purity russian niobium [ELI] (RRR=1750, 830);
1 sample of american (Wah-Chang) niobium post-purified (1350°C, 20 h.) at

Wuppertal laboratory (RRR=560).
(these three samples were sent from Wuppertal to Saclay in order to be characterized).
The experimental set-up used at Saclay has been described elsewhere [DOK.KOD].
The total number of experimental points included in these curves was 322.
2) Experimental results
A part of these results are shown in figure 1, for samples of niobium sheets kept "as

received" from the manufacturer. The continous lines between the experimental points are
sketched here only for a better understanding of the picture.

As can be seen in figure 1 ("as received" niobium), the curves for RRR=40 and 265 show
a pronouced bump in thermal conductivity between 1.5 and 3 or 4 K. This unusual feature, as
compared to the other curves, could be due to the lattice thermal conductivity. However, the
correlation between high temperature annealing, producing larger grain sizes, and the existence
of a bump on the curves due to enhanced lattice thermal conductivity, is not perfectly
established. This might be due to our poor knowledge of the past history of the "as received"
samples.

On the other hand, the value of the total heat conductivity at 4.2 K is roughly equal to
RRR/4, as was stated several years ago by Padamsee [PAD]. This can easily be explained by
using the theoretical equation given in this paper for the electron heat conductivity Ken» and the
ratio R(y) for the temperature of 4.2 K (with a=1.76, R(y)=0.309).

"AS SUPPLIED" NIOBIUM

10000

o o RRR=40
-i H RRR=242
o o RRR=265
a 6 RRR=379
a oRRR=830

2.0 4.0 6.0
T(K)

8.0 10.C 0.0 2.0 4.0 6.0

T(K)

Hpure2 : Comparison of calculated curves K(T) with the best fitted parameters (fullR mm- t • P w ^ m . ^ i H . v. i A • • f .. , - . , , . . , . . uSWSLá '• comparison ot calculated curves Kfl) witn tne oesi nnca paran»
fifiursJ. • Expenmental data : thermal conductivity for "as supplied" niobium samples line), with experimental plots (line joining symbols), for typical RRR values.
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3) Data associated with experimental profiles :
322 experimental points, each being a separate measurement, were recorded. The

information which had to be included in the data base for each point was the following :
the temperature T;
the thermal conductivity K;
the RRR of the sample (measured separately);
the information : "HT annealed" or "as received".
This seemed sufficient to give a crude estimation of the phonon mean free path 1, which

was itself assumed to be comparable to the average grain size (AGS). The purchased niobium
sheets all had an AGS corresponding to the ASTM index 5.5 to 7.5, i.e. approximately 50 |im.
On the other hand, niobium annealed during several hours at 1100 to 1300°C (with or without
titanium getter), showed AGS of 0.3 to 1.5 mm. In order to simplify, we assumed that I was
equal to 50 \im in the case of "as received" and to 500 jxm in the case of "annealed" niobium.

IV. Fit calculations and results
1) Method
A computer code was written in order to calculate the thermal conductivity of niobium

with the equations given in this paper, using the theoretical values for the five parameters L, a,
a, B, D. The computed heat conductivity was compared with experimental results (plot of K
versus T). Quantitative agreement was good at 4 K, but the slope of the theoretical curve was
steeper than the experimental profile.

In order to improve the fit, free variation of the parameters L, a, a , B, D was allowed.
A Monte-Carlo least-square fit procedure in five dimensions space was used. The starting point
was the set of theoretical values already given at the end of part II. The criterion was the
minimisation of the quantity :

-i2

Q 2 =
322 kcal

Lcal

where Kexp=measured K(T,RRR,1)

Kcal=computed K(T,RRR,1, {L, a, a, B, D} )
2) Results
The results of the fit calculation are shown in table I as regard to the best values obtained

for the five parameters which were allowed to vary freely. Moreover, the comparison of the
curves K=/(T) calculated with these best values (solid lines) and the experimental curves Oines
joining the experimental points), is shown in figure 2, for typical values of the RRR.

Table I

Parameter

L

a

a
B

l/D

Initial value
(theory)

2.45 10"8

2.30 IO'5

1.76

7.00 103

3.00 102

Best fit value

2.05 10-8

7.52 10"7

1.53

4.34 103

2.34 102

Unit

W/K2 __
m/WK

W/m2K4 _

mK3/W _

3) Discussion :
L : the best fit value is slightly lower than the theoretical value Lo. This was expected.
a : the value given by the fit is 10 times smaller than the experimental one, and 30 times

smaller than the theoretical one.

668



a : a value lower than given by theory is unusual [TWS], but it can be explained by the
need of a reduced slope for the plot of K versus T, as found when comparing theory with
experiment.

B : the fitted value is not far from the estimated one (60%), if one takes into account the
uncertainties surrounding the definition of the phonon mean free path.

D : the discrepancy between the two values (20%), is unexpectedly small.
4) Quality of the fit
With the 322 measured points, the minimum reached by Q^ is equal to 9.8. The resulting

uncertainty on Kcal is :

((AK/K)2)1/2=35%
This relatively large error bar can be appreciated in figure 2, where it can also be noticed

that the shape of the experimental plot is hardly reproduced in the range of temperatures lower
than 2 K. On the contrary, for the temperatures higher than 2 K and up to 9 K, the
approximation of the thermal conductivity by the best fit is quite satisfactory.

V. Conclusion
The resulting parametrisation reproduces the experimental data reasonably well in a wide

temperature range and for a variety of niobium samples. The parametrisation is less valid for
temperatures below 2 K. In this range, the thermal conductivity is influenced by the lattice
contribution which depends strongly on the past metallurgical history of the material.
Nevertheless, the overall precision of the parametrisation (35 %) is sufficient for most thermal
model calculations. We hope it will be a valuable tool for future applications of
superconductivity.
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Kapitza conductance of niobium for superconducting
cavities in the temperature range 1.6 K, 2.1 K.
A.BOUCHEFFA, M.X.FRANCOIS.

Introduction
The Kapitza conductance hK is a limiting factor in removing heat from a metal to Helium II near 1.8 K the
operating temperature of S.R.F Niobium cavities (1 to 3 GHz), but up to now the available theoretical hK

values, are one order of magnitude lower (Khalatnikov Acoustic Mismatch Theory [ 1 ]) or higher (Phonon
Radiation Limit [2]) than the experimental hK values. Moreover, in our knowledge, the few and relatively early
publications [3-4] concerning the Kapitza resistance for Nb-He II systems concern Niobium specimens, surface
of which are not prepared following the standard S.R.F. cavities procedure. Besides, the experimental apparatus
used for measuring hk in these previous works are not sufficiently accurate or even more difficult to realise.
This lack of information leads us to build an experimental set-up to measure hK. An experimental study is
therefore carried out to measure the Kapitza resistance (RK) as well as the purity (RRR) and chemical treatment
of such specimens.

Experimental procedure
The analysis of existing measurement devices, by retaining only positive aspects, has allowed us to develop a
new measurement device which presents the following advantages:
• The heat flux in the sample is one-dimensional.
• No disturbing of the temperature field in the sample.
• Easy assembling of the apparatus (simple samples mounting and dismounting procedure).
This experimental set up is shown on fig 1. It is composed of a stainless steel cylindrical support of 80 mm
external diameter and 40 mm internal diameter. The test specimens are two plates of 50 mm diameter and 2
mm thickness each. They are mounted face to face on the cylindrical support and fixed by means of two
stainless steel clamps. This assembly forms a cavity referenced here after as the internal bath, which can be
filled with superfluid helium through a stainless steel capillary tube of 1 m long and 0.2 mm diameter. The
internal bath can be heated using an electrical resistor (RChi). its temperature can be measured by a
thermistance (ABt), which is an Allen-Bradley carbon resistor. This thermistance is of high sensitivity in the
experiment temperature range and of small dimension (which is necessary in view of the cell dimensions). The
experimental cell is immersed in a helium filled cryostat, called the external or principal bath. The temperature
in the external bath is controlled by a thermistance (AB2) and a heating resistance (R™) within ±0.1 mK.

Radiation shield
Cryostat

Principal bath

Capillary
Experimental cell
Internal bath
Heating resistance

(Rreg)
Regulation thermometer

(AB2)

ainks acci

Capillare
Stabiles steel

Support

Ilcalcr

- Sample

Clamp

Fig. 1: Experimental set-up for measurement of Kapitza conductance
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The experimental technique is based on temperature difference measurement between the internal and
external baths, for different injected heat flux in the heater RcM. The relation between the heat flux Q and the
temperature difference A T ^ ^ - T Q , where To is the external bath regulated temperature, takes into account
heat transfer through:
• The specimen plates (Qj).
• the stainless steel support and clamps (Q2).
• the capillary tube (Q3).
• The heater and Allen-Bradley thermometer measuring wires (Q4).
The last three thermal powers are heat losses, and can be precisely estimated, then we can deduce Qi according
to heat balance:

4

i=2
Low level amplifiers with adjustable offset, developed in the Laboratory, are used for conditioning only the

4

temperature difference signal ( few mK). Assuming that 2^ Qi « Qi and that the test specimens diameters is
i=2

large compared to their thickness, the heat flow across the plates can be considered as one dimensional. On the
other hand, as the two specimens used at each test are prepared from the same Nb sheet and their surfaces
prepared following exactly the same process, the heat flux through each plate can be obtained by dividing QL

in two equal parts. So an experimental curve Qj=f(AT) leads directly to the value of the global thermal
resistance given by:

RN b

where:
• RK is the Kapitza resistance at the Nb-He II interface.

