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We report the rf performance of a single cell superconducting radiofrequency cavity after low
temperature baking in a nitrogen environment. A significant increase in quality factor has been observed
when the cavity was heat treated in the temperature range of 120–160 °C with a nitrogen partial pressure of
∼25 mTorr. This increase in quality factor as well as the Q-rise phenomenon (anti-Q-slope) is similar
to those previously obtained with high temperature nitrogen doping as well as titanium doping. In this
study, a cavity N2-treated at 120 °C and at 140 °C showed no degradation in accelerating gradient, however
the accelerating gradient was reduced by ∼25% with a 160 °C N2 treatment, compared to the baseline
tests after electropolishing. Sample coupons treated in the same conditions as the cavity were analyzed
by scanning electron microscope, x-ray photoelectron spectroscopy and secondary ion mass spectros-
copy revealed a complex surface composition of Nb2O5, NbO and NbNð1−xÞOx within the rf penetration
depth. Furthermore, magnetization measurements showed no significant change on bulk superconduct-
ing properties.

DOI: 10.1103/PhysRevAccelBeams.21.032001

I. INTRODUCTION

Recent advances in the processing of bulk superconduct-
ing radio frequency (SRF) niobium cavities via interior
surface impurity diffusion have resulted in significant
improvements in their quality factor (Q0). The motivation
for the development of these processes is to reduce the
cryogenic operating cost of current and future accelerators
while providing reliable operation. The potential for higher
Q0 in SRF cavities was first realized by titanium doping
[1–3] during high temperature annealing of SRF cavity at
1400 °C and later by nitrogen doping at 800 °C [4],
followed by electropolishing (EP). “Titanium doping” is
introduced during the annealing of a niobium cavity in a
vacuum furnace in the presence of a titanium source at a
temperature greater than 1200 °C, in order to achieve an
adequate partial pressure of titanium for absorption into the
Nb surface. “Nitrogen doping” consists in the annealing of
a niobium cavity at 800 °C in the presence of a partial
pressure of nitrogen of ∼25 mTorr, which diffuses into
the Nb surface (NbN precipitates are also produced on
the surface which must be subsequently removed). The

experimental results show that such “doping” processes not
only resulted in an increase in quality factor at low field
levels, but also an increase in quality factor with increasing
accelerating gradient, contrary to the previously observed
Q-slope. A possible explanation for the high quality factor
is the trapping of hydrogen at interstitial sites due to the
diffused atoms [5,6] and reduction on the formation of
lossy hydrides during cavity cooldown [7]. A possible
explanation for the Q-rise (“anti-Q-slope”) phenomenon is
related to the presence of sharper peaks in the electronic
density of states at the gap edges in doped cavities and such
peaks being broadened by the rf current [8,9]. However,
despite the increase in Q0, the quench field of the cavities
doped by titanium or nitrogen is often limited to much
lower values than achieved by standard treatments [3,10].
Even though no definitive cause is known, it is likely due to
early vortex penetration due to the reduction of the lower
critical field by material doping [11,12].
Results on SRF cavities which were heat treated in the

temperature range of 800–1600 °C without subsequent
chemical etching showed improvements in the quality
factor compared to standard preparation methods by
reducing mostly the Bardeen-Cooper-Schrieffer (BCS)
surface resistance as well as the residual resistance, to a
lesser extent [13,14]. Most recently, efforts have been made
to preserve high accelerating gradients while also increas-
ing the quality factor of SRF cavities [15,16]. In these new
nitrogen “infusion” cavity processing recipes, cavities were
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heat treated at 800 °C for 3 hours, then the furnace
temperature is reduced to 120–200 °C and nitrogen is
introduced into the furnace at a partial pressure of
∼25 mTorr for∼48 h. This process has shown an improve-
ment in Q0 over the baseline measurements, without the
need for postannealing chemical etching. Even though
diffusion of the nitrogen into the bulk of the SRF cavity
is limited in depth at these low temperatures (120–200 °C)
[17], the introduction of nitrogen is sufficient to modify the
cavity surface within the rf penetration depth as seen from
rf results, which are similar to those previously reported for
high-temperature nitrogen doped cavities. Furthermore,
while postdoping electropolishing is required to remove
coarse nitrides from the surfaces of high-temperature
nitrogen doped cavities, no further processing is required
for the low-temperature infusion recipe showing a clear
benefit in reducing processing steps as well as keeping
higher gradient with highQ0 values. In this manuscript, we
present the results from several rf tests on a single cell
cavity treated in a low temperature nitrogen environment as
well as analyses of sample coupons treated under similar
conditions.

