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Abstract. The manufacturing of niobium SRF accelerator cavities &gped by a mobile point
defect, hydrogen. For efficient accelerator operationbimim must function at both high electric
and magnetic fields, and is compromised if magnetic impgitire located in the surface regions
of the material. The finding that trace hydrogen in niobium peoduce structures with magnetic
properties is a feature that is not acceptable for a highopmidnce cavity. X-ray diffraction has
proved to be the key tool in assessing irreversible procassade to the niobium substrate. In
future generations of accelerators, niobium will actuaklymerely the substrate for more effective
superconductors that will allow for more efficient operatidhe substrate analogy to the silicon
wafer industry is useful since for niobium it may be posstol@void some of the mistakes made
in silicon technology. Because hydrogen attacks niobiura nnmber of different size scales, there
is an inherent complexity in the trouble sources. There @ features in cavity design that are
benign, such as local curvature considerations, requaifudly non symmetric analysis of current
flow to be appreciated.
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1. INTRODUCTION

To date the process material characterization and supg#wctng cavity characteriza-
tion in the production of niobium SRF cavities have not bemms#ive enough to allow
for a good understanding of the various mechanisms thatféect eavity performance.
The characterizing test of cavity performance with Q verdungng field level is fine
for screening cavities, but it yields very little basic nmrébs information about the 40
nm superconducting surface layer. Some simple RF measateroktime dependent
variations of SRF niobium properties in non supercondgcsiamples have shown that
the nominal quantities of hydrogen found in SRF componemrsapable of producing
complex measurable magnetic responses, figure 1. Howexdnodren is not a benign
solid solution impurity at any stage in the production psscéNormally niobium is not
thought of as a magnetic material, even though the hydridefandeuteride of niobium
have measurable magnetic permeabilities.

To gain more of an understanding, a parameter-free quantechanical treatment of
hydrogen in metals was developed that was directly testembhbyputing the activation
energies for diffusion of the hydrogen, deuterium andumitin a wide range of metals.
The ground state of the proton was treated as a patrticle imearispl potential bound
state. What this implies for concentrations great enoudrto ordered structures is that
proton bands can be formed. The bands can significantly eethecactivation energy
for diffusion and create a number of opportunities to altagmetic and superconducting
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FIGURE 1. Induction refelection method for detecting conductivitydapermeability changes in a
sample of fine grain SRF niobium. Vacuum melted fine grain imiok high purity niobium, EDM cut
face and BCP treated. The sample was cooled to 77K and wagedllim warm to room temperature and
was being monitored by a single coil weak field induction ;. Normally over the very narrow
temperature range of 26 the phase would have increased possil2f or less not 13 which was
measured. But in addition to that there are a number of gahsesponses indicating that regions of
the material have had temporary surges in the value of thenetagpermeability. This behavior is not
typical of a nominally pure metallic conductor but it is juste of the many anomalous responses found
in SRF prepared niobium.

properties. This theory [1], is particularly accurate faslmum, and by extending it the
mechanisms generating the permeable magnetic responseenugiglerstood.

Understanding the highly mobile behavior of hydrogen in $fthium has much in
common with the problems of understanding point defect Wehan silicon substrates.
The application of both systems initially were dependentlmn electrical properties
of the base materials and then evolved into depending onabe imaterial supporting
an electrically active coating. In silicon the full potaitof high yield high density
chip fabrication was not realized until the point defectlpemn of the substrate was
eliminated. There is still a debate on the origin of the peablwhich extends back into
the 1980’s. Understanding the origin of the Q problems irbnim will cut years of
trial and error cavity fabrication and that requires to@sstive enough to monitor the
manufacturing process. The fabrication difficulties wil tonsidered from the point of
view of geometrical, chemical, and finally electromagnptiablems.
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2. TOOLS

