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Abstract
We report recent studies on the anomalous frequency vari-

ations of 1.3 GHz Nb SRF cavities near the transition temper-
ature 𝑇𝑐 and use them to investigate the underlying physics
of state-of-the-art surface treatments. One such feature, a
dip in frequency, correlates directly with the quality factor at
16 MV/m and the anti-Q slope that arise in cavities with di-
lute concentrations of N interstitial in the RF layer achieved
via N-doping and mid temperature baking. For N interstitial,
we find that the dip magnitude and 𝑇𝑐 follow exponential
relationships with the electronic mean free path. We present
the first observation of the frequency dip near 𝑇𝑐 in a cavity
baked at 200 °C in-situ for 11 hours, which is concurrent
with the anti-Q slope, and may be driven by oxygen dif-
fused from the native oxide, thus suggesting the possibility
of “O-doping.” We also investigate the conductivities of two
cavities that display different resonant frequency behaviors
near 𝑇𝑐 and suggest that the anti-Q slope and frequency dip
phenomena may occur in the presence of interstitial N or
possibly O that inhibit the formation of proximity coupled
Nb nano-hydrides.

INTRODUCTION
Most niobium superconducting radio-frequency (SRF)

cavity research uses the quality factor 𝑄0 and thus the sur-
face resistance 𝑅𝑠 as a function of the accelerating gradient
𝐸𝑎𝑐𝑐 to gain insight on the microscopic mechanisms that en-
able the unprecedented performance of these resonators after
undergoing various surface engineering treatments. How-
ever, there are far fewer studies on the resonant frequency
𝑓0 behavior of cavities as a function of temperature, which
yields valuable information on the surface reactance 𝑋𝑠 and
thus the superconducting carriers.

Recent work has shown that this frequency response holds
a wealth of information. In particular, there exist features
in the resonant frequency near the superconducting transi-
tion temperature 𝑇𝑐 in bulk niobium SRF cavities that vary
with surface processing and correlate well with cavity perfor-
mance [1, 2]. This work shows that N-doped cavities, which
exhibit high 𝑄0 and the anti-Q slope [3], a counterintuitive
increase in 𝑄0 with 𝐸𝑎𝑐𝑐 that is suspected of having origins
in non-equilibrium superconductivity [4] but has eluded full
understanding, always produce a prominent dip in the reso-
nant frequency just below the critical transition temperature.
On the other hand, electropolished cavities [5], which are
known to contain proximity coupled niobium nano-hydrides
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that drive high field Q-slope (HFQS) [6], often exhibit a
sharp transition of the resonant frequency from the super-
conducting to the normal conducting regime, dubbed the
standard feature. In addition, in-situ low temperature baked
(LTB) cavities [5], which have historically achieved high
quench fields, moderately high quality factors, and have been
shown to mitigate HFQS by diffused oxygen preventing the
precipitation of Nb nano-hydrides [7, 8], yield the foot fea-
ture in the frequency response near 𝑇𝑐, which describes a
plateau of the resonant frequency just before going normal
conducting. Such correlations between RF performance
and frequency behavior stimulates continuing studies on the
mechanisms at play as a full understanding would likely
guide the development of new surface engineering protocols
that further improve the performance of SRF cavities.

In this contribution, we investigate the frequency response
near 𝑇𝑐 of niobium SRF cavities subjected to state-of-the-
art surface processing techniques (N-doping, mid-T baking,
low temperature baking) and correlate with RF performance.
We show that both nitrogen doped and mid-T baked cavities,
which show high 𝑄0 and anti-Q slope, exhibit a prominent
dip in the resonant frequency just before superconducting
transition which is shown to scale with the measured quality
factor at 16 MV/m. We find that the 𝑇𝑐 and magnitude of
the dip follow exponential relationships with the extracted
electronic mean free path. Moreover, we show that in-situ
low temperature baking brings about the anti-Q slope and
dip phenomena in the absence of nitrogen and suggest that
the behaviors may be driven by oxygen diffused from the
native oxide, bringing about the concept of “oxygen doping.”
Lastly, to investigate possible differences in superconducting
properties, we calculate and fit the complex AC supercon-
ducting conductivity of two cavities that exhibit different
frequency features near 𝑇𝑐 and find that the frequency dip
and anti-Q slope occur when the average superconducting
gap value is large and the inelastic scattering parameter is at
a minimum, suggesting that these behaviors may be inherent
to niobium that is void of proximity coupled inclusions.

