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Abstract 
Detection of surface contamination for SRF material is 

difficult due to the miniscule quantities and near atomic 
resolution needed. Visual inspection of samples known to 
have experienced surface contamination indicated incon-
sistent nitride coverage after nitrogen doping. EBSD anal-
ysis suggested that nitride suppression tends to be most 
prevalent when deviating from the [111] and [001] zone 
axes. XPS suggested that tin was present as a contaminant 
on the surface with SIMS mass spectra also confirming its 
presence. SIMS depth profiles show a depletion of nitrogen 
content as well as an increase in carbon content for con-
taminated samples. 

INTRODUCTION 
Superconducting radiofrequency (SRF) cavities are crit-

ical components of particle accelerators and responsible for 
propelling charged particles to relativistic energies which 
are essential to probe the most fundamental laws of phys-
ics. Historically, niobium cavities cooled to 2ºK have been 
used for these applications. Next generation machines, like 
SLAC’s LCLS-II HE will use niobium cavities “doped” 
with low levels of nitrogen which allows for the instrument 
to operate more efficiently [1] . 

Nitrogen “doping”, a process discovered at Fermilab in 
2013, has yielded highly efficient (𝑄଴ = 3.5 × 1010  at 16 
MV/m) SRF cavities [2]. N-doping is the process in which 
a small concentration of nitrogen is thermally diffused into 
interstitial sites of the niobium cavities (properly termed 
“surface alloying”). During this process, niobium’s surface 
also becomes decorated with lossy nitrides which subse-
quently must be removed by electropolishing [3, 4].  

These N-doped niobium cavities are fabricated with me-
ticulous attention to detail to avoid a premature reduction 
in efficiency with increasing power (quenching) [5]. 
Avoiding contamination throughout the fabrication process 
is critical. It is suspected that metallic contamination can 
occur during the furnace heat treatment of the cavities. To 
guard against this, cavities are capped to prevent metallics 
from depositing on the interior cavity surface which may 
limit the performance of the cavities [6]. 

Mitigation of furnace contamination by capping the cav-
ities prophylactically solves the contamination issue, rather 
than seeks to understand it. Characterization of the contam-
inated cavities may lead to further understanding of the 

doping process and additionally act as a quality assurance 
check to prevent costly loss of materials. Here we use 
SEM, SIMS and XPS to investigate the cause of contami-
nation. 

Furnace Cap Design and Procedure 
The furnace caps are designed not to be gas tight, as the 

cavity must be allowed to absorb significant gas quantity 
during the doping process (Fig. 1). RRR grade niobium 
was machined to include small pores to allow for gas trans-
fer. Two holes on the edge of the caps are also included to 
attach the caps to the cavities with molybdenum bolts. 
Prior to assembly, all hardware associated with the caps is 
precleaned by buffer chemical polishing (BCP). The etch 
rate for molybdenum is significantly higher than niobium. 
The molybdenum components are rapid dipped in the BCP 
solution for ~2 seconds and then rinsed with deionized wa-
ter. Ultrasonication in detergent and subsequent rinsed with 
deionized water are repeated and then blown dry with ni-
trogen. The caps are attached to the cavity in a clean room 
by tightening the molybdenum bolts finger tight. Over-
tightening will lead to cold welding during the high-tem-
perature run. 

Figure 1:  Depiction of a 9-cell cavity with furnace caps 
attached, loaded in N-doping furnace. 
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Witness Sample Preparation 
Cavity grade niobium sheets 2.8 mm thick were heated 

to 900 °C for 3 hours in a vacuum oven. Small specimens 
were electro-discharge machined (EDM) to 6 mm × 10 mm 
for secondary ion mass spectrometry XPS, SEM and SIMS 
investigation. A 50 µm removal was performed via buff-
ered chemical polishing and subsequently “nano-polished” 
to yield a surface finish smoother than 200 nm Ra (Fig. 2). 
These specimens were then “N-doped” with a niobium 
cavity to witness the doping procedure, which acts as a 
pathway to perform representative cost-effective character-
ization of the cavities. 
 

 
Figure 2:  The image above shows a witness sample placed 
just inside of a cavity prior to nitrogen doping. 

Cavity Preparation 
High purity RRR grade niobium sheets are placed into 

dome shaped dies to press and form half cells in a process 
called deep drawing. Several series of these half cells are 
electron beam (EB) welded to generate the 9-cell cavity 
shape used for the LCLS II HE cavity design. The weld iris 
formed during processing is removed by grinding. Poten-
tial defects and contaminates generated during fabrication 
are removed by annealing and buffered chemical polishing 
(BCP) respectively.  Prior to cavity insertion into the dop-
ing furnace, the witness samples were placed just inside the 
cavity and furnace caps were applied. 

