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ELECTRON-ACTIVATED CARBON DIFFUSION IN NIOBIUM

COMPOUNDS FOR RF SUPERCONDUCTIVITY*

E, L. Garwin, R.E. Kitby, E.W. Hoyt and T. Momoset

Stanford Linear Accelerator Center MAS'{ER

Stanford University, Stanford, Callfornia 94305

ABSTRACT

The higher enerpies planned for the next generation of particle accelera~
tore and storage rings makes the use of superconducting hi-Q RF cavities highly
desirable. Past efforts to preduce reliable cavities f{or such projects have met
with limited success. Among the barrier - to achieving the maximum electric
field gradient are oxide layer charging, siugle surfuce mullpactoring and field
emission. These are surface effects.

At SLAC, a multi-iechnique (AES, XP5, ellipsometry, EID, ete.) surface
analysis sygtem has been constructed to examine possible sources of these prob—
lems and to suggest pr+ cesses or surface coatings which will reduce or eliminate
them,

As one component of thig snalysis, we have investigated the time evolu-
tion of specles on anodized NbyO; ~on-Nb surfaces as a function of electron

bombardment. The surface concentration of C increases at an anomalously high

*Work supported by the Department of Energy under contract DE-ACD3-765FDD515.
tOn leave from Research Institute of Electrical Communication, Tohoku Univer-
&ity, Sendal, Japan.
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rate under the exciting clectron beam, Examination of the surface and gas phase
indieate thai the C source is in the underlylug material.

Estimates of the penetration depth of the beam zare In ngreement with the
fact that there is a significant rate increase in the gurface C buildup when the
beam penetrates the anodized layer into the Nb bulk. Bulk analytical methods
indicate, however, that the C concentration in the Nb is very low.

Grain boundary diffusion of C o the surface and/or an enhancement of the
C diffusion coefficient due to localized beam pipe heating are examined as Ppos~
sible explanations of this cffect.

INTRODUCTION

RF superconductivity applied to the operation of ri-Q RF cavities for u
in varicus high energy particle accelerating machines has been a goal for some
time, It is generally recognized now that surfece effects are prominent among
problems precluding the attainment of maximum electric field gradients. At
SLAC we have initiated a general surface instrumental study of these surfaces,
with the purpose of characterizing the causes of various problems (oxide layer
charging, field emission, etc.} plagulhg the cavitles. We have Investigated oxide
layer charging by measuremenis of secondary electron emission coefficlents,
sputtering rates, chemical shifte and electron bombardment effects on anodized

Nb;O; layers on Nb,

During these measurements, electron-induced diffusion of C to the Nb,O,
surfece from the underlying futeriz e hes been observed. Preliminary measure-

menis of this effect are presented along with poasible mechaniems for the observed

surfuce Cbulldup. DISTEIBUTIOY OF THS LOCREAT 1S URLIMGTED

MG




EXPERIMENT

The entire surface analytical system ie described in soi e detail else—
wherel, Those portions televant to the € dats will be described here.

‘The vacuum syatem i9 of standard UHV design Incorporating, a CMA with
axial €lectron gun for Auger electron spectroscopy (AES). An Ar ion gun was
employed for depth profiling and thinning of anodized layers. The electron and
ion gun axes were 30° and 41° to the surface normal, respectively. All measure-
ments presented here used an clectron beam of 2 keV epergy, 10uA current,

. 021 cm diameter and 29 mA-cm~2 current density, The Ar' beam was 1KkeV,
unscamned with a beam dlameter of 5mm FWHM and 62p A-cm~2 current density,

The solid Nb substrates were preparad from Jow-Ta, low-C (30ppm
moasured prior to outgassing) e-beam melted material. Discs were cut and
machined to 0. 1em thicknesa from previously outgassed (2500 K) rods, The
resulting surfaces had large grains 1 cm in diameter apd were essentfally singie
crysials as thick as the sample disc,