The tools for studying hydrogen in niobium break down into wiasses. The principal
tools are the application of non-relativistic quantum nathbs to the modeling of hydro-
gen’s behavior in the interstitial volume of the metal anec&lomagnetic theory on the
interaction of RF to optical radiation on metal-containimyglrogen. The detailed consid-
eration of effects that possibly can occur in the compactdyeih metal system allows
the use of more specific experimental tools to provide infdram on concentration and
the different effects that hydrogen can produce in altetimggproperties of the metals.
Specifically we wished to avoid using a beam tool that elealliy biased the sample to
prevent electro-migration. Also, we avoided samplingsdbat focus on small sampling
sizes, which can be affected by long range diffusion of hgdroand therefore misrep-
resent the local concentration. Therefore, our experialéobls have a large sampling
area relative to the distance hydrogen can move during atdkitag interval. Histori-
cally, our first measurements started with positron anaiiloh lifetime measurements
of some of the earliest high ductility e-beam melted makettaat produced results indi-
cating a complex micro-structure unexpected in a pure vacuelted niobium that was
unaffected by its environment [2]. This was followed by ntoring backside sourced
hydrogen diffusion measurements of lattice parametergdnag X-ray diffraction tech-
niques [3] which showed preferential surface-dependdtitéaexpansions dependent
on orientation and concentration. Recently, the expertaiéechniques of infrared and
optical reflection spectroscopy have been used to showrtlpe taechanical flexure gen-
erated by backside charging, near surface concentrafiection effects and permanent
surface changes due to transient water vapor condensatois@d]. Finally the most
varied results were taken with RF reflection spectroscopysBir-prepared niobium
samples and compared to samples prepared as sputteredrdinnslied foils [4]. The
RF reflection data show that SRF niobium and the other prddarens are most likely
not very pure niobium, having acquired an active mobile intgueither during pro-
cessing or storage, which has turned a nominally non-magmettal into a very active
and complex paramagnetic material. From comparison ofdlaive phase diagrams
and knowledge of the affinity of hydrogen to readily form caupds with niobium,
the mobile species that fits the kinetic profile of the expental measurements points
to hydrogen as the offending impurity. Oxygen and other fpd&fiects in this refractory
metal are essential immobile on time scales of seconds totesnover which significant
variations are detected in X-ray, optical and RF reflecti@asurements.

3. CURVATURE, LARGE AND SMALL

One of the qualifying tools for SRF niobium cavity perforncans a measurement of
cavity Q, the inverse of the loss parameter of the cavity. $ute cavities are shaped
as surfaces of revolution, with forming-induced surfaceatens, a discussion of cur-
vature with respect to electromagnetic effects makes a gtasting point. The compu-
tation of current flows on surfaces, that are controlled bpdpenductively coupled to
a free volume, behave in a manner that attempts to minime¢otial field energy den-
sity stored in the free volume. That leads to very smoothtying current distributions
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even on rough and damaged surfaces. The details of the lmcaht flow require a full
three-dimensional analysis on a very fine scale in order taectly account for main-
taining tangential continuity of both the induction and &ectric field, while ensuring
the normal components vanish at the surface. It is very dliffio do this problem under
higher symmetry, such as cylindrical symmetry, since aatefea material pill box on
the surface will break the symmetry of a surface of revolytwhich forms the resonant
cavity. Because of the leveling ability that forces the flaawsninimize the field energy
density and the fact that in a resonant cavity it is the lomgeacurrents moving through
the material which determine the Q of the cavity, small medata surface variations
play a minimal role, except to alter the cavity's resonaatjfrency. The more critical
feature for a superconducting cavity is the material conposof the wall, which can
control the normal conductance scattering of the drivenetiis and, in the case of the
superconducting current, the regions of the cavity walliciwtcan alter the phase of
the current flow in a non-uniform manner. Both these mechasigre sources of loss.
Geometry does not play as strong a role because the bulkntsitravel only through
material that allows the long range current to flow. Wheraatamaged regions such as
indentations or pill boxes raised above the surface, thditon that requires no normal
electric or magnetic induction fields ensures that thesemeglon’t carry the large long
range currents. There are some losses in these damagedsregiere local currents
reject field penetration but they ensure that the bulk caftews are not affected by the
surface damage.

The electromagnetic skin depth is a curvature-dependenttijy that varies not only
with the electrical conductivity of the material, but alsdiwthe local curvature of the
material. It is a slowly varying function which decreaseshwincreasing surface cur-
vature. For normal conductors this is not an important aersition, but for a super-
conductor operating near its flux penetration thresholdetigll be a small effect. This
effect can be computed without much difficulty by modelingadehof varying radius
in a solid conductor which is being driven by a co-cylindticdernal inductor. Com-
puting the vector potential within the material then allaws current distribution to be
computed directly and the normal electromagnetic skintdegthat at which the current
falls to% of its maximum value. Typically changes in curvatures foun&RF cavities
produce changes in the electromagnetic skin depth whichieahéced by an amount
3x 10~*in the regions of highest curvature, implying a greater eoti@tion of current
nearer the surface. For an uncontamined superconductefféwots of curvature should
be negligible but if there is concentration of hydrogen riearsurface these small effects
could alter the loss properties.