• R j ^ = vr?r, the thermal resistance due to the Niobium thermal conductivity.

• e and S are respectively the specimen thickness and helium II cooled surface area.
The Kapitza resistance at the temperature T0,is simply given by:

e 1
R = R = (3)

K e 2KS h K
This expression shows that the specimen thermal conductivity (K) should be known. This thermal conductivity
is determined by F. Koechlin [5] prior to our tests.

Sample preparation and experimental results.
As pointed out in nearly every publication on Kapitza conductance, the sample and especially its surface
preparation influence strongly hK; a factor two is not unusual for samples with different surface preparation.
For this raison, we measured hK for niobium sample with different surface treatment. We, also carried out
measurement on samples with different purity, which is electrically characterised by the RRR.
Tested samples are referred by the name of the manufacturer as well as by the value of their RRR.

• Niobium Wah-Chang RRR 40 (Sheet).
• Niobium Heraeus RRR 180 (Sheet).
• Niobium Wah-Chang RRR 270 (Ingot)

For each sample, several tests were performed in order to get statistics and to check the reproducibility. We
have, in a first time, undertaken measures on samples having a crude surface state, (i.e. as received from the
manufacturer), but with different RRR.
We have then, realised measures of hk on a sample of niobium Heraeus RRR 180 that has been submitted to the
surface chemical treatment of superconducting cavities.
Finally, we investigate on the effect of the "titanification" on hK.
All the results are reported on fig. 2. Values of hk obtained vary from 0.180 to 0.859 W/cm2K at 1.8 K and from
0.224 to 1.226 W/cm2K at 2 K. The temperature dependence varies for the different samples between T2 6 and
T3-6. We can see that all the values are limited by the two available theories i.e. Acoustic mismatch theory and
phonon radiation limit.
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Fig. 2 Kapitza conductance for niobium. Our results.

Effect of bulk purity
We are looking for a relation between hK and the purity of the material which is characterised by the RRR. Fig
3 gives the results for niobium with different purity and rough surface. The sample Wah-Chang RRR40 and
Heraeus RRR180 are as received from the manufacturer (Laminated). The sample Wah-Chang RRR270 is
machined. So it is thought that the last sample has a different state surface from the other two samples.
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1.9

Temperature (K)

2.1 2.2

Fig. 3.-.Kapitza Conductance of niobium for crude samples of different purity (our results).
Comparison of our results with Wilkes data [1]. Wilkesl and Wilkes3 are for pure niobium samples (99.98%).

Wilkes2 pure niobium samples (99.8%).

At first glance, we can't obtain a conclusion. As a matter of fact, the niobium Wah-Chang RRR40 which is less
pure has the higher values of hK, but the niobium of RRR 270 which is more pure has higher conductance than
the niobium Heraeus RRR 180 (intermediate purity). Except the Wah-Chang RRR270 niobium, it can be said
that the Kapitza conductance decreases with the purity. The results obtained by Wilkes [1] (Fig 3)seems to
follow this tendency. More measurements should be carried out to confirm the results and getting more
statistics.

Influence of surface chemical treatment.
The chemical treatment following the standard process used on S.R.F. cavities has been applied to a sample of
niobium Heraeus RRR180. The values of hK have been measured before and after this treatment. The results
are shown in fig 4. It can be seen that the chemical treatment increases hK by a factor 2. These results are
confirmed by Mittag [2] (Fig 4).

1.8 1.9

Temperature (K)

Fig. .4.-.Kapitza Conductance of niobium. Effect of surface chemical treatment. Comparison of our results with
Mittag data [2]. Mittagl without chemical treatment. Mittag2 with chemical treatment.
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Titanification effect.

We have made measurements of hK on a sample which has been titanified. The sample was then subjected to
the chemical treatment and during this operation we removed from each face a layer of a few um thickness, to
eliminate the titanium from the surface. Then measurements of hK were performed. The sample was submitted
again to the chemical surface treatment and the layer removed has 45 urn thickness on each face and
measurement of hK were made again. The results of these measurements are shown in fig. 5.
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Fig. 5.-.Titanification effect on the Kapitza conductance.

The Kapitza conductance hK obtained for the titanified niobium were found to be within the smaller mesured
values, the first surface chemical treatment has increased hK by a factor 2.2. It can be seen that the second
chemical surface treatment (45 um on each face) gives no more variation of hK. The highest hK values for all
the specimens tested, were obtained for the titanified sample with chemical surface treatment.
These results allow to conclude that the titanium layer should not exceed 4 or 5 um.

Conclusion
Measurements were made on several niobium samples with different surface preparations. The highest values
of Kapitza conductance were obtained for the titanified sample. A characterisation of the sample surface state
(Roughness, grains dimension,...) should be necessary to give a better interpretation of the Kapitza phenomena.

Bibliography
[1] T. H. K. Frederking, Chemical Engineering Progress Symposium Series, N°. 87, 64, 21 (1968).
[2] I. M. Khalatnikov, Introduction to the Theory of Superfluidity, Chp. 23, W. A. Benjamin, Inc., New York,

New York (1965).
[31 K. E. Wilkes, Ph. D. thesis, the Ohio State University, (1978)
[4] K. Mittag Cryogenics, 13, 94 (1973)
[5] F. Koechlin, Proc. of Int. Conf. Asp. Supercond., ICMAS-90 Grenoble (1990)

663



— . . . . . ,Ba„ aaill inn um ||

FR9700360
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semi-analytical approach is described here giving the quench field level in a superconducting RF cavity. This
thermal resolution using the Hankel transform function might be interesting as it immediately points out the influence of
various parameters involved. In particular, quench field is plotted as a function ofRRR and thickness of the material and,
in the case of a local defect, the importance of its size and resistivity is shown.

Introduction

One of the basic limitation of superconducting cavities
is their thermal instability called "quench" leading to a
transition towards the normal state. This is certainly an
important issue for future high energy colliders requiring
high accelerating gradients. In principle, for a perfect
superconductor, there is a theoretical limit given by the
critical magnetic field. But in real cavities, it appears that
the quench field is somewhat lower than this theoretical
limit. As in most elliptical (/3=1) cavities, the ratio
between the accelerating field Eacc and the magnetic field
on the equator is almost the same,

B[mT\ = 4.

all the results will be given for obvious practical reasons
as a function of the accelerating gradient EacC. For
niobium, the ideal critical field is B<$ - 190 mT @T=0K,
and using the temperature variation of the critical field
Bc ~ Beo 1 - (T/Tc)

2 , one can deduce the maximum
accelerating field achievable for niobium cavities to be
Eacc = 45 MV/m at T=1.8K (this assuming no heat
generation and an ideal cooling). Heat losses deposited
at the inner surface of the cavity and thermal resistances
in the niobium sheet and at the interface with the helium
bath will reduce this ideal quench limit value.

Generally, the quench field value is calculated by
using finite elements computer codes [1,2,3]. A different
simplified approach is described here aiming at trying to
give a better feeling of what might be the importance of the
different parameters involved in the system stability. After
describing why thermal instability occur in the uniform
case (without local defects), the quench field limit is shown
to be in that case quite close to the ideal one given above.
Then, one can assume that there is locally a "defect" either
a normal inclusion or a degraded niobium zone having bad
superconducting properties. The variation of the quench

field will be given as a function of the defect size (assumed
for simplicity to be a flat disk of diameter $=2a), the RRR
of the bulk niobium and the thickness e of the sheet.

Thermal analysis

Let üs consider an infinite plane sheet of thickness e
having one face in vacuum and the other in contact with
a helium bath. On the vacuum side, a given amount of
heat flux q [in W/m2] is deposited which flows through
the bulk towards the helium bath.

HELIUM 6ATH
T»
»AT«

J Î O » . V M \

î t î t M M
FlJUX

Figure 1- Thermal scheme of a superconducting niobium cavity.

Thus, the vacuum face will have the highest temper-
ature T2, while the temperature Ti of the helium face will
be higher than the bath temperature Tb due to the interface
cooling mechanism (which is Kapitza phenomenon in the
case of a superfluid bath T<2.17K @P=50mb) :

If K is the thermal conductivity of the solid, the
general equations can be written as follows (assuming
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no heat generation inside the bulk) :

q = -K gradT

divq = 0

The problem will be to determine the "hot" face
temperature T2 from which will strongly depend the
amount of deposited heat flux qz(z=0).