II. CAVITY SURFACE PREPARATION

One single cell cavity of low-loss shape (frequency ¼
1.5 GHz, geometric factor ¼ 277.2 Ω,Ep=Eacc ¼ 1.99 and
Bp=Eacc ¼ 4.18 mT=ðMV=mÞ) was fabricated from high
purity (RRR > 300) fine-grain Nb. The cavity fabrication
followed the standard procedure of deep-drawing disks then
machining of the iris and equator and finally electron beam
welding the assembly. After the fabrication of the cavity, the
interiorwas polished by standard electropolishing to remove
∼150 μm from the inner surface of the cavity. The cavity
was then subjected to high temperature degassing at 800 °C
for 2 hours in a resistive vacuum furnace followed by the
removal of 20 μm from the surface by electropolishing. The
annealing temperature is measured by a thermocouple
attached to a panel inside the hot zone. Standard procedures
were followed to clean the cavity surface in preparation for
an rf test: degreasing in ultrapure water with a detergent and
ultrasonic agitation, high pressure rinsing with ultrapure
water, drying in the ISO4=5 cleanroom, assembly of flanges
with rf feedthroughs and pumpout ports and evacuation. The
cavity was inserted in a vertical cryostat and cooled to 4.5 K
with liquid helium using the standard Jefferson Lab cool-
down procedure in a residual magnetic field of<2 mG. This
procedure results in a temperature difference between the
two irises ΔT > 4 K when the equator temperature crosses
the superconducting transition temperature (∼9.2 K), which
provides good flux expulsion conditions [18]. Before the
heat treatment, the cavity was high pressure rinsed and then
dried in an ISO 4=5 cleanroom. While in the cleanroom,
special capsmade fromniobium foils similar to those used in
Ref. [15] were placed to cover the cavity flange openings.
The cavitywas then transported to the furnace inside a clean,

sealed plastic bag. The vacuum heat treatment procedure
started with the 800 °C=3 h degassing step followed by
lowering the temperature to the (120–160 °C) range. The
furnace is continuously pumped until the furnace reaches
∼290 °C, at which point the nitrogen partial pressure is
increased to ∼25 mTorr by introducing high-purity
(99.999%) nitrogen gas from a cylinder. Such pressure is
then maintained without active pumping of the furnace
enclosure. Once the temperature has fallen to the desired
value (120–160 °C), which is within ∼2 hours, the temper-
ature is held for ∼46 hours. Figure 1 shows the typical
temperature and partial pressure of the gas measured during
the heat treatment process.
After the heat treatment, the standard cavity cleaning

procedures were applied before the rf test. After each heat
treatment, the cavity’s inner surface was reset (rf tests 4
and 6) with a standard ∼10 μm EP. The sequential steps of
cavity processing are as follows: (i) rf test 1; (ii) in situ
120 °C low temperature baking for 48 hours; (iii) rf test 2;
(iv) HT at 800 °C=3 hrs followed by 120 °C=48 hrs in
∼25 mTorr nitrogen; (v) rf test 3; (vi) ∼10 μm standard
electropolishing; (vii) rf test 4; (viii) HT at 800 °C=3 hrs
followed by 160 °C=48 hrs in ∼25 mTorr nitrogen; (ix) rf
test 5; (x) ∼10 μm standard electropolishing; (xi) rf test 6;
(xii) HT at 800 °C=3 hrs followed by 140 °C=48 hrs in
∼25 mTorr nitrogen; (xiii) rf test 7.