The Nb suriases were degreaseu and electropolished in 10% HF-90% H,S0,
solution to remove approximately 50 um of surface. Samples were then anodized
to various thicknesscs in 3% NH, " solution using a pure Nb cathode. A value
of 24 A/V was used to calculsto tho oxdde thickness, The anodizing voltage was
remaved when the current fell to 1% of ita Waltial value,

MEASUREMENTS

From work by others? and measurements by ual. we have determined
that two of the AES Nb transitions are characteristic of the Nb metal and oxide
surfaces. These are the 166 ¢V (designated Nb (05) here) and 170 eV (Nb (met))
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Iines of Nb. The AES senoitivities {or thee lines, for O and for C have been
determined using clean and anodized Nb and graphite and are used to properly
scalo the AES data presented.

The results for a representative sample (Figure 1) are presentad in
Figures 1a, &, and c, The data was taken as follows, A Nb substrate with an
1100A anodized laye: was ioaerted into vacuum and pumped down without bakeout
until the pressure effectively staoilized at approximately 1x 10~2 torr, The d.c,

electron beam bombarded the eurface while the AES peak heights were moanitorad
a8 a function of time (Figure 1a). The sample was then sputter thinnad to 5834,
at which time the electron beam was agein turned on and the peaks monitored

{Flgure 1b). This process was repeated at 164A (Figure 10).

RESULTS

The 1100A layer, as inserted, is stoichiometric Nb,O; (checked by X-ray)
with a superficial C layer which disappesrs after a short sputter eich. Dats
taken on graphite and nowdered NbC samples show that the AES C peak observed
in Figure 11is typical of graphitic (or possibly amorphous) C. This chservation
of C peak shape is consistent with other work® 4 on C.

When the electron beam bombgrds the surface (Figure la), the pentoxide
surface is decomposad and some Nb (met) {8 produced®, Concurrent with this ts
a rise In the C signal, the source of which is probably C-containing molecules
{CO, mginly) from the gas phase. Assuming a worst case sticking probebility
of one, the gas phase concentration of such moleculea 3 just eufficient to zccount
for this slow C signal rise. It i aleo possible that the C source is elsewhere on
the surface or in the pentoxide layer. Its source in the layer is not likely (see

Figure 1b and 1c at t - 0).



Comparison of Figures 1 n-¢ lead us to believe that the € is bound on top
of any metallic Nb present in preference to binding to a Nb (ox) specle. In fact,
as the C layer beging to increasoe in Plgure 1a, the Nb (met) signal increasce due
to electron dissociation of the pentoxide is balanced and finally exceeded by the
rate of C coverage, and the Nb (met) signal decays. When the Nb {met) atoms
avallahle a5 sitos are saturated by C, the C spreads to Nb (ox) sites and the Nb
(ox) slgnal then decaye. The digsoeiated O 18 pumped away as O, or diffuses out
of the layer to which AES is sensitive,

Aftar the surface har been sputter thinned to 593A (Figure 1b), a very
ditferent behavior (s cheerved under electron bombardment. The surface hi
baen damaged by lon hombardment gnd all types of Nb oxides are present as well
a8 O and Nb (mot). The presence of O is inferred because the O/Nb ratlo is
greater than 2,8, When the electron beam strikes, chemical rearrangement
starts to take place. Again the O signal deereases and, as C builds up, the Nb
{mut) signel rapidly drops off. The rate of C buildup is, however, considerably
faster than can be explained by a gos phase source alone or from a surface dif-
fusion source (thero {8 na evidence of C In the sputtered aren adiacent to the
electron homberded nrea, nor 1¢ thore an appreciable increase in C during a
one hour turnoff peried of the electron beam).