Heating

RF Losses

Of course, the main source of heating is due to the
surface resistance Rs, the dissipated heat flux for a given
surface magnetic flux B beeing

9 =

The surface resistance can be splitted in two parts :
One is the standard BCS resistance which temperature,
RRR and frequency dependence are well understood. But
there is no general agreement concerning the remaining
part called "residual" resistance which is not predictible.
The BCS part is predominant at high temperatures (above
2K at 1.5GHz) whereas at low temperatures, only the
residual resistance remains (BCS resistance should be
zero at OK). Causes of non-zero residual resistance
are identified as static magnetic flux pinning [4], grain
boundaries [5], residual 100K effect [6] or impurities [7].
Inhomogeneities and surface defects may also contribute
to part of these residual losses. Nevertheless, the residual
resistance can be made quite small (a few nanoOhms) and
should not affect the quench limit value in an important
way.

The BCS part is of major importance. In a previous
paper [7], it has been shown that the real order parameter

of superconductors is roughly varying a s ü = l - Í ^ J
The BCS surface resistance can be calculated using

Ã. = Tie
ÍUT(1~Ü)/

where u; is the pulsation of the electromagnetic field, A
the London penetration depth and r the normal collision
time of electrons.

Electron Emission

Field emitted electrons from the cavity surface can be
accelerated in the RF field and impinge on another point
with high energies (order of MeV). This can be another
source of heating locally the inner surface. Usually, when
electron emission occur, the field in the cavity will be

limited by the amount of available input power. But if
the corresponding power is dissipated in a thin meridian,
an "electronic" quench might sometimes be observed. As
this obviously is not an intrinsic phenomenon, it will be
assumed in the following that the cavity do not show any
field emission.

Cooling

The heating previously described lead to a certain
amount of deposited heat flux q on a so thin layer of the
inner face that it can be considered as deposited on the
surface z=0. The heat will propagate in the sheet and be
evacuated by the helium bath assumed to be at a uniform
temperature Tb. Two thermal gradients appears : the first
is due to the finite thermal conductivity of the sheet, and
the other to the cooling mechanism at the solid/liquid
interface.

Conduction resistance

The ability of heat transport in a solid is given by the
value of its thermal conductivity K. For superconductors,
heat transport is essentially ensured by normal conducting
electrons so K is strongly increasing with temperature
(A good superconductor is a bad thermal conductor). It
can be easily understood that the electronic part will be
proportionnai to the electrical conductivity and hence the
RRR [8,9] :

Ke/ec a (1 - Ü) .RRR

There is also a phonon contribution to the thermal
conductivity which only prevails at low temperatures
(T<2.5K) thus resulting in a bump in the K(T) curve
more or less important depending on the grain size of the
material. In practice, it won't have a great influence on the
quench field level at which the corresponding temperature
of interest is in all cases higher than 3K.

Interface resistance

Heat flowing through a solid/liquid interface results
in a temperature discontinuity (AT) roughly proportionnai
to the flux for low fluxes [10]

AT =

In the case of the superfluid helium, Kapitza conduction
writes q = ^ ( T 4 - T 6

4 ) hence hk ^ h0T^. Above a
critical flux qn>, the liquid boils just near the surface
decoupling thermally the solid from the bath : this
is the film boiling limit. Experimentally, qn> ranges
between 5000 and 20000 W/m2 [11]. An average value
of 10000 W/m2 will be taken.
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The uniform case

This is a one-dimension resolution along the z axis.
If qs is the uniformly deposited heat flux, then the "cold"
face temperature is T1 = Tb + qa \rA- In principle, the
"hot" face temperature T should be given by- integrating
K | £ = —q3 as K depends on z via the temperature profile
T(z). But, one can assume a mean value for K (for example
taking an average temperature at z=e/2) which greatly
simplifies to (T - 7\) = q3 (^) (this approximation will
be justified later on as it will be shown that the temperature
difference between the hot and cold face is quite small
even at the quench limit). Thus, the temperature should
be solution of the equation :

T - Tb = qs(T)

- T ,

Figure 2- Graphical resolution in the uniform case

There, instability can be easily understood. If one
plots the right hand side exponentially increasing function
of temperature /(T) = qs{T) { ^ + £ } • it can be
graphically seen that, depending on the values, there
can either be three intersecting points with the line (T-
Tb) or only one. In the first case, there is one stable
superconducting solution, an unstable one, and one stable
normal solution. In the second case, only the stable normal
solution remains. A quench will occur when the curve of
f(T) will be higher than the line (T-Tb) for T<TC. As a

consequence, in order to avoid the quench, one should try
to lower f. That means :

— Increase the thermal conductivity K (i.e. increase RRR)
— Decrease the thickness sheet e.
— Increase the Kapitza conductance h^.
•— Decrease the surface resistance Rs.

The thermal instability described here above does
not take in account the magnetic field limit. It can take

place even if there were no critical magnetic field. But
if the function f is small enough, one can hit the critical
magnetic field before the thermal instability crossing the
(B.T) phase line (see figure 3).

200

150

100

50

4 5 6 7 8 9 10
Temperature (K)

Figure 3- Themo-magnetic transition (Quench)
in the (B,T) phase diagram of a superconductor

This case is calculated for a standard niobium sheet
where the quality factor Qo has been plotted as a function
of Eacc (F=1.3GHz, Rresidual=7.5nfì, RRR=300) (fig. 4).
At T=l .8K, the quench field is found to be EacC= 42MV/m.
This is very close to the ideal value (45MV/m) indicating
that, in the defect-free case, very high gradients should
be achieved.

10"
Unitomi Case (Wilhout defect)

10'°

s -.

10*

10'

T = 1.8K
T = 2K

I
QUENCIIS |

10 15 20 25 30
Eacc (MV/m)

35 40 45 50 i'J

Figure 4- Quality factor of a cavity as a function
of accelerating field in the free-defect case
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The defect case

It is assumed here a local flat zone of diameter
$=2a where the heat deposited flux q differs from the
uniform surface. The problem is a 2-dimensional one
using cylindrical coordinates (r,z).

s «W«UOÄV.V)

MOT

Hi*« UeAV.

Figure 5- The 2-dimensionnal defect case. Heat
is assumed to be deposited on the inner surface.

The hottest point is therefore located at (r=0,z=0).
Here again, taking an average value for K results in writing
the general equation inside the sheet as

(
lïr\rdr

°2T
dr2

with the following boundary conditions

qz(z = 0) = q(r) Warm side

\2(z = e)= hk [T(rje)-Tb] Cold side

The use of the Hankel transform (see Appendix)
appear to be very helpful giving directly the analytical
solution as an integral form. Writing q(k) as the Hankel
transfonn of the function [q(r)-qs] (the uniform heat flux
qs have been separated)

CO

q(k) = j r J0(kr) [q(r) - q.] dr

o

Then, the temperature in the sheet is given by

and, consequently, the heat fluxes are

00

«,(r, z) = J k J0(kr) -2ÜL ch[k(e - z)] dk + , ,

co

0

sh[k(e-z)]
ch{ke) [ k AkJ

One immediately recognizes the uniform solution
given above when q(k)=O with
T(r,z)= qa[s=z + fc\+Tb.

In the general case, the temperature of the hottest
point can be determined as

Quench can occur for three reasons :
a) A thermal breakdown, similar to the one described

in the uniform case, if the hot spot temperature Tm»
exceeds the critical temperature Tc.

b) A magnetic breakdown if the magnetic field
exceeds the critical magnetic field BC(T). Note that due to
the temperature rise, this local field can be substantially
lower than the uniform case one.

c) A: cooling breakdown when the heat flux on the
cold side exceeds the film boiling limit q«,
(qz(r = 0,z = e) > qJb).

The resistive defect solution
Let us consider here a resistive defect having a

uniform surface resistance. Then the generated heat flux is
constant q(r)=qn for (r<a) and q(r)=qs for (r>a). Of course,
one must bare in mind that qn is orders of magnitude
higher than qs.

h
I?

tntî

Figure 6- Flux profile in the case of a pure resistive cylindrical defect.-

As shown in the appendix, the Hankel transform in
this case writes as

giving in a straightforward way
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that point, one have to distinguish between two F=1.3Ghz T=1.8K e=2.5mm
50

cases.
If the defect is bigger than the sheet thickness

ia m e n n e a r ty a ^ m e ^ u x Qn will flow to the cold
«de Therefore, one will rapidly hit the film boiling limit
(Quench c) at low fields.