III. CAVITY RF RESULTS

The cavity immersed in the helium bath is excited using a
phase-locked loop to measure the quality factor (surface
resistance) as a function of temperature while the helium
bath temperature was lowered by pumping down to
∼1.5 K. The average rf surface resistance RsðTÞ was
measured at low rf field (Bp ∼ 10 mT) and fitted with
the following equation:

FIG. 1. Typical temperature and partial pressure of the gas
measured during the heat treatment process. All partial pressures
during the heat treatment were below 10−8 torr. The residual gas
analyzer was turned off before N2 injection.
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RsðTÞ ¼ RBCS

�
T;

Δ
KBTc

; l

�
þ Rres; ð1Þ

where Rres is the temperature independent residual resis-
tance and RBCS is BCS surface resistance. Here, Δ is the
superconducting energy gap at 0 K, KB is Boltzmann’s
constant, Tc is critical temperature, and l is the normal-
electrons’ mean free path. The BCS resistance was calcu-
lated using a computer program to solve Mattis-Bardeen
equations to calculate the surface impedance at microwave
frequency from theBCS theory of superconductivity [19,20]
with parameters Tc ¼ 9.2 K, London penetration depth
ðλLÞ ¼ 32 nm and coherence length ðξ0Þ ¼ 39 nm, consid-
ered to be material constants for superconducting niobium.
Figure 2 shows the Rres, Δ=KBTC and l obtained from
the fit of RsðTÞ. The residual resistance is consistently
≤2 nΩ, except for test 2 when the cavity was subjected to
low temperature baking (LTB) at 120 °C for 48 hours in
vacuum. Although this increase in residual resistance and
decrease inmean free path (mfp) has been typically observed
in the past for LTB cavities [21], the explanation is still not
resolved. The mfp after baseline EP treatments is signifi-
cantly higher (l ∼ 150 nm) than after LTB and nitrogen
infusion (l < 50 nm) suggesting that the Nb surface within
the rf penetration depth changes from “clean” to “dirty”
limit. Measurements ofQ0ðBpÞwere done at 2.0 K up to the
maximum gradient as limited by either breakdown or high
field Q-slope.
It should be emphasized that the Mattis-Bardeen equa-

tions had been derived considering the rf field as a

perturbation to the quasiparticles’ Hamiltonian and result
in a surface resistance which is independent from the field
amplitude. This is clearly not the case for either doped or
“infused” Nb cavities, as shown in Fig. 3. Because of the
measured strong field dependence of Rs beginning at low
field, the value of the material parameters obtained by fitting
RsðTÞ with Eq. (1) would depend from the field amplitude
at which RsðTÞ was measured. Therefore, the values of
mean free path shown in Fig. 2 should be considered as a
qualitative indication that the LTB of N-infusion make the rf
surface dirtier. To the authors’ knowledge a theory which
allows calculating RsðT; BpÞ for different values of material
parameters is yet to be developed.
Figure 3(a) shows theQ0ðEaccÞ curve for the three baseline

tests (tests 1, 4 and 6) measured at 2.0 K. All these three
baseline tests have similar Q0ðEaccÞ dependence with small
deviations above 30 MV=m, and all tests were limited byQ-
slope without field emission. These results showed that
∼10 μm surface removal by EP resets the surface such that
a reproducible rf performance is achieved, regardless of the
previous annealing. Figure 3(b) shows the Q0ðEaccÞ curves
for the same cavity heat treated at different temperatures
along with the baseline test 1. The cavity which received the
LTB (test 2) at 120 °C for 48 hours on the vertical test stand
after the baseline test 1 reached a maximum gradient of
ð46� 2Þ MV=m, which corresponds to a peak magnetic
field of ð196� 8Þ mT, close to the thermodynamic critical
field of Nb at 2.0 K. As observed in the past, the Q-slope at
high field is alsominimized by theLTBat120 °C for 48hours
done under ultrahigh vacuum (UHV) conditions. The cavity
whichwas subjected to the additional120 °C for 48 hours in a
nitrogen partial pressure of∼25 mTorr showed no improve-
ment in the accelerating gradient over the baseline electro-
polished cavity but a small increase inQ0 (∼20%) at all field
levels. The improvement in Q0 was not as high as recently
reported on other cavities treated in a similarway [15], which
may be due to not having a fresh electropolished surface prior
to the furnace treatment or the nitrogen injection temperature
being higher than that in Ref. [15]. We plan to explore the
effect of surface conditions on cavity performances prior to
the heat treatments in the future.
The cavity heat treated at 800 °C for 3 hours followed by