Nitrogen doping was performed in three different fur-
naces to determine the extent of contamination of each. 
Each furnace followed the 3N60 doping procedure detailed 
below. The materials (the cavities and witness samples) 
were loaded into a vacuum furnace and heated to 800 °C 
for 3 hours under ultra-high vacuum (UHV) conditions. Ni-
trogen gas was bled into the furnace to sustain 25 mTorr 
for 3 min, re-evacuated, and held for 60 min. Following the 
heat treatment, the materials were removed from the fur-

nace. Where noted, electropolishing was performed to re-
move the surface layer containing nitrides. The cavities 
were then treated with a high-pressure rinse (HPR) and the 
rf properties were tested. Witness samples were sent to Vir-
ginia Tech for characterization 

RESULTS AND DISCUSSION 
Following N-doping, SEM was performed using a 

Tescan SEM at JLab. The 6 mm × 10 mm coupons were 
mounted onto aluminum SEM pin stubs using carbon con-
ductive tape. A cotton swab soaked in ethanol was used to 
gently clean the surface of the coupons.  Imaging was per-
formed at 5 kV accelerating voltage and 6 nA beam current 
at a working distance of roughly 10 mm. Examination of 
the surfaces showed differences between witness samples 
doped inside the cavity vs. samples exposed to the furnace. 
The exposed samples showed a reduction of niobium ni-
trides formed on the surface (Fig. 3A). The extent of this 
“nitride suppression” varies from sample to sample. Elec-
tron backscatter diffraction was also performed on samples 
with nitride suppression observed. Nitride suppressed 
grains from the SEM images were cross-referenced to de-
termine if nitride suppression correlated with specific grain 
orientations. The grains nearest to the [111] or the [001] 
zone axes appeared to be the most resistant to nitride sup-
pression but were not impervious (Fig. 3B). More statistics 
in a latter study are needed to determine if a correlation 
exists. 

To understand the nitride suppression in more detail and 
to identify potential contaminants of the surface of these 
samples XPS was performed on a Phi Quantera SXM. The 
XPS was chosen as a screening tool due to it being non-
destructive and its near atomic resolution (~10 nm). Spec-
tra were acquired using an aluminum source utilizing a 
280 eV pass energy and a 45° take-off angle. The scan 
range was swept from 0–1100 eV utilizing a 0.5 eV step 
size. In an effort to enhance the signal-to-noise ratio to de-
tect low concentration contaminants, 100 sweeps were ac-
quired on each sample. 

The survey scans showed slight differences between 
samples. The samples protected by the furnace caps ap-
peared to be free of metallic contamination whereas the 
samples exposed to the furnace environment were ob-
served to have Sn present (Fig. 4). However, the Sn ob-
served in these scans were found to be in very low quanti-
ties with the concentration nearing the limit of detection 
(0.1 at.%) for this technique. For this reason, XPS can be 
used strictly as a qualitative screening technique for con-
tamination. Once it was discovered that contamination 
could be detected, a more sensitive technique was needed 
to confirm the presence of Sn as well as to search for any 
additional contaminants. 
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Figure 3: A.) Image shows an SEM image of a contami-
nated sample with varying degrees of nitride coverage. B.) 
EBSD was performed. It was found that nitride suppression 
tends to be most prevalent when deviating from the [111] 
and [001] zone axes. 

Secondary ion mass spectrometry (SIMS) was per-
formed on these samples to further investigate the furnace 
contamination. Due to its superior depth resolution, Time-
of-Flight (ToF) SIMS would normally be the ideal type of 
SIMS instrument for this work. However, in the interest of 
better detection limits, the dynamic SIMS, the magnetic 
sector SIMS was preferred [7].  

The protected and the exposed samples were analyzed 
using a Cameca 7f Geo. A Cs+ primary ion beam with an 
impact energy of 8 keV (5 kVsource/ -3 kVsample) and a 
beam current of 25 nA was rastered with an area of 150 µm 
× 150 µm utilizing an analysis window of 63 µm × 63 µm. 
The entrance and exit slits, which control the mass  
resolution, wsere set to obtain a mass resolution of 
 

 
Figure 4: XPS survey scans for niobium witness samples 
which were a.) protected by furnace caps and b.) exposed 
to the furnace environment. The main observation for these 
scans was the presence of Sn found for the exposed sample. 
This signal was nearing the limit of detection (0.1 at. %) 
for this technique. 