_- If the defect is small compared to the thickness

of the sheet ( a«e ) —which should be the general case
in a real cavity —, then the temperature rise will scale
roughly as

/a\2 [e

(è) =

Again, as in the uniform case, the conclusions
concerning n and h* remain valid : One must try
to increase the thermal conductivity as well as the
Kapitza conductance. Figure 7 show as an example the
quench field as a function of RRR (K is approximately
proportionnai to the RRR).

UJ

S"-
O

F=1.3Ghz T=1.8K e=2.5mm a ^ l o ' t l ' V »

io

<l) = 30
<1> = 6C

s

Um
Um

=——==

500 1000
RRR

1500 2000

Figure 7- Quench field as a function of RRR.

But as opposed to the uniform case, here appears
the (a/e)2 term showing the square dependence upon the
defect size. Indeed, in figure 8, the quench field is plotted
versus the diameter of the defect $=2a for a given normal
resistance (Ä„ = y/^jf). Big defects can drastically
reduce the quench field (in that example, a lOO/im defect
induces a quench at a field as low as 10MV/m). Therefore,
if defects in a sheet were to be unavoidable, it should be
highly recommended at least to try minimizing their size.
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Figure 8- Quench field as a function of defect size.

Concerning the sheet thickness e, a trade off between
two tendencies appears : The bracket term U + ^>
(the same that in the uniform case) should be minimized
inclining to decrease e, but the strongest term (a/e)2 clearly
favour the use of thick sheets. This can be understood by
the fact that a thin sheet makes a smaller temperature
drop between the two sides, but conversely, a thick
sheet helps diffusing the heat in the radial direction thus
minimizing the flux on the cold side. The conclusion is
that, for a given defect, there is an optimum value for
the sheet thickness (fig 9). In practice, that optimum is
very broad (between 3 and 7 millimeters in our example),
and the choice of thickness will be determined by other
considerations (mechanical properties, stiffness, material
weight and cost, ...). But the thin sheets (less than
lmm) have to be avoided, in contradiction with the result
obtained in the uniform case.

F=1.3Ghz T=1.8K
40

E 30

UJ

2 20
ffi

d)

10

I
RRR = 200
RRR = 500

r/

/

/

0 1 2 3 4 5 6 7 8 9

Sheet thickness e (mm)

Figure 9- Quench field as a function of sheet thickness.
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Appendix : The Hankel transform
Conclusion

As a result, main conclusions are :

1) First, as expected, the higher the RRR, the higher
the quench field level.

2) In our niobium cavities, quenches (at 20-30 MV/m)
are presumably due to a local defect having poorer
superconducting properties than pure niobium
because in the uniform defect-free case, quench
field is calculated to be substantially higher (over
40 MV/m). The size of defects appears to be of
major importance.

3) In the uniform defect-free hypothesis, the cooling
of the superconducting surface is better for thinner
walls; But in the realistic case of a defect, it turns
out that there is an optimum value for the thickness
of the niobium wall.
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For any function f(x), one can define its Hankel transforn

as oo

F(k) = J x J0(kx) /(*) dx

where Jo is the standard Bessel function of zero order.
The inverse transform will be

CO

/(*) = J k J0(kx) F(k) dk
0

Some examples of Hankel transform functions are :

Function f(x)

{/(x)= 0

/(*) =

) (X < X0)

(x > Xo)

sin(lx)
y" Ix

xm
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F(k) = y0<r2

F(k) y°
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F(k) = 0
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F(k)= 0
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Abstract

Six hydroformed copper 1.5 GHz cavities have
been baked and coated with niobium at different
temperatures between 100 °C and 200 °C, while
keeping the other discharge parameters unchanged.
Their surface resistance has been measured as a
function of RF field and trapped magnetic field. Its
dependence on deposition temperature confirms
earlier indications obtained using 350 MHz LEP
cavities that 150 °C leads to optimal performances.
The critical temperatures of Nb/Cu and bulk
Niobium cavities have also been measured : the
result obtained for Nb/Cu, 9.56 K ± 0.02K , differs
from the Nb value, 9.231 K ± 0.007K, in
qualitative agreement with expectation from the
different lattice parameters.

different temperatures, all other parameters being
kept unchanged. The dependence of their quality
factor Q on accelerating gradient E, on temperature
T, and on a possible external magnetic field H„„
applied when cooling down the cavity below the
critical temperature Tc, has been studied. The
results are parametrized in a simple ad hoc form,
inspired from theoretical expectations, and
allowing for straightforward comparisons in terms
of only a few parameters. These include a residual,
T independent, surface resistance Ro measured at
E- fL . , , -0 in excess of the T dependent BCS
resistance and an effective slope parameter o
describing the non quadratic losses to first order.

We also report on a comparative measurement
of the critical temperature for niobium copper and
bulk niobium cavities respectively.

/. Introduction
Niobium copper cavities (i.e. copper cavities

internally coated with a thin superconducting
niobium layer) have been developped for the LEP
energy upgrade project [I]. As reported in these
Proceedings [2], they are currently being produced
by industry and routinely meet their design
specifications ( a quality factor Q of 4.109 for an
accelerating gradient E - 6 MV/m at a temperature
of 4.2K). RF power losses in the cavity walls are
an essential factor in the limitation of their
performance. At 4.2 K and low accelerating
gradient, such losses exceed only slightly the
lower achievable value predicted by the BCS
theory but they increase with accelerating gradient
faster than the predicted E2 law, resulting in the
deterioration of Q by a factor of typically 2
between 0 and 6 MV/m [1]. In an attempt to
improve our understanding of the physical
processes causing such losses, in particular non
quadratic losses (NQL), systematic studies are

«being performed on 1.5 GHz cavities, easier to
handle than the much larger 352 MHz LEP
cavities.

- We report here on a measurement of the
dependence of RF losses on the coating
temperature. A set of 6 cavities have been coated at

2. RF Losses
2.1 Cavity production

A set of six monocell 1.5 GHz copper cavities
have been coated at Saclay with a 3 um thick
niobium layer using the standard sputtering
techniques [3,4], The main coating parameters
were set at constant values: the discharge current at
1.5 A, the cathode voltage at -380 ±10 V and the
Argon pressure at 6.5 ubar, while the temperature
of the copper substrate was set at different values
ranging between 100 °C and 200 °C as listed in
Table 1. The copper temperature was kept constant
to within ±4 °C during the coating operation. The
last digit in the labels identifying the cavities (first
line of Table 1) indicates the number of successive
coatings (separated by a chemical etching) made
on the cavity. As previous experience {5) has
estabished that the first coating usually yields
poorer performance than successive coatings,
cavity C3.1 is considered separately. Cavity A2.3*,
which was measured a second time after a high
pressure water rinsing, is also considered
separately. A bulk niobium cavity, labeled LI3, has
been used as a reference.
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cavity

L13

C2.2

A2.3

A2.3«

B4.2

CI.2

B2.2

C3.1

TcoaL(°C)

100

150

-

125

175

200

150

RBCS (4.2)

694 ± 7

400± 15

480 ± 15

480 ± 15

443 ± 20

472 ± 4

405 ± 11

479 ± 4

Ro

18 ± 2

75 ± 5

4 ± 3

22 ± 3

35 i 4

6 ± 2

32 ± 5

61 ± 2

R1«
113 ± 5

415 ± 10

176 ± 9

176 ± 9

398± 10

103 ± 9

315 ± 13

180 ± 9

R',7

4 ± 1

142 ± 5

19 ±2

107 ±8

165 ± 15

28 ± 2

101 ± 3

90 ± 3

O

0.124 ±

0.808 ±

0.224 ±

0.445 ±

0.856 ±

0.181 ±

0.596 ±

0.430 ±

.014

.015

.034

.015

.020

.011

.040

.017

Table 1

2.2 Quality factor measurement

The quality factor of each cavity has been
measured in its fundamental mode as a function
of E, T, and Hext using standard RF
measurement techniques [6]. The cavity was
immersed in a liquid helium cryostat shielded
from terrestrial magnetic field. The measured
residual field was 3 uT. The helium gas pressure
could be lowered from 1000 to approximative^
15 mbar allowing for temperatures ranging
between 4.2 K and 1.6 K. The temperatures were
measured using carbon thermometers isolated
from the helium bath and in direct contact with
the cavity with a precision of the order of 10 mK.

A uniform external magnetic field ranging
between 0 and 10 G, created by a solenoid
around the cryostat, could be applied along the
cavity axis. In some instances, a non uniform
magnetic field created by a pair of Helmoltz coils
having their common axis perpendicular to the
cavity axis has been applied. In such cases an
effective solenoidal field, defined as the
solenoidal field causing identical RF losses, will
be quoted. A typical measurement of the quality
factor Q as a function of accelerating gradient E
is shown in Figure 1. Error bars are dominated by
uncertainties on the RF power (incident, reflected
and transmitted) measurements, depending on the
sensor's sensitivity.

S

l!

O 1 I

E (MV/m)

Figure 1.