160 °C for 48 hours in nitrogen partial pressure of
∼25 mTorr showed an improvement of Q0 by a factor
of ∼2, with an extended Q-rise (reaching a maximum at
∼16 MV=m) as observed in earlier nitrogen doped cavities
at higher temperatures (800 °C) [3,4]. However, the cavity
quenched at ∼30 MV=m with a Q-slope starting at
∼20 MV=m. The cavity heat treated at 800 °C for 3 hours
followed by a 140 °C for 48 hours nitrogen infusion showed
the best performance, with increasing Q0 to a broad peak
and a maximum accelerating gradient of ∼39 MV=m,
similar to the baseline tests. The Q-rise phenomenon is
probably similar to the high temperature nitrogen doped
cavities [8,9].

FIG. 2. Material parameters obtained from the fit of RsðTÞ from
4.3 to ∼1.5 K. The error bars on some Rres values are within the
size of the marker.
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IV. COUPON PREPARATION AND
CHARACTERIZATION

Samples (7.5 mm × 5 mm × 3.125 mm in dimensions)
labeled F9–F12 were cut by wire electrodischarge machin-
ing (EDM) from a high purity fine-grain niobium sheet.
Cylindrical samples, (∼3 mm long, ∼1 mm diameter),
labeled M8–M12 were cut by wire EDM from high purity
Nb sheet (RRR > 300), BCP 1∶1∶1 to remove ∼100 μm.
The samples F9–F12 were etched by BCP 1∶1∶1, removing
∼70 μm, heat treated in a UHV furnace at 600 °C for
10 hours to degas hydrogen, and etched by BCP 1∶1∶2,
removing ∼30 μm. Afterwards, the samples were nano-
polished at Wah Chang, USA, to obtain a surface with
mirror quality smoothness. Another ∼20 μm BCP was
done to remove any residue from the nanopolishing.
Samples were heat treated at different temperature and
environments as listed in Table I. The treatment of these
samples attempted to replicate the cavity treatments as
much as possible, most importantly the samples were heat
treated inside an Nb tube enclosed by Nb caps to simulate
the environment along with Nb cavity. The samples were
analyzed by field emission scanning election microscopy
(FESEM) to investigate the surface morphology and x-ray
photoelectron spectroscopy (XPS) to identify the surface
composition. Time of flight secondary ion mass spectros-
copy (TOF-SIMS) was used for elemental information near
the surface. The cylindrical samples were also heat treated

along with the flat samples for dc magnetization measure-
ment to determine the superconducting critical fields.

A. Surface morphology

Surface imaging was performed with a Zeiss 1540EsB
FESEM. The polycrystalline macroscopic surface of the
coupon samples after different surface treatments is shown
at low magnification in Figs. 4(a)–(4d). FESEM backscat-
tered electron (BSE) images, which are sensitive to crystallo-
graphic orientation and composition, showamottled contrast,
suggesting residual surface strains, on all samples irrespective
of the heat treatment condition. The overall grain sizes in all
samples are similar and in the range 20–100 μm, which is
typical of fine-grain Nb sheets. There is no change in the
macrograin structure after different low temperature nitrogen
infusion heat treatments between 120–160 °C. Higher mag-
nification BSE images of representative regions are shown in
Figs. 5(a)–(5d). There is a clear difference in N-infused
surfaces when compared with those annealed at the standard
800 °C=3 h in UHV. There is very weak in-grain surface
channeling contrast in 800 °C=3 h, as shown in Fig. 5(a). All
N-infused samples show surface structures as indicated by
Figs. 5(b)–(5d). Studies are ongoing to clarify the nature of
these features. There are two leading possibilities under
consideration: (a) nitrogen infusion changes the surface
composition leading to different morphologies of Nb oxides
(mainly the outer layer of pentoxide), and (b) nanoscale
niobium nitride islands. The density of the surface structures
appears to increase with higher N-infusion temperature from
120 to 160 °C, although the density seems to depend on
crystal orientation.