The Nb (ox) signal rises rapidly initin)ly and thea levels vff. Cur AES
sansitivity measurementa on powdared NhyQ; , NbO, and NbO gamples show that
the Augsr ssnaitivity for NbO, |s vonsiderably lower than that for the other two
oxldes. Thus, the initfal rige i the Nb (ox) signal iikely reflects an Increase
{n AES seusitivity as NBO ia formed from NbO,, althvugh proof awaits further
investigation. Subseguent leveling off of Nb {ox) Is duo 2e: 1) a decrease in

avaflable Nb (met) sites for C bonding and 8o C spreads to Nb (ox) sites, and 2) an
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equilibrivin level being reached in the oxide rearrangement procsss.

After sputter thinning to 164A (Figure lc}, behavior similar to that
chserved in Figure 1b ir seen exzept that the experiment wae oxtended for o
longer period. The C rate increascs In a manner suggesting o diffusion source
of C feeding the surface. At these higher C cavevages, ¢ven the surface QOis
belng covered so that there ts - n increasingly rapid drop off in both the Q and Nb

(ox) signals once the Nb (met) sites are saturated,

DISCUSSION

In searching for the source of the C layer, we have climinated gas phase
and surface sources, as previously indicated, Considering the cleanliness of

the Nb,O; layer, we judge the vemaining scurce poesibilities to be the Nb bulk
or Nb,Og -Nb interface. Measurement of the bulk C concentration in the Nb
material used in this experiment indicates that some tens of microns of bulk €
{mpurity atoms would be needed to produce the € covernges cbhaerved on the
pentoxide surface. Figure 2 is typical of many depth profiles we have taken on
various Nb substrates, anodized to different thicknesses from 100 to 11004,
All these mensurements showed batwaen n 10 and 20% eoncentration of C at tho
interface and a lower level of C into the Nb bulk, This agrees with AES depth
profiles on unanodized Nb samples, These pure Nb samples gshow significant C

and O contamination ({rom the atmosphere prior to insertion) which is removed

by long spuitering iimes (equivalent to several hundred A removed). Presumably,
the activity of the freshly spuitered surface allows easy recontamination from the
Joeal gas phase or lon knock on, Once the surface has been cloanad though, it
shows very little ovidence of C and O, Figure 2 then would scem to shaow that
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the Cat ihe interface was thare prior 1o anodization, and that this layer is spread
for soms distance into the Nb bulk during the depth profile.

We now tarn to tie machaaism by which the © may rapldly diffece from
the intarface 10 the surface. Thermal diffustor by beam heating may be elimi-
nated; calvulations based on a variety of modelsS: € yield 2 maximum temperature
rise of ~ 10K for clect;on heam hsating for this experiment. We do note that the
pressace of the beam is neconsayy for the diffusion effect to oceur, The electron
penetration depth for 2 keV {5~ 0508 7. We see thet the C dlffusion rate fnoressed
in the 184 A and 383 A layera but not the 1100 A lsyer, so the beam gpparently must
raach tha interfacs for such a rate lncreaso 1o ocour. ‘The pentoxide layer may
contain aany grain boundaries and defects but thesa ate not sufficient by them-
selves to account for the inorsamed diffusion rates seen, although their presence
sy be nocassary for the affoet to ocour. Tho most lkely explanations, then,
Asem 10 be fleld or defect-enhanced rates and we are now exploring these with
further experimenta, Electron-activated enbancement of dlffusicn rates has been
cbserved baforeB, If the effoct {u present in RF cavitles, then C segregation
under elsciron bombardment may be responsible for some of the effects noted in
sotual cavity structures. Raduction of multipactoring {n cavities by careful in-
creases in the electron loading falds may be due to a ¢ layer forming on the
cavity surface, resilting i & reduction i the secondary electron eminsion
oosfiicient,
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FIGURE CAPTIONS
1. AES signal vs. electran beamn exporure time: a)1100A, wmsputtered,
b) sputtered to GI3A and c) spattered to 196A.
2, Dupth profile of T00A anodic Nb,G; layer on Nb. Sputter rave for NbyOg
used throughout,
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