2.3 Data varametrization

The data are parametrized using a form
. 295Í1 . (1)

with RB-0forE-0
Rn-OforHeM-0

The geometry factor RQ - 295Í2 was calculated
by solving the Maxwell equations numerically
[7,8]. As a and A</kB are found to be strongly
correlated we fix Ao/kB - 19K, a value in good
agreement with the whole data set, and rewrite:

_ v _ , . „ . 4.2 19 i 9 x n s
RBCS(T> = RBCS (4-2'~"P(7Y~'^" )

leaving RBCS (4.2) and Ro as only adjustable
parameters at E - H„, - 0.

As most of the temperature dependence is
observed to be caused by the BCS term, we find
that a linear temperature dependence is adequate
for RE and RH and write:
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RH(E,T,Hcu)=RH(E,ÌHo(t)0 + n(T-3]) (4)

Here FKE) requires a quadratic dependence on
accelerating gradient of the form (see section
2.4):

6
(5)

leaving three adjustable parameters R\.7, R 1«
and A. to describe the non quadratic losses (note
that NQL's are measured by R'T at E - 6 MV/m

and by - R \ - ( 1 - - ) at E-3MV/m).

The parametrization of RH (E, 3, H„t) is
considered in section 2.5.

2.4 Results at Hext = O

The results of the fits to the H„, - 0 data are
listed in Table 1. In all cases the quality of the
fits is found satisfactory, with %2 values consistent
with the numbers of degrees of freedom. Figure 2
summarizes the results obtained at E - H„, - 0
with (Ro, RBCS (4.2)) coordinates mapped onto
theQ(E-H„-0,T-1.7)vsQ(E -H«-0 ,T-4 .2)
space. While all niobium copper cavities are
observed to have similar BCS terms, the residual
surface resistances vary between 4 and 75 nQ.

The dependence on accelerating gradient is
illustrated in Figure 3 where the values of R'I.7
and R*4 2 obtained for each cavity are plotted.
Evidence for the adequacy of the quadratic form
used in the parametrization of F-KE) (Relation 5)
is given in Figure 4. In an attempt to define for
each cavity a single effective slope paramater o
giving an adequate description of the non
quadratic losses, we make use of the fact that the
data of Figure 3 cluster around the line

. (although displaying a significant
180

spread

R •* 4.3

soo
around

» T R 1 R 1
M Rl .7 , R4.2
2 180 500

it). We define

(6)

A clear correlation is observed between the
residual surface resistance Ro and the effective
slope parameter a (Figure 5) suggesting the
simultaneous use of these two parameters to
obtain a global evaluation of the quality of the
coating. Figure 6 shows the dependence of Ro
and o upon coating temperature indicating the
presence of an optimum in the range
Tcoating- 150 °C to 175 °C in agreement with
earlier estimates [5]. The data obtained with C3.1
(coated for the first time) and A2.3* (after a high
pressure water rinsing) cannot be used in drawing

conclusions on the T coating dependence, as it is
essential to compare cavities having been
identically treated (apart from the value of T
coating).

Q(E-0,T-!.7)

600 «X»
300 200 150 100

Figure 2.
Q(E-0,T-4.2)

100 200 300 400 500

Figure 3.

F T ( E ) / R V

3.5

Figure 4.
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2.5 Dependence on Hext

The interest of measuring the dependence of
RF losses on the intensity of an externally
applied magnetic field is twofold. It gives useful
information on the sensitivity of the cavity
performance in an accelerator environment where
extraneous magnetic fields (such as the terrestrial
field) are present at the Gauss level and it
provides a diagnosis tool to better understand the
physics processes at the origin of RF losses. A
detailed study of such processes is beyond the
scope of the present article. Here we only report
on the main qualitative features.

Evidence for complete trapping is obtained by
measuring the field distribution outside the
superconducting cavity in two different
configurations:

i) the cavity is cooled in the presence of a field
generated by the external coils, their current
being switched off when its temperature reaches
values lower than Tc,

ii) the cavity is cooled with no current in the
coils, their current being switched on only when
its temperature reaches values lower than Tc.

The fields measured in both configurations add
up to the field created by the coils when the
cavity is in its normal state (transparent magnetic
field) and are in good agreement with the
solutions of the Maxwell equations assuming
complete trapping and complete Meissner
expulsion respectively.

These results are in good agreement with
earlier measurements [9).

We find that a parametrization of the form:

R„ (E, 3, H«,) - H„, (a + b H«« + e E + d EHext)

describes adequately the data, leaving four
parameters to be adjusted. Figure 7 illustrates the
dependence of RH on E and H„, for the bulk
niobium and niobium copper cavities
respectively. Here RH (E, 3, H„,) is defined from
Relation (1) using the fit resulte obtained in
section 2.4 to describe Ro + RBCS (T)+R E (E, T),
lines of equal values of RH being drawn in the
E, Hç« plane. Qualitative evidence for the
adequacy of the above parametrization is
observed. The sensitivity of the niobium copper
cavities to external magnetic field is seen to be
much smaller, by more than one order of
magnitude, than that of the bulk niobium cavity.
This result agrees with what was found for
500 MHz cavities [10].

6 0 2

E (MV/m)

Figure 7.

3. Critical temperature

The average critical temperatures of the bulk
niobium cavity and of two of the niobium
copper cavities have been measured by
observing the abrupt change in field
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distributions when the cavity temperature increases
beyond Tc [11]. The cavity under study was
prepared in one of the two configurations (trapped
state or Meissner state) described in the preceding
section (Hj« - 10 G) and left to slowly warm up as
small heat losses cause the cryostat temperature to
increase at a typical rate of 0.7 K per hour. The
cavity temperature was continuously monitored by
a germanium thermometer at the equator and
carbon thermometers on each of the cutoffs. The
magnetic field distribution was measured, also
continuously, with 9 Hall probes providing
measurements of the magnetic field vectors at the
equator and near each of the irises. Abrupt changes
were observed when the temperature reached its
critical value. Small differences between the times
at which these changes occured were found
consistent with a simple model describing the
evolution of the location of the transition plane
along the cavity (taking into account the
temperature gradient and time dependence). The
uncertainties associated with this non uniformity of
the temperature distribution across the cavity are
included in the errors listed in Table 2.

The critical temperatures of the niobium copper
cavities are observed to significantly exceed (by
nearly 0.3 K) that of the bulk niobium cavity which
is in a good agreement with values quoted in the
literature [12]. This difference can be qualitatively
assigned to the difference between the lattice
parameters which characterize each of the two
structures. The expected dependence of the critical
temperature on the lattice expansion with respect to
the bulk is shown in Figure 8 (from Reference
[13]). A lattice expansion of 1.8 to 2.0 10'3 nm has
been measured at room temperature using X-ray
spectroscopy, consistent with the combined effect
of the presence of dissolved argon atoms and the
different thermal expansion coefficients of niobium
and copper between coating and room
temperatures. When the temperature is lowered to
-10 K an additional thermal expansion effect of 0.2
to 1.0 10'3 nm is expected to occur resulting in a
prediction in the range of 9.5 to 9.8 K for the
critical temperature [14].

Tc(K)
error (K)

L13
(Nb)
9.231
0.032

B2.2
(Nb/Cu)
9.506
0.016

C3.1
(Nb/Cu)
9.56
0.03

Lank:« dilatation A « , (ptn) «rtth ratfwct to bulk

Figure 8-

Table 2.
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First Cold Test of TESLA Superconducting RF Cavity in Horizontal
Cryostat (CHECHIA)
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22603 Hamburg (Germany)

Abstract
In the framework of the TESLA project, the horizontal cryostat (CHECHIA)
was built to test a superconducting RF cavity equipped with its helium vessel,
magnetic shielding, cold tuner, main coupler and higher order modes couplers
under realistic conditions before final assembly of eight cavities into TESLA
Test Facility cryomodule. We report the results of the first cold tests in
CHECHIA, performed at DESY with a 9-cell cavity (C19) to be used in the
TTF injector. At 1.8 K, in CW operation the cavity reached accelerating
gradient of 19 MV/m with Qo > 1010. In the previous test in vertical dewar the
maximum field obtained was Eacc~22 MV/m with heavy field emission (QQ <
2*109). Additional measurements of mechanical stability under RF operation
(frequency variation with He pressure, Lorentz detuning) and cryogenic and
electric measurements of power dissipation are presented.

1 INTRODUCTION

TESLA [1] is an international collaboration to establish a technical basis for a future e+ - e"
linear collider using L-band (1.3 GHz) superconducting RF structures. The TESLA Test
Facility, (TTF) including an experimental linac (consisting of 32 nine-cell solid Niobium
cavities) operating at 1.8 K1, and the infrastructure to process and test the superconducting RF
cavities is being constructed in Hall 3 at Deutsches Elektronen-Synchrotron DESY in Hamburg.