1200 M/ΔM. Signal was acquired by scanning a large mass 
range of 10–200 amu. 

The average sputter rate for niobium samples typically 
ranges from 0.5-0.8 nm/s at 25 nA of beam current. There-
fore, a single survey scan could not be performed over the 
entire 10–200 amu range. To keep the scans from exceed-
ing 100 nm in depth, individual mass spectra were acquired 
consisting of 10 amu scan ranges and then moved prior to 
the acquisition of another scan. This method resulted in 
compiling 20 scan ranges over 1400 µm × 1750 µm area of 
the sample surface. 

a.) 

b.) 

a.) 

b.)
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The secondary ions generated may include polyatomic 
compounds (i.e. 12C- and 24C2

-). These polyatomic species 
add a degree of complexity when identifying peaks on a 
mass spectrum. Therefore, mass spectra for suspected con-
taminants (Ti and Sn) were collected and compared to en-
sure the accuracy when identifying peaks. The mass spec-
tra revealed much higher intensity for peaks associated 
with carbon for the sample exposed to the furnace environ-
ment (Fig. 5). In this region of the mass spectra, Ti was also 
observed at 48 amu however it was noted that this signal 
did not strongly correlate to the pure titanium mass spec-
trum. Isotopes of Sn were observed around 120 amu for the 
exposed sample. The comparison mass spectra acquired for 
the pure Sn sample suggested a very strong match for Sn 
(Fig. 6).   

 
Figure 5: Mass spectra ranging from 10–60 amu for a.) pro-
tected sample and the b.) exposed sample. The results 
showed increased carbon activity with very minor Ti signal 
noted for the exposed sample. 

SIMS depth profiles were obtained to determine if the 
contamination negatively influenced nitrogen diffusion. 
The instrument conditions were kept the same as the mass 
spectrum work. However, specific masses were monitored 
as a function of depth.  12C-, 93Nb- and 107NbN- secondary 
ions were monitored. Previous works have indicated using 
the beam centering function available to the CAMECA 7F 
Geo can increase the accuracy and decrease the uncertainty 
between measurements [1]. 

 

Figure 6: Mass spectra ranging from100–130 amu for a.) 
protected  sample and the b.) exposed sample. The exposed 
sample was noted to have Sn present on the surface of the 
sample. 

As a result, the dynamic transfer contrast apertures were 
adjusted between analyses. The depth must first be deter-
mined to convert the x axis of the depth profiles from time 
to depth. Crater depth determination was performed using 
a Tencor Alpha Step 500 stylus profilometer using a scan 
speed of 50 µm/s. Scans were performed on both axes of 
the crater and the average value was used. Conversion from 
counts to concentration is made possible by using an im-
plantation standard prepared by Leonard Kroko, Inc. The 
niobium standard, first polished as the experimental sam-
ples, was dosed with 2×1015 atoms/cm2 of oxygen and ni-
trogen at 180 keV and 160 keV respectively.  

The depth profiles showed a significant effect on nitro-
gen and carbon diffusion because of surface contamina-
tion. The sample protected by the furnace caps had a base-
line nitrogen content of 1320 ± 200 ppm whereas the sam-
ple which was exposed was reduced to 200 ± 40 ppm of 
nitrogen (Fig. 7a). Conversely the carbon content was 
found to increase from 90 ± 80 ppm to 120 ± 20 ppm for 
the protected and the exposed samples, respectively. The 
carbon content was also found to diffuse deeper for the ex-
posed sample, reaching baseline at 870 ± 100 nm compared 
to 450 ± 120 nm for the protected sample (Fig. 7a).  

a.) 

a.) 

b.)

b.) 
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Figure 7: Depth profile of protected and exposed samples. 
a.) shows a reduction in nitrogen uptake because of expo-
sure to the furnace environment. Additionally, b.) shows 
that carbon had a higher concentration on the surface which 
diffused deeper into the bulk as a result of the exposure.  

CONCLUSION 
Contamination of SRFs has been an ongoing problem for 

cavity production since the inception of nitrogen doping 
due to the techniques high processing temperatures. Con-
tamination of niobium surfaces can be immediately ob-
served by visually examining the surface nitrides by SEM. 
In certain cases, nitride depletion appears to be grain spe-
cific. EBSD was performed in conjunction to the SEM 
analysis. Grains were tabulated and categorized by the ex-
tent of nitride suppression with the data superimposed. It 
was determined that a correlation exists with the [111] and 
[001] grains closest to the zone axis being most resistant to 
nitride suppression. Limited statistics are available for this 
data at the present time and more analysis is desired to in-
crease the robustness of this study. 