EXPERIMENTAL
We performed our studies on TESLA-shaped 1.3 GHz

bulk niobium single-cell SRF cavities that underwent a bulk
removal from the inner RF surface via EP followed by an
800 °C degassing step and an additional 30 µm EP removal
from the inner RF surface. Cavities were then treated with
different state-of-the-art surface treatments, including nitro-
gen doping [3] and in-situ low temperature baking [5]. Note
that nitrogen doping is usually referred to as “x/y + z µm
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EP” doping, where x is the duration of the annealing stage
in nitrogen in minutes, y is the duration of the vacuum an-
nealing stage in minutes, and z is the thickness of material
removed from the inner RF surface via electropolishing after
the furnace treatment.

We measured the RF performance of cavities using the
methods laid out in [9]. Cavities were equipped with
Helmholtz coils and resistance temperature detectors (RTDs)
and flux gates at the equator. We used the typical fast cool
down protocol in zero compensated field to minimize the
effect of trapped magnetic flux. To decompose the obtained
𝑄0 vs 𝐸𝑎𝑐𝑐 into the temperature dependent BCS resistance
𝑅𝐵𝐶𝑆 and material dependent residual resistance 𝑅𝑟𝑒𝑠, we
performed the RF tests at both 2 K and <1.5 K and used the
methods laid out in [10].

After RF tests were completed, we measured the cavity
resonant frequency as a function of temperature. We used a
vector network analyzer (VNA) to measure the S21 signal
while slowly increasing the dewar temperature. To carry
this out, we applied low power to heaters located at the
bottom of the dewar while it was open to atmosphere. This
method allowed for a slow warming rate of <0.1 K/min,
ensuring full thermalization of the cavity, as confirmed by
the RTDs. All data was corrected to filter out contributions
from pressure variations. We choose to present frequency
data as a frequency shift relative to the normal conducting
value ( 𝑓0,𝑁𝐶 ), such that Δ 𝑓0 (𝑇) = 𝑓0 (𝑇) − 𝑓0,𝑁𝐶 .

EFFECT OF NITROGEN
CONCENTRATION ON NEAR 𝑻𝒄

FREQUENCY FEATURES
In this section, we delineate the role of nitrogen concen-

tration in the frequency dip near 𝑇𝑐 of bulk niobium SRF
cavities. We subjected a single cavity, TE1RI003, to 3/60
nitrogen doping and tested it after sequentially removing the
inner RF with electropolishing. This gradually decreased
the concentration of nitrogen present within the RF layer.
The RF and Δ 𝑓0 (𝑇) measurements obtained after each step
are shown in Fig. 1.

To obtain some measure of the nitrogen concentration
after each step in Fig. 1, we extracted an effective mean free
path ℓ for each data set by converting to a shift in the mag-
netic penetration depth via Slater’s theorem [11] and fitting
with the modified Halbritter routine [12]. The extracted ℓ

values are shown in the legend in Fig. 1.
After the initial test post 3/60 + 10 µm EP N-doping, the

cavity exhibited high 𝑄0 at 3E10 at mid field, the charac-
teristic anti-Q slope, and a prominent dip in the resonant
frequency with magnitude Δ 𝑓dip = 1.3 kHz just before 𝑇𝑐 at
9.20 K. Upon decreasing the concentration of nitrogen (or
increasing the effective ℓ), we observed that the 𝑄0, degree
of anti-Q slope, and Δ 𝑓dip decreased while 𝑇𝑐 increased. Af-
ter a total removal of 30 µm from the inner, coinciding with
ℓ = 500 nm, the cavity exhibited typical HFQS behavior with
an onset at 25 MV/m, indicating the existence of proximity
coupled nano-hydrides within the RF layer [6] and that any
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Figure 1: 𝑄0 vs 𝐸𝑎𝑐𝑐 and Δ 𝑓0 (𝑇) measurements of cavity
TE1RI003 subjected to a single nitrogen doping surface
treatment followed by sequential removal from the inner RF
surface via EP. The legend in the lower plot shows the fitted
effective mean free path for each step of removal.