In the framework of this project, a horizontal test cryostat CHECHIA (Cryostat
Horizontal d'Essai de Cavités Habillées et de l'Instrumentation Associée [2]) was built for
testing superconducting RF cavity equipped with its helium vessel, Cold Tuning System (CTS),
main coupler and higher order modes (HOM) couplers under realistic conditions before final
assembly of eight cavities into TTF cryomodule.

In this paper we report the results of the first cold tests in CHECHIA, performed recently
at DESY with a 9-cell cavity C19, made by CERCA, to be used in the injector of the linac.
After providing some detailed information of cavity manufacturing and treatment prior to cold
test we present the results of the first cold tests of cavity performance in CHECHIA and
compare it with the results previously obtained during cold tests in vertical dewar. In addition,
the results of power dissipation measurements, mechanical stability, Lorentz forces detuning
effects and performance of CTS are discussed.

2 C19 MANUFACTURING AND TREATMENT
Cavity C19 was manufactured by CERCA (France) and heat treated at Saclay. 1.9-mm

thick Niobium sheets of RRR=250 were used in fabrication of this cavity. Half-cells have been
stamped and machined and Electron Beam (EB) welded along the iris to form a "dumb-bell"
structure. In addition, a stiffening ring was ÈB welded to provide mechanical stability. The
structures were then placed in the oven at 1300° C, where they underwent a 16 hour
titanification process on both sides, resulting in RRR increase to 590. After a chemical etching
the "dumb- bell" structures were welded along the cells equator to form the cavity. The cavity
C19 was then shipped for cold testing to TTF where it was chemically polished (Buffered
Chemical Polishing - BCP - 120nm of material removed) and tuned to the specified frequency

1 TTF specifications for superconducting cavities are: Qo= 3*10* at Eacc=15MV/m.
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(field flatness -0.93). After tuning operation, a standard (20p.m) BCP followed by rinsing with
high pressure (100 bar) ultrapure water (HPW) of resistivity >18MÍ2 was then applied, before
cavity installation in vertical dewar. At 1.8 K, the CW measurement showed a satisfactory
performance of this cavity: no field emission was observed and Qo > 10 was measured up to
Eacc=15MV/m (quench limit). In the subsequent test, after High Power Processing (HPP), the
cavity C19 reached accelerating gradient of Eacc~22MV/m but heavy field emission, observed
for Eacc>15MV/m, limited the quality factor to Qo < 2*109 at max. field (Fig. 2). Following
these tests C19 was sent to Lufthansa workshops where a Liquid He (LHe) vessel made of Tî
was EB welded around it. At DESY the cavity was re-tuned; measured field flatness was better
that 0.83. fe;

Fig. 1 View of CHECHIA interior with C19 installed in its LHe vessel and magnetic shielding.

3 COLD TESTS OF Cl9 IN CHECHIA S

3.1 First cool-down of C19 in CHECHIA 1
Cavity C19 with its LHe vessel, Cryoperm magnetic shielding (a residual magnetic field

B<5*10" T was measured inside shielding), and Cold Tuning System (CTS) was installed for
the first time in CHECHIA (Fig. 1) on l-Sep-95. The goal of this test was to perform all checks
of cryogenic systems and vacuum connections and to check the installation procedure. A light
(~5 urn) BCP, followed by rinsing by ultrapure HPW was applied. During installation work it
was necessary to re-open several flanges. After a successful cool-down to 1.8 K (TESLA
nominal operating temperature), CW measurement of Qo was performed to check the cavity

performance. Although the initial Qowas high (2*1010), a heavy field emission was observed at
Eacc >5 MV/m, indicating cavity contamination. Cryogenic and electric measurements of power
dissipation and tests of mechanical stability (frequency vs. He pressure) performed during this
first cool-down are discussed in section 3.3. Because of CTS failure, the cold test was
interrupted and CHECHIA was warmed-up to room temperature. The electrical motor was
exchanged in the CTS and cavity was HPW rinsed prior its re-assembly in CHECHIA. A local
clean room was installed in CHECHIA to prevent the cavity contamination during its connection
to CHECHIA vacuum system. ;

3.2 C19 Performance at 1.8 K Ä J
. . ? • . .

The second cool-down took place on 4-Oct-95. CW measurement of Qo was performed at
1.8 K to check cavity performance. Quench occurred at Eacc~19 MV/m and Qo remained high
as in the previous test in vertical dewar, where the cavity is immersed in the LHe bath. Fig. 2
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shows C19 performance at 1.8 K, measured in CHECHIA, compared with the best results from
previous tests in vertical dewar.

1011
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109

+ C19 in vertical dewar (after HPP)

o C19 in CHECHIA (no HOM couplers)

• C19 in CHECHIA (both HOM couplers installed)
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Fig. 2 C19 performance in CHECHJA and during tests in vertical dewar. Max. Eacc is limited
by quench.

The third cold test in CHECHIA was performed on 16-Nov-95. Again C19 was HPW
rinsed before assembly in CHECHIA. Both Higher Order Modes (HOM) couplers, designed at
Saclay [3] and manufactured by S.I.C.N., France, were installed, and C19 was cooled down to
1.8 K. CW measurement of Qo performed at 1.8 K showed no difference with the previous tests
of the cavity performance, (see Fig. 2).

3.3 Measurement of Power Dissipation
A cavity's quality factor, Q, is a measure of RF power loss. As long as the cavity is

equipped with a high Q antenna, power dissipated in the cavity walls during a CW RF
operation, P^,, can be measured by electric and cryogenic method. In the former, P ^ is
determined from measurements of incident, transmitted and reflected power and decay time
constant. The cryogenic method, described in [2], is based on measurements of the He flow rate
out of cryostat.
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Fig. 3 Measurement of CW RF power dissipation in C19 for low (a) and high (b) field.
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Because the input couplers of cavities installed in the linac will have the coupling
coefficient not appropriate for electric measurements of PdiSS it is important to validate the
cryogenic method as a source of information on cavity quality. During the first cool-down we
have therefore performed measurements of power dissipated during CW RF operation using
both methods. Results of this measurements are presented on Fig. 3. The solid Une presents a
linear fit to data from electric measurements. For low field both methods give the results that
agree within few mW. However, when electron loading from field emission, indicated by a
departure of ?&ss from square law, rises for Eacc > 5 MV/m - results from both methods start to
diverge. The difference could be explained by some power taken away by electrons and X-rays
which is not dissipated at 2 K level.

3.4 Test of Mechanical Stability

The bandwidth of the loaded cavity at the specified QEX=3*106 is about 433Hz [1].
Therefore a special attention was devoted during cavity design and fabrication to assure
mechanical stability of the cavity and its LHe vessel. During normal operation, cavity
deformation resulting in the frequency shift may be caused by a change of He pressure in the
cavity vessel and by the Lorentz force of the pulsed electromagnetic field (Lorentz force
detuning). We have measured the both effects during cold tests of C19 in CHECHIA at
nominal operating temperature 1.8 K. Fig. 4a shows the effect of cavity deformation caused by
He pressure change in the LHe vessel. The solid line represents a linear fit to the data. This is
relatively good agreement with the calculated value of 15 Hz/mbar if one considers the reduced
wall thickness2, and the non rigid longitudinal constraint of the cavity.
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Fig. 4 Test of mechanical stability of C19. Solid line shows a linear fit to data, (a) Effect of
C19 deformation caused by He pressure change. The measured frequency shift gradient is

9F/3p= 30 Hz/mbar. (b) Lorentz force detuning effect in C19 measured in CHECHIA.

Effect of Lorentz force detuning is presented on Fig. 4b. The frequency shift recorded
during RF field rise was corrected by taking into account a possible frequency change related to
the He pressure fluctuation as shown of Fig. 4. The linear fit to the data (solid line) determines
the Lorentz force detuning coefficient K = -0.91 which is very close to the value of K= -1
anticipated from finite elements analysis [1].