B. XPS results

For the XPS study (Physical Electronics PHI 5000
Series) the photoelectrons were excited using an x-ray
source that produces MgKα radiation at 1253.6 eV. Before
acquiring the data, a very light sputtering was done using

(a) (b)

FIG. 3. Radio frequency measurement taken at 2.0 K for (a) the baseline measurements and (b) after different surface treatments.

TABLE I. Summary of sample heat treatments.

Samples Heat treatment N2 gas

M8 800 °C=3 hþ 120 °C=48 h � � �
F9, M9 800 °C=3 h � � �
F10, M10 800 °C=3 hþ 120 °C=48 h ∼25 mTorr
F11, M11 800 °C=3 hþ 140 °C=48 h ∼25 mTorr
F12, M12 800 °C=3 hþ 160 °C=48 h ∼25 mTorr
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1 μA argon ion at 3 keV just to remove any surface
hydrocarbons. The data was acquired at different binding
energy ranges for different elemental spectrum at a step size
of 0.1 eV=step. The data was averaged among ten cycles.

The electron energy analyzer was operated in a constant
energy mode with pass energy 71.55 eV. For angle resolved
XPS the data was taken at different takeoff angles: 15°, 30°,
45°, 60° and 75° (as the takeoff angle of photoelectrons is

FIG. 4. Representative low magnification BSE images coupon sample surfaces with grain boundaries (GB) after different heat
treatments, (a) 800 °C=3 h with no nitrogen infusion and (b)–(d) are low temperature nitrogen infused at 120, 140 and 160 °C,
respectively.

FIG. 5. Representative high magnification BSE image coupon sample surfaces with grain boundaries (GB) after different heat
treatments, (a) 800 °C=3 h with no nitrogen infusion and (b)–(d) are low temperature nitrogen infused at 120, 140 and 160 °C,
respectively.
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increased the signal acquired is from an increased range
of depth).
Figure 6 shows the Nb 3d peak for a sample that was heat

treated at 800 °C =3 h and 800 °C =3 h with 140 °C N
infusion. The peak around 203.2 eV can be interpreted
as NbNx or NbN1−xOx peak. From the phase diagram of
Nb-N, NbN is not thermodynamically favorable to occur
below 400 °C, hence we interpret this peak mainly as a
NbNð1−xÞOx peak. Also the Nb peak at 202 eV is absent in
the nitrogen infused sample indicating that the NbN1−xOx
layer is sufficiently thick that the photoelectrons from the
underlying Nb do not reach the surface. Furthermore, the
Nb-3d peak intensities increase with takeoff angle due to
increased signal to noise ratio from the subsurface. At the
lowest takeoff angle only the Nb2O5 peak is apparent. The
NbN1−xOx peak shows up only around 45 degrees takeoff
angle. This suggests that the surface of the low temperature
nitrogen infused samples have a protective oxide layer,
below which the oxynitrides layer is present with a thick-
ness greater than 10 nm.