The forming of the high curvature regions in the vicinity bktbelly weld of the
cavities suffers the greatest mechanical damage from faynhi is to be expected that
in this belly region the greatest plastic strains occurediteg the highest dislocation
concentration. The dislocation concentration can alseeoimate hydrogen which will
trap onto dislocations [5]. The heat treatments of the gasiusually not suffcient to
recrystalize the cavity and reduce the deformation digionaconcentration. So the
principle effect of curvature on the SRF niobium cavitiesaschange the propensity
of hydrogen to collect in the more highly mechanically daethgegions.
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4. HYDROGEN, DAMAGE THRESHOLD

The processed niobium that is used in the manufacture ofrsoip@ucting cavities is
treated as if it were a pure material. This is because the garteat hydrogen causes
(occurring during processing) does not result in easilyplesdamage. If the material
would have developed rust (as does iron), the problems witi@mental degradation
would have been solved much earlier. In actuality, niobiweagivisibly degrade, but it
takes acute perception of color and reflectivity, requiangpectrometer to discern. For
the gross environmental damage that niobium can suffegyXdiffraction techniques
work much better, figure 2. The damage is selective to orilemaf individual grains
with respect to the surface, figure 3.

Process sources of hydrogen infusion are EDM machining, BGlIRBhing, macro
etching, high pressure washing, and ambient moist atmosphE beam welding can
concentrate hydrogen by electro-migration into the welgiae. So there is no great
difficulty of introducing hydrogen into niobium to a levelthcan actually cause physical
damage to the surface on an atomic level. The current cawayufiacturing practices
have been optimized in their processing and heat treatmmeocégses so as to maximize
Q and operating field levels. As damage is removed with pgaaprovements, the
ratio of mobile to immobile hydrogen should increase witthia matrix since trapping
sites and phases are removed. This may not improve cavityrpgance until the overall
hydrogen concentration is reduced to a level in the neaasanfegion so that any band
formation is no longer occurring. There is always the spinptiong of the proton with
the large nuclear moments of the lattice coupled with thdiegields that can drain
energy from the resonant field. This would require localistatagnetic fields within
40 nm of the surface. From induction measurements made ndasthprocessed SRF
material, it appears that mobile hydrogen can organize aduare fields sufficient to
create a range of available nuclear transitions [6] [7] Wwinould absorb energy from an
applied field.

The effects of hydrogen are most easily detected in niobiutim tlve rich variety of
RF magnetic properties that can be detected. These magffetits are detected by in-
duction RF reflection measurements which can isolate mexgefétcts from conduction
loss effects. These measurements will soon be extendedasumeeproperties down to
the operating temperature of 2K. Nevertheless, the higpésature measurements have
uncovered some unexpected features that will have to badsed prime candidates
for loss mechanism that can operate on the supercondugtbnigt, there is the possi-
bility that in near-surface regions with sufficient hydrageoncentrations proton band
formation will occur, which may have different supercontiug properties than that of
the niobium substrate. The concern is not so much for diresttexring losses as it is
for small phase shifts in the current moving through thegeres. Also any local ferro-
magnetic regions will enhance these phase shifts. Any jatase shift, no matter how
small, will contribute to a reduction of the maximum Q of ttaity. This is actually not
a loss but merely the result of vector additions that arevanéble for a high Q cavity
[8] [9] [10].
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FIGURE 2. X-ray diffraction frame of vacuum-melted, very large gragh purity niobium, EDM
cut face and metallurgically polished to 0@%rit. (X-ray conditions: graphite monochromatic Cu K-
alpharadiation, detector image spans 20-80 degrees 2 tiwataleft). The resulting smeared orientations
were little different from the chemical polished surfacBslective planes show large and continuous
variation in their orientation, as indicated by powdeelitreaks. There also could be selective regions
on the planes. Since individual planes are still detectedishnot an amorphous structure, but rather a
selectively damaged surface. Since this is high purity inimbwith very low yield stress, the damage is
not so much dislocation damage, wherein we would expecta leflection diameter to increase, but
rather an orientation effect. The Fourier transform of sgigieading in orientation could be represented
by local sharp eruptions which disrupt the lattice planesjmf the mis-orientation. The large angle of
the spreading plane orientation indicates that the effielttéed by a defect that is locally compact, forcing
an extreme mis-orientation of many degrees of arc. Sinseatlacal effect, to get such a large response it
has to be repeated many times across the surface of thelcrysta

5. QAND WHAT IT DOESNOT TELL

The Q measurements are a figure of merit for the cavities Isecthese cavities are
superconducting and not simple materials obeying Ohm'’s llaverting the Q data to
obtain material property data runs into one major obstéigere 4. That obstacle is that

43

Downloaded 04 Apr 2011 to 72.66.242.44. Redistribution subject to AIP license or copyright; see http://proceedings.aip.org/about/rights_permissions



o) o 0 0 -
-30-3
o o @ o o o) O o
-40-2 -20-2
o 0 o @ o ® o
-50-1 -3‘]—!| -10-1
& o ) o o) o) o o o
-800 400 i -200
g1 o o o o) o ® . © ®
-TO1 501 -301 -1
1 o O o o o o o
-802 07 -202
o o o o o & o ® o
503 -an2 Ao
o o o o o o) o) o o