3.5 Cold Tuner System
The Cold Tuner System (CTS) assembly consist of electric step motor with a gear box

connected to a lever and attached to the cavity. By actuating the step motor one can change the
cavity length, and thus its frequency. The total possible displacement is 3 mm corresponding to
AF=0.9 MHz. The CTS was tested with the step motor running continuously for about 40 min.
covering about 30% of designed frequency shift. The measured CTS factor was 0.8 Hz/step
(see Fig. 5). The motor temperature rose to 350 K during this operation because of poor motor

2 C19 was manufactured from Nb sheets of 1.9 mm thick while the linac cavities are being fabricated with sheets
of 2.65 mm thickness.
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cooling resulting in motor damage. A better motor cooling system is presently being prepared
for the next test of the CTS.
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Fig. 5 Cold Tuner System (CTS) test. Solid line is a linear fit to data.
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4 CONCLUSIONS
Cavity C19 foreseen for the TTF injector was successfully cold tested in the horizontal

cryostat CHECHIA under realistic conditions. Cavity performance was found to be very
similar to the results obtained during tests in vertical dewar, when the cavity was immersed in
the LHe bath. Power dissipated during RF operation was measured by electric and cryogenic
methods yielding similar results. Mechanical stability of C19 was found to be in agreement
with design.
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Abstract - A Traveling Wawe coaxial window has been studied for power couplers purposes. The
main features, a reduced electrical field in the ceramic and its multipacting free shape are presented.
Multipacting simulations results for other window geometries, using a conical or a cylindrical ceramic
are. also showed. — — ~ _

1 - Introduction
The principle of Traveling Wave Ceramic, proposed by S. Yu. Kasakov [1], has been examined

by different laboratories [2,3] for waveguide-type couplers. We applied this concept to the coaxial-
type coupler, envisaged by example for TESLA. In this coaxial TW window, the effective field
strength is reduced, pushing away the window breakdown limit. Besides, the TEM propagation mode
with no axial Ez component is recovered in the window region, preventing for multipactor phenomena
induced by the ceramic disk.

After a review of the principles, HFSS simulations for the final optimization and electron
trajectories calculations for multipactor studies are reported. In this study, we focus on electron
multipacting which could be induced in the vicinity of coaxial ceramic windows. The conditions that
must be satisfied if multipacting involving alumina ceramic is to occur are :

- an electric field component perpendicular to the ceramic must exist
- the secondary emission coefficient 8 at the ceramic surface must be larger than unity

The first condition is satisfied in classical "pillbox" arrangements or in the conical window design [4]
but not in the coaxial TW window. The second condition is achieved with alumina disks, which have
not thin-film coated (such as TiN having a low Ô) or when the thin coating is not perfect or has been
altered (through electron bombardment or gas adsorption).

2 - TW window principle
The main argument to use such a window is that a pure traveling wave could be established in the

ceramic by matching each side of the ceramic disk with capacitive or inductive elements. The
equivalent circuit is given fig. 1 where Z is the impedance and L is the distance between the window
interface and the axis of the matching element.

50 n : so n i6Xi so a '. son

P'-

TW(1W)

/

Figure 1 : Equivalent circuit of the matched
system

Figure 2 : Voltage along a coaxial guide with a 5
cm thick ceramic and matching irises

The circuit is locally matched for a couple of values (Z, L) which cancels the reflection coefficient
at the plane P while a load equal to the impedance of the ceramic Une is connected at the plane P \ In
that case, the field at the interface and inside the ceramic is lower than for a global matching, where
standing waves exist inside the window. Fig. 2 shows the voltage along the guide of such a matched
system with an iris as capacitive element. An important feature of this TW system is that the matching
is indépendant of the thickness of the ceramic : one can thus choose a disk sufficiently thick for
mechanical rigidity of the coaxial Une.

701



3 - HFSS Simulations
The values of Z and L were first deduced from the equivalent circuit and the final values were

determined through HFSS simulations (High Frequency Structure Simulator from Hewlett Packard).
A capacitive element (iris) was chosen instead of an inductive one (stub) for fabrication and eventual
polarization of the coaxial line reasons. However, in order to keep the field level at a moderate value
in the gap of the iris, the impedance of the window was enlarged by doubling its diameter. A lower
capacity and hence a larger iris - outer conductor spacing is then obtained, at the expense of a
complexity of the fabrication. The final dimensions of the window are given Fig. 3.

The geometry used by HFSS and the computed S u parameter vs. frequency are showed in
figures 4 and 5. The results obtained for the optimized TW window are summurized in table 1.

20 mm Coaxial guide 50 Q.
inner radius a = 13.385
outer radius b = 30.8

Window (8 =9.8)
Radius R = 71
thickness = 20

Matching iris
radius r = 22.785
length f= 10

Iris/window spacing L = 35.765

Figure 3 : Window geometry used for HFSS simulations (dimensions in mm)

TWiris8 - Optimized Cold Window

b • ,

ta £ '

y

R

Figure 4 : Geometrical model running on HFSS
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Figure 5 : S n Reflection Bandwidth (MHz)

Reflected power at 1300 MHz

Emax ( W s ) / E ^ (coax)

Bandwidth (MHz)

< 0.01 %

2.2

[-100; +250]

Fable 1
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4 - Multipactor Studies in Coaxial Windows

4.1 - Calculation of multipacting electrons
A numerical code computing multipacting trajectories in any axisymmetric structure was

developed. It uses the field distributions computed by the cavity code URMEL-T [6]. For coaxial
power coupler studies, a resonator is formed by the window itself and a coaxial waveguide at both
sides, whose length is adjusted such a way that the correct resonant frequency -1300 MHz - is found.
By changing the boundary conditions (EE or MM), two standing<wave field distributions are then
computed. A properly matched system gives the same resonant^frequency for both boundary
conditions [5]. In standing wave mode, the location of the window along the power coupler, at
"voltage maximum" or at "voltage minimum", can then be simulated. In traveling wave mode, the
time-dependant field is simply obtained by adding both SW fields, but with a 90° phase shift.

The trajectories of electrons were computed using the calculated electric and magnetic fields for
three possible configurations : SW at "voltage maximum", SW at "voltage minimum" and TW at last.
We restricted this study to multipactor involving the ceramic, because it is the crucial element of a
power coupler and can offer a large secondary emission coefficient when the thin coating has been
altered. A primary electron is first emitted from the alumina surface, when the local fields drive it
towards the vacuum. When the electron impinges a wall (ceramic or copper part), secondary electrons
are then emitted if the local fields drive them also outside the wall. Their number is determined by the
secondary emission coefficient, which depends on the incident electron's kinetic energy. The total
number of re-emitted electrons, if meanwhile no trajectory has been lost, is computed after N impacts
either on the alumina or the copper surface. We assumed for the sake of simplicity that the initial
kinetic energy of each emitted electron is normal to the surface and is equal to 2 eV. For a complete
study, the 3 parameters, the alumina surface, the power and the phase, are successively scanned.

Two coaxial windows were investigated, the conical window [4] and the TW disc window
previously described. For the presented simulations, ten equidistant initial emission points on the
alumina surface were arbitrary chosen for limiting the computing time, while the RF power and the
initial phase were scanned between 2 and 400 kW (step of 2 kW) , and 2 and 360 degrees (step of 2°),
respectively.

4.2 - Conical window [4]

In case of standing waves, figure 6 shows the radial electric field along the coaxial guide halfway
between both conductors and for both positions of the window, at "voltage maximum" and at "voltage
minimum". In the same way but in case of travelling waves, figure 7 shows the modulus of the radial
and axial electric field. We note the position of the ceramic at the center of the plots. While no relevant
multipacting trajectories were found on the upstream side of the ceramic, strong and stable multipactor
phenomenon broke out on the downstream side of the ceramic. Multipactor of order 1 involving
ceramic and outer conductor and multipactor of order 4 involving ceramic solely could be disclosed.
The figures 8 (in the transverse plane) and 9 (in the plane r - time in if periods) give an example of
radial multipacting trajectories moving back and forth at the same position of the conical window.
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Figure 6 : Standing Wave Er field
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Figure 7 : Traveling Wave Er and Ez fields
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Figure 8 : Multipactor order 4 involving ceramic
(transverse plane)

Figure 9 : Multipactor order 4 involving ceramic
(plane r - time in rf periods)

Scanning simultaneously the ceramic surface, the power and the starting rf phases, we can get an
idea of the width and of the strength of the multipactor for a given window. For example for standing
waves mode, figure 10 shows the total number of emitted particles after 20 impacts for the
downstream side of the conical window, located at "voltage maximum". The standard curves of
secondary emission coefficients vs. impacting energy for copper and alumina without coating were
used in the simulations. For travelling waves mode (figure 11), multipacting trajectories were also
found, but at higher incident power (> 250 kw) and with a smaller strength.
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Figure 10 : Conical window (downstream side) Figure 11 : Conical window (downstream side)
at "voltage maximum" travelling waves mode

4.3 - Travelling Wave Window
Figure 12 shows the electric field plot for the coaxial TW window, located at "voltage

maximum", computed by Urmel-T. We note that the axial field vanishes near the ceramic surface. For
all standing waves and travelling waves simulations, we didn't find any multipactor involving the
ceramic, as expected. Starting from the ceramic surface, multipacting trajectories can occur at high
incident power (> 350 kw) but only between the inner and outer copper conductors. Such trajectories
are shown on figure 13 and are harmless for the alumina disk.
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Figure 12 : Electric field plot of the TW window Figure 13 : Multipacting trajectories in the TW
at "voltage maximum" window w/o ceramic bombardment
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ABSTRACT

We describe the capture cavity cryostat, for the Tesla Test Facility at DESY in Hamburg,
which was designed and is presently under assembly in France. We also discuss the
construction of an ancillary feed box which is required for a preliminary cryogenic test prior to
delivery.