C. TOF-SIMS results

TOF-SIMS analyses [22] were conducted using a TOF
SIMS V (ION TOF, Inc. Chestnut Ridge, NY) instrument
equipped with a Binmþ (n ¼ 1–5, m ¼ 1, 2) liquid metal
ion gun, Csþ sputtering gun and electron flood gun for
charge compensation. Both the Bi and Cs ion columns are
oriented at 45° with respect to the sample surface normal.
The instrument vacuum system consists of a load lock for
rapid sample loading and an analysis chamber, separated by
the gate valve. The analysis chamber pressure is maintained
below 5.0 × 10−9 mbar to avoid contamination of the
surfaces to be analyzed. For the depth profiles acquired
in this study, 3 keV low energy Csþ with 20 nA current was
used to create a 120 μm by 120 μm area, and the middle

50 μm by 50 μm area was analyzed using about 0.3 pA
Bi3þ primary ion beam. The negative secondary ion mass
spectra were calibrated using H−, O−, Nb−, and NbO−. The
positive secondary ion mass spectra were calibrated using
Hþ, Nbþ, CsNbþ and Cs2Nbþ. The concentrations were
calculated using standard C, N and O implant into standard
niobium. Figure 7 shows the concentration of C−, O− and
NbN− on samples F9–12. Since nitrogen does not have
a significant negative secondary ion yield in SIMS,

FIG. 6. (a) Background subtracted XPS spectra on sample F9 (800 °C=3 hrs) and F11 (800 °C=3 hrsþ 140 °C=48 hrs @ 25 mTorr N2)
at 45° takeoff angle. (b) Angle resolved XPS on sample F11.

(c)

(a)

(b)

FIG. 7. SIMS depth profile of (a) carbon, (b) oxygen and
(c) nitrogen measured in samples F9–F12.
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NbN− ions were used to monitor the N signal. As expected,
sample F9 showed the lowest concentrations of O, C and N
within rf penetration depth and elemental concentration
increases when nitrogen is injected during the furnace
treatment. The concentration of oxygen increased with
decreasing baking temperature: this could be due to the
absorption of residual oxygen from the furnace, from
residual water vapor in the gas injection lines, or from
residual oxygen from the nitrogen gas cylinder. The higher
concentration of NbN− observed in samples F11 and F12
indicates the diffusion of nitrogen within ∼50 nm from the
surface, which is consistent with the diffusion coefficient
for N into Nb at 160 °C being 6.02 × 10−25 m2=s [23],
resulting in a diffusion depth of 46 nm after 48 h. The
NbN− concentration at a depth of ∼10–50 nm from the
surface is ∼1–10 at.%.
SIMS analysis of a Nb sample annealed at 800 °C for

10 h, 160 °C for 48 h with nitrogen and 160 °C for 168 h,
reported in Ref. [24], showed oxygen and carbon concen-
trations within the top ∼100 nm to be more than 1 order of
magnitude higher than that of nitrogen. Although our data
show higher concentration of O and C at the surface after
annealing at 800 °C=3 h, 160 °C=48 h with nitrogen, than
after annealing at 800 °C=3 hwithout nitrogen, the diffusion
depth of O and C is limited to ∼20 nm and their concen-
tration is comparable to that of Nwithin this depth. It should
be noticed that the annealing parameters of the sample in
Ref. [24] are different than the ones used in our study and the
nitrogen partial pressure during the 160 °C=48 h baking is
not specified in Ref. [24]. Differences in the purity of the gas
and the cleanliness of the gas injection lines could also
explain the difference between the SIMS data of Ref. [24]
and those shown in Fig. 7.
Figure 8 showed the ratio of counts/s for H− and Nb− for

samples F9–F12. Surprisingly, the hydrogen concentration

increased with increasing baking temperature. This
increase may be due to either the reabsorption of hydrogen
in the sample during the cooldown of the cavity from
800 °C or the trapping of the hydrogen near surface due to
the introduction of nitrogen. Additional SEM measure-
ments on cross-sectional areas of the samples are planned
to further investigate the presence of hydrides close to the
surface.

D. First flux penetration by dc magnetization

The dc magnetization measurements were acquired with
the 5 T quantum design superconducting quantum inter-
ference device system. Cylindrical samples were first zero
field cooled to 4.2 K and then the dc magnetization
measurements were made by applying a dc field parallel
to the length direction of the samples. Figure 9 shows the
isothermal dc magnetic hysteresis of samples M8–M12
measured at 4.2 K. No significant change in bulk pinning
and field of first flux penetration (Hffp) was observed after
low temperature nitrogen infusion. However, higher Hc2
values were obtained in samples M11 and M12 as shown in
the inset of Fig. 9.