EDM cut and metallurgically
polished niobium

unprocessed pure niobium

FIGURE 3. This is an X-ray diffraction comparison of EDM cut and pokshSRF niobium ready for
forming and BCP treatment on the left and a virgin piece aféagrain material not EDM cut. Shown are
pseudo-precessional images composited from multipleadifion frames. Circled locations are predicted
diffraction locations (including those from systematisabces) for the BCC niobium lattice. The patterns
are remarkably different in the very large continuous nrigrtation of the diffraction planes in the EDM
cut samples.

the number of material variations and processing variatfgrssible are many and the
Q measurement is a single gross measurement on an entitg dde Q measurement
cannot isolate problematic regions of the cavity or give spoase for a loss that can
be tied to particular material property on any scale lesa that of the entire cavity.
Most of the interesting materials properties are obscuraniy analysis of this single
parameter measurement. Hydrogen in a dilute solid soluépresents a highly mobile
point defect. In an analogous system - high purity silicondevice application - an
equivalent measurement would be for bulk resistivity. i lsulk measurement, which is
affected by everything that alters the carrier populatiod anly in very well designed
experiments can it produce information about point defectrtbutions. The problem
that point defects represent is that they form the smalles¢ral scale that is relevant to
bulk material properties. The effect of the point defects tteen appear on every scale
from the atomic to the macroscopic, which means that an stal@ling of properties at
all these levels will require different tools. The tools arghly specialized and in order
to be useful, experts in different areas must communicateaxwommon understanding
of the possible implications of their findings. But the biggeifficulty is the character of
the data from the major qualification test for SRF supercohdg cavities, that is, the
Q measurement verses applied field level. This measurementierently flawed from
the perspective of yielding useful material informationcs it is essentially a large
scale experiment encompassing an entire cavity, yieldispggne data point per applied
field level. Hydrogen, if it is the culprit for much of the Q s analogous to point
defect problems for creating damage in electronic siliddigh temperature induction
measurements have yielded a great deal of information orecdionally-prepared SRF
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FIGURE 4. A typical Q verses amplitude measurement response of auriobavity to the point that
superconductivity is quenched by the internal magnetid fiehetrating the superconducting inner surface
of the cavity wall. The existence of a maximum indicates arttbecement of superconducting properties.
The most sensitive parameter that controls superconduptioperties is the temperature of the cavity.
Adiabatic cooling by using an aligned electronic spin sysie the only thing that could support this
cooling at the K temperature of cavity operation. Kaptiza resistance ofrtioebium will isolate the
cooled cavity surface, temporarily improving the Q.

niobium and will provide useful information when appliedwtoto 2K. But as the
material is improved by removing hydrogen and the damagedyxes, the induction
tools and X-ray diffraction patterns may become insersitoy the low concentration
of hydrogen and its damage. Other loss mechanisms may codatmate the losses.
That may require a new set of tools to distinguish the lossagisms.

In figure 4 the current cavity Q versus amplitude data has enstanding feature.
There is usually a resolvable maximum at low field amplitugde below the quench-
ing field level. Based on naive considerations, one wouldceekfhis curve to be flat
until the quench region is approached. However, this is hetdase. The amplitude
maximum was noticed once it was found that SRF niobium wasaveamagnetic ma-
terial. In the first RF induction reflection measurementsSR& niobium material was
qguenched after normalizing at 1®D above the temperature where ordered structures
of hydrogen in niobium dissolve back into solid solution @wtence of an increasing
magnetic response was found as the sample aged at room sgmpeMeasurements
after the quenching showed that the sample’s magnetic @difitg slowly increased
over a period of hours. This is somewhat like the data of figuiEnis behavior matched
the kinetics of hydrogen diffusion at room temperature iobnim. This fact in itself
was interesting, but when coupled with what would happensgstem with a mobile
and active spin system that was subject to strong applietsfiehen cooled to supercon-
ducting temperatures made the possibility of adiabatrigefation possible in the cavity
walls. There were good data [11] suggesting that hydrogleats at the subsurface re-
gion of a free metallic surface at high concentrations eliengh the bulk concentration
may be at in the part per million range with standard thernaélgassing measurement
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techniques. Standard thermal out gassing concentratiasumement techniques are not
very accurate at hydrogen concentrations below 1% atontause hydrogen and nio-
bium are such a good compound-forming couple. The activenetagcomponent of the
proton spins operating at 2K may not only affect the local n&dig ordering but it may
affect the local properties of the near surface supercdidlyovhich may affect the Q
in other ways. Controlling the surface concentration wdldifficult until SRF niobium
can be processed essentially hydrogen-free to preventgiaamwell as a hydrogen
build up until it can be finally sealed to prevent hydrogemfrdissolving into the metal
while in storage.
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