INTRODUCTION

The capture cavity is the first cryogenic device on the beam line of the Tesla Test Facility
(TTF) at DESY in Hamburg and will connect the "warm" injector to the first cryomodule.

Design, manufacture and integration of the different parts of the cryostat are substantially
done in France and will be completed locally in order to perform two cryogenic tests prior to the
delivery to DESY. This decision, however, implies the construction of major ancillary
equipment for supply and control of the cryogenics in this first phase.

REFRIGERATION

The capture cavity is mounted in a separate cryostat at the end of the injector. For its final
installation at DESY (1) a common feed box provides the cooling for Cryocap as well as for the
subsequent cryomodules, connected partly in parallel, partly in series at the following three
temperature levels :

• a supply of two-phase He at 1.8 K, 16 mbar which maintains a constant level of superfluid
LHe around the cavity,

• a second loop, fed with supercritical He at 3 bar, enters at 4.5 K and cools a heat sink on
the RF input coupler,

• a third loop uses He gas at 14 bar and 60 K for cooling a single radiation shield.
For initial cool-down or final warm-up of the cavity a small feed line is connected to the

bottom of the LHe tank.

689



CRYOSTAT

Figure 1 shows the composition of Cryocap.

NTERNAL SEHT UNES EXTERNAL SIWT UNE

9 CELLS STANDARD CAVITY

CRYOŒMC CONNECTION
INTERFACE

He RETURN (16 l i te r )

SPACER

INSTRUMENTATION
FEED-THROUGH

LHe SUPPLY
+ PHASE SEPARATOR

Figure 1. Capture cavity cryostat (CRYOCAP).

LHe tank with cavity

The capture cavity consists of a Single but standard 9 cell 1.3 GHz cavity and features the
new concepts developed for the TESLA project, i.e. integration into a cylindrical helium vessel
with a reduced capacity (23L), with all RF couplers located outside in the vacuum space and
thus cooled by conduction only through the niobium walls of the cavity.

The LHe tank is made from titanium, easy to weld to niobium and of a similar thermal
contraction. But as niobium turns brittle at very low temperature, the composed titanium-
niobium reservoir is not accepted as a pressure vessel, therefore the outer vacuum tank has to
assume the duty of a containment volume.

Fine RF tuning of the cold cavity is obtained with a mechanism which compresses the
whole 9-cell assembly by approximately ±1.5 mm.

Passive magnetic shielding of the cavity is provided with a sheet of Cryoperm placed on
the LHe tank.

10 layers of superinsulation are wrapped around the fully equipped LHe vessel.

Suspension system

Two split suspension rings are clamped onto the LHe vessel. A radial suspension device
with 2 x 4 rods of epoxy-fibreglass, in an antagonistic array which permanently blocks any
thermal contraction, maintains the cavity in its adjusted initial position. Such a mounting is
acceptable since the low Young's modulus of the composite induces only moderate thermal
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Stresses which may occasionally be measured with a set of 4 strain gauges mounted in the upper
fixture of the suspension rods.

In the axial direction, the LHe tank is blocked with a finger device which penetrates from
the vacuum tank into one of the suspension rings.

Radiation heat shield

The thermal radiation from ambient temperature to the cavity is intercepted by a single
copper radiation shield cooled to 80 K with forced flow He or LN circulation on its cylindrical
part. It integrates into the vacuum tank where it stands on 4 nylon bases. Both removable end
covers are conduction cooled.

Heat flow from the surroundings is reduced with a blanket of 40 layers of superinsulation.
The insulating vacuum is autonomous ; a specially devised barrier, located in the cryogenic

connection line, separates it from the feed box vacuum space.
A blackened baffle array on the radiation shield allows an efficient evacuation of the

innermost vacuum space.
Its basic function apart, the radiation shield also serves other purposes :

• it provides a heat sink for thermal intercepts,
• it supports a solenoidal coil for active magnetic shielding during cool down,
• it may be used to accelerate a warm-up of the cryostat with a thermocoax resistor soldered

onto the copper cylinder. /

Vacuum tank

The vacuum tank, made from stainless steel, is designed for a service pressure of 1.2 bar
abs. As a containment vessel for the fragile cavity reservoir it is protected with a big safety
valve against any excessive overpressure.

The removable end caps define the primary alignment axis for the cavity with two
permanent sight lines through the entire cryostat, thus allowing an occasional check of the
cavity position even in a cold state.

Heat load
A thermal budget estimate limited to the fully equipped CRYOCAP is given in Table 1.

Table 1. Heat load estimate for Cryocap

Temperature
level
(K)

80

4.5

1.8

Nature of heat flow

Conduction (supports, heat intercepts)

Radiation

Total

Intercept on RF input coupler

Conduction (supports, electric leads)

Radiation

RF power dissipation in cavity

Total

Static heat
flow with

no RF power
(W)

15
37

52

0.3

1.1

0.4

1.5

Static heat
flow with

full RF power
(W)

18
37

55

0.5

1.1

0.4

- 1.3

2.8
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ANCILLARY FEED BOX (AFB)

For the first cryogenic tests in France, a special ancillary feed box was built which
substitutes for the DESY feed box and provides the cooling for Gryocap at 1.8 K and 4.5 K
with liquid helium (LHe) and at 80 K with liquid nitrogen (LN) corresponding to the flow
scheme of Figure 2.

He HP
10 bar

HE LP
1 bar

HE VIP
10 mbar

UTILITIES INTERFACE

E40

E31

Figure 2. Ancillary feed box for Cryocap and its flow scheme

LHe under 1.2 bar is siphoned continuously from a standard storage vessel, passes a
recondensing coil immersed in a LHe pool at 4.2 K and then divides into two flows.

The first flow is only used occasionally for an initial cool-down of the cavity.
The second flow supplies the 4.5 K cooling loop in Cryocap where it partially vaporizes,

then returns to AFB where the residual liquid maintains a constant LHe level of the 4.2 K bath,
adjusted with the control valve LCV1.

LHe for the 1.8 K batb/is taken from the 4.2 K reservoir. A passage through heat
exchanger El cools it to 2.2 K and thus substantially reduces the flashing losses during
expansion to 16 mbar in LCV 2. This valve remotely controls a constant LHe level of the 1.8 K
cooling bath in Cryocap.

A second storage vessel provides LN which is essentially used for radiation shield
cooling. Thus a continuous feed of LN passes, first in an annular gap through the coaxial LHe
transfer line, then through the cooling loops soldered onto the radiation shields of both AFB
and Cryocap and finally cools the charcoal adsorbers, alternately E30 or E31, where it entirely
vaporizes.

The cold He vapour from Cryocap and those from the 4.2 K cooling bath in AFB may be
handled in two different ways :

a) they are simply warmed up to ambient temperature in an electric heater, "
b) their potential cooling capacity is recovered in an economizer.
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With the construction of the feed box we wanted to combine our long term interests with
our short term obligations, so we decided to equip the cold box from the very beginning with a
line of heat exchangers which might be operated arbitrarily as an economizer or as a simple
heater.

The economizer principle consists essentially in a counter-current heat exchange of the
available enthalpy in the escaping low pressure stream to an inflowing high pressure stream
whose final Joule-Thomson expansion produces a substantial amount of LHe which in turn
reduces the supply from the external storage for the same useful cooling capacity.

Our arrangement consists of two separate Hampson type heat exchangers of high
efficiency, operating between 4 to 80 K and a single heat exchanger with a comparatively poor
efficiency which operates between 80 to 300 K as a counter-current heat exchanger. The latter is
made from two coaxial flexible hoses of 20 m length wound on a cylindrical mandrel. High
(HP) and low pressure (LP) gas flows inside of the flexibles hoses, whereas the very low
pressure (VLP) gas passes externally and perpendicular to the windings which are, moreover,
equipped with an electric heater of 3 kW. Therefore, if no economizer is used, the same
apparatus might only be used to warm up the cold vapours to ambient temperature.

Two sets of commutative charcoal traps are provided to purify the incoming high pressure
He and to maintain its temperature down to 80 K.

For optimum performance of the economizer the HP mass flow has to be permanently
adjusted to the fluctuating LP and VLP cold gas returns. Two identical autonomous control
valves have been developed which maintain4he temperature of the incoming HP flow at an
optimum value (i.e. 6 K). " ^

PRESENT STATUS (October 1995)

Some preliminary cryogenic tests with the ancillary feed box on its own with different
simulated heat loads up to 10 W in the 1.8 K bath have been performed.

Some first efficency measurements of the économiser cycle produced encouraging results.
Thus for a given heat load of 5 W in the 1.8 K bath the external supply rate for LHe could be
reduced by a factor 3 to 4 compared to the feed necessary without économiser.

The assembly of Cryocap with a dummy cavity is in progress. A first cryogenic test for the
completed set-up of Cryocap with its ancillary feed box is programmed next December.
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