V. DISCUSSION

The rf measurements on the treated SRF cavity and the
surface analyses of the sample coupons showed that the
heat treatment on SRF cavities at low temperature
(120–160 °C) significantly alters the rf surface and hence
the rf performance. Low temperature (100–150 °C) baking
under ultrahigh vacuum has been the standard practice
for the final preparation of SRF cavities in order to
recover from the high field Q-slope. The improvement
in high field Q-slope with increase in accelerating gradient

FIG. 8. H−=Nb− as a function of depth measured by TOF-
SIMS in Nb samples F9–F12.

FIG. 9. Isothermal dc magnetic hysteresis of samples M8–M12
measured at 4.2 K. The inset shows the MðHÞ close to Hc2
showing an enhanced Hc2 for samples M11 and M12.
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was explained as the result of oxygen diffusion in the
bulk of the cavity [25] or due to the strong suppression
of hydride precipitation caused by the change in concen-
tration of vacancy-hydrogen complexes [26]. A compre-
hensive model capable of explaining all of the experimental
results related to the high field Q-slope and baking effect is
still lacking. Very limited data regarding the high-
field behavior of cavities treated by the high-temperature
nitrogen doping followed by EP, mainly because of the
reduced quench field, typically <100 mT, above which the
high-field Q-slope typically occurs in BCP or EP treated
cavities.
An important outstanding issue to increase the quality

factor at or below 2 K is the increase in residual surface
resistance,which is typically observed after the standard low
temperature baking in UHV. Contributions to the residual
resistance could come from the presence of “defects” such as
damaged layers, metallic suboxides, subgap states, dielec-
tric losses, and trapped magnetic field.
XPS measurements indicate that the outermost dielectric

Nb2O5 layer decomposes into metallic suboxides such as
NbOx (x ¼ 0.5–2) while baking at 120 °C in UHV [27–29].
However, subsequent exposure of the Nb surface to air
reoxidizes the surface increasing the thickness of the Nb2O5

layer at the expenses of the suboxides [30]. Radio frequency
measurements on cavities for which the oxide layer was
stripped by rinsingwithHFand regrown after exposure to air
and water, following the low-temperature UHV baking
show that the residual resistance is reduced back to values
similar to those prior to baking [31].
For the study reported in this article, the Nb2O5 is

dissolved by the annealing at 800 °C and perhaps only few
monolayers of NbOx might be on the cavity surface once
the temperature dropped to <300 °C, at which point N2 is
injected into the furnace. A niobium oxynitrite layer might
be formed on the surface during baking at 120–160 °C in
nitrogen atmosphere and subsequent exposure of the sur-
face to air and water promotes the growth of the outermost
Nb2O5 layer. The XPS results indicate that an NbN1−xOx
layer is still present between the Nb2O5 layer and the bulk
Nb. The electronic properties of such a layer and their
influence on the electronic density of states of the adjacent
superconducting Nb might explain the difference in the rf
performance of “nitrogen infused” cavities compared to
those which were subjected to the standard UHV baking.
It is also possible that the injection of nitrogen at 290 °C
could initiate the growth of nanoscale normal-conducting
niobium nitride islands, which could be the surface features
mentioned in Sec. IVA. An increase in the density or size
of such normal-conducting features with increasing infu-
sion temperature might explain the quench field behavior.
A theoretical model in which the surface resistance of a

superconductor coatedwith a thin normalmetalwas recently
presented and showed that the RsðBpÞ behavior observed in
SRF cavities following different surface preparations can be

explained with changes in the thickness of the normal layer
and of the interface boundary resistance [32]. A recent
theoretical model proposed by Gurevich extends the zero-
fieldBCS surface resistance to high rf fields, in the dirty limit
[33]. Such a model calculates RsðHÞ from the nonlinear
quasiparticle conductivity σ1ðHÞ, which requires knowledge
of the quasiparticles’ distribution function. The calculation
was done for two cases, one which assumes the equilibrium
Fermi-Dirac distribution function and one for a nonequili-
brium frozen density of quasiparticles. A nonequilibrium
distribution function is appropriate when the rf period is
shorter than the quasiparticles’ relaxation time. RsðHÞ is
calculated numerically for these two cases and it depends on
a single parameter, α, which is related to the heat transfer
across the cavity wall, the Nb-He interface and between
quasiparticles and phonons.
Figure 10 shows the measuredRsðBpÞ after N-infusion at