The identity of the surface contamination is difficult to 
determine due to the contamination layer existing less than 
100 nm thick. Due to its non-destructive nature and surface 

sensitivity, XPS was performed to screen for possible con-
taminants. Sn was observed to be qualitatively present on 
samples which were exposed to the furnace environment. 
However, when detected, the signal was marginally above 
the limit of detection. 

To confirm the presence of Sn and to further examine the 
surface for other possible contaminants SIMS was per-
formed in mass spectrum mode. A survey of the samples 
indicated that samples exposed to the furnace environment 
had an increase in carbon signals as well as confirmed the 
presence of Sn. Ti was potentially observed as well. How-
ever, it was determined that the Ti signal only loosely 
matched a mass spectrum acquired from pure titanium. The 
effect of contamination was evaluating by performing 
SIMS depth profiles to examine the diffusion behaviour of 
carbon and nitrogen. It was found that the baseline nitrogen 
content significantly decreased for the exposed sample 
with carbon diffusing deeper and in higher quantities. 

ACKNOWLEDGEMENTS 
The Authors would like to thank J.K. Spradlin and R. 

McAlister Council-Troche for contributions to this work. 
Also, the authors would like to express their deepest grati-
tude to the United States Department of Energy, Office of 
Nuclear Physics for financially supporting this work 
through DOE Contract No. DE-AC05-06OR23177 and the 
Office of High Energy Physics for grant DE-SC0018918 to 
Virginia Tech for support of J. Angle. 

REFERENCES 
[1] P. Bishop et al., “LCLS-II SRF cavity processing protocol de-

velopment and baseline cavity performance demonstration”, 
in Proc. SRF2015, Whistler, BC, Canada, September 2015, 
pp. 159-163. 

[2] A. Grassellino et al., “Nitrogen and argon doping of Niobium 
for superconducting radio frequency cavities: a pathway to 
highly efficient accelerating structures”, Supercond. Sci. 
Technol., vol. 26, no. 10, p. 102001, 2013.  

 https://doi.org/10.1088/0953-
2048/26/10/102001 

[3] Y. Trenikhina et al., “Characterization of Nitrogen Doping 
Recipes for the Nb SRF Cavities”, in Proc. SRF2015, Whis-
tler, BC, Canada, September 2015, pp. 223-227. 

[4] J.K. Spradlin et al., “Analysis of surface nitrides created dur-
ing “doping” heat treatments of niobium”, in Proc. SRF’19, 
Dresden, Germany, Jun.-Jul. 2019, pp. 106-111. 

 https://doi.org/10.18429/JACoW-SRF2019-MOP030 

[5] J.T. Maniscalco, D. Gonnella, M. Liepe, “The importance of 
the electron mean free path for superconducting radio-fre-
quency cavities”, J. Appl. Phys., vol. 121, p. 043910, 2017. 

 https://doi.org/10.1063/1.4974909 

[6] A. Grassellino et al., “Fermilab experience of post-annealing 
losses in SRF niobium cavities due to furnace contamination 
and the ways to its mitigation a pathway to processing sim-
plification and quality factor improvement”, in F. Lab (Ed.), 
2013. https://arxiv.org/abs/1305.2182 

[7] F.A. Stevie, Secondary Ion Mass Spectrometry Applications 
for Depth Profiling and Surface Characterization, Momen-
tum Press Engineering, p. 262, 2016. 

b.) 

a.) 

20th Int. Conf. on RF Superconductivity SRF2021, East Lansing, MI, USA JACoW Publishing
ISBN: 978-3-95450-233-2 ISSN: 2673-5504 doi:10.18429/JACoW-SRF2021-TUPFDV004

TUPFDV004C
on

te
nt

fr
om

th
is

w
or

k
m

ay
be

us
ed

un
de

rt
he

te
rm

s
of

th
e

C
C

B
Y

4.
0

lic
en

ce
(©

20
22

).
A

ny
di

st
ri

bu
tio

n
of

th
is

w
or

k
m

us
tm

ai
nt

ai
n

at
tr

ib
ut

io
n

to
th

e
au

th
or

(s
),

tit
le

of
th

e
w

or
k,

pu
bl

is
he

r,
an

d
D

O
I

410 Fundamental research and development