140 and 160 °C, normalized to the value at Bp∼10 mT,
along with the curves calculated with the model of
Ref. [33]. The data after N-infusion at 120 °C do not show
any Q-rise and therefore cannot be described with the
model. Good agreement with the experimental data up to
Bp∼130 mT is obtained with α ¼ 0.08 and the equilibrium
distribution function for the N-infusion at 140 °C and with
α ¼ 1.125 and the nonequilibrium distribution function for
the N-infusion at 160 °C.
A qualitative interpretation from using Gurevich’s model

to describe our data is that the increase of the N-infusion
temperature from 140 to 160 °C results in increase of the
quasiparticles’ relaxation time, which becomes longer than
the rf period after the infusion at 160 °C. A high density of
subgap states, which are not considered in Gurevich’s
theory, would completely suppress theQ-rise phenomenon,
as observed after infusion at 120 °C, and would reduce the

FIG. 10. Rs=RsðBp ∼ 10 mTÞ vs Bp calculated using the model
in Ref. [33] along with the experimental data for cavity heat
treated at 140 and 160 °C, respectively.
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quasiparticles’ relaxation time. Therefore, we may interpret
our cavity test results as being related to a decreasing
density of subgap states as the N-infusion temperature is
increased from 120 to 160 °C.
Unlike the rf properties, the dc magnetization measure-

ments showed no significant change on the bulk super-
conducting properties as a result of low temperature
nitrogen infusion. The hysteresis loop observed in the
magnetization data showed no change in the bulk magnetic
flux pinning. A closer look near Hc2 (Fig. 6 inset) for
samples M11 and M12 showed enhanced Hc2 values,
probably due to the surface barrier effect [34,35] as a
result of samples being treated at higher temperatures
(140–160 °C) in nitrogen.

VI. CONCLUSION

Improvement in the quality factor of an SRF Nb cavity
was observed after annealing at 800 °C=3 h in vacuum
followed by baking at 120–140 °C in low partial pressure of
nitrogen inside a furnace (“N-infusion”), with a modest
∼14% degradation of the maximum accelerating gradient,
compared to the quench field after 120 °C bake in UHV.
A larger reduction (∼35%) of the quench field was
observed when the baking temperature was 160 °C but
with a pronounced increase of the quality factor with field,
similar to that observed in cavities treated by high temper-
ature nitrogen doping followed by electropolishing.
SEM analysis of sample coupons showed the presence of

surface features after N-infusion, which might be nanoscale
nitrides, andXPS analysis showed the presence of a possible
niobium oxynitrate layer at the surface. Impurities depth
profiling by TOF-SIMS showed a diffusion profile for
nitrogen in Nb down to∼50 nm and higher H concentration
after N-infusion. Further studies are ongoing to better
identify and understand the role of impurities and precip-
itates on the cavity performance.
A comparison of the field dependence of the surface

resistance after N-infusion with a recent theoretical model
that extends the calculation of the BCS surface resistance to
high rf fields suggests an increase in the quasiparticles’
relaxation time with increasing infusion temperature, which
could be due to a decreasing density of subgap states. No
significant changes of bulk critical fields or pinning
properties seem to occur by N-infusion.
Overall, a quality factor as high as ∼2 × 1010 at 1.5 GHz

was achieved at a gradient of 35 MV=m by 800 °C
annealing and N-infusion at 140 °C. Such performance
would be of great interest for lowering the cryogenic heat
load of high-energy accelerators such as the proposed
Linear Collider [36].
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