benefit of nitrogen doping had been lost. Furthermore, the
dip in resonant frequency was replaced by the “standard”
feature, showing a sharp transition from the superconduct-
ing to the normal conducting regime. The cavity was then
reset with EP and retreated with the 2/6 + 5 µm EP nitrogen
doping surface treatment, which produced the shortest mean
free path (107 nm), largest𝑄0, largest degree of anti-Q slope,
lowest 𝑇𝑐, and the largest Δ 𝑓dip in this study.

Figure 2 plots the quality factor measured at a field of
16 MV/m against the measured dip magnitude of many
1.3 GHz cavities subjected to either variants of nitrogen dop-
ing or mid-T baking, the latter which comes from Posen et
al. [13]. Note that mid-T baking has been found to introduce
nitrogen into the RF layer, thus possibly driving the doping
effect in cavities subjected to this surface treatment. The two
sets of data seem to find follow a linear trend and suggests
that the quality factor and the dip phenomenon are tied to
the same interface properties.

In Fig. 3, we plot the measured 𝑇𝑐 and Δ 𝑓dip (as defined in
Fig. 1) against the average electronic mean free path. The dip
magnitude decreases almost exponentially with increasing
ℓ or decreasing nitrogen concentration. The dependence
of 𝑇𝑐 is also well modelled by an exponential relationship
with the MFP and varies about 270 mK for the given data.
These values agree well with previous studies on the effect
of nitrogen on the 𝑇𝑐 of niobium [14] and may be due to a
reduction of the anisotropy of the superconducting gap due
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Figure 2: 𝑄0 measured at a field of 16 MV/m plotted against
the dip magnitude Δ 𝑓dip of nitrogen doped and mid-T baked
cavities. Shown also for reference is data on an EP cavity,
which shows no frequency dip feature. Mid-T bake data
comes from [13].
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Figure 3: Dip magnitude and transition temperature (defined
in Fig. 1) plotted against the fitted effective mean free path
of nitrogen doped and mid-T baked cavities. Mid-T bake
data comes from [13].

to scattering [15]. We also show a proposed nitrogen doping
level assessment scheme, which may be used to categorize
different levels of nitrogen doping.

To summarize this section, we show that the concentration
of nitrogen in the RF layer determines the 𝑄0, anti-Q slope,
𝑇𝑐, and Δ 𝑓dip in niobium SRF cavities. We also suggest that
the problem of identifying the origins of ultra-high𝑄0 and/or
anti-Q slope may reduce to the problem of understanding
the mechanisms responsible for the dip phenomenon.

EFFECT OF LOW TEMPERATURE
BAKING ON NEAR 𝑻𝒄 FREQUENCY

FEATURES

Previous work has shown that the in-situ low temperature
bake often brings about a foot feature in the resonant fre-
quency just before 𝑇𝑐, marked a plateau in the frequency
before going normal conducting [2]; here we study the evolu-
tion of this feature with increasing in-situ bake durations. A
single cavity, TE1AES019, was fully assembled, evacuated,
and baked with a 90 °C in-situ bake for 384 hour to eliminate
high field Q slope [16]. It was then subjected to sequential
rounds of baking at 200 °C and tested after each step. The re-
sults are shown in Fig. 4. We note that the cavity maintained
vacuum throughout the course of the study, preventing the
growth of the native oxide layer after baking.

From Fig. 4, after the first round of baking (+200 °C for
1 hour), we observed the expected behaviors of in-situ LTB
cavities: a higher quench field, a larger BCS resistance and
non-monotonic dependence on the field, and a small but
present foot feature in the resonant frequency just before 𝑇𝑐.
However, the results after the next round of 200 °C baking,
for an integrated bake duration of 11 hours, were surprising.
The 𝑄0 vs 𝐸𝑎𝑐𝑐 curve exhibited an anti-Q slope behavior,
as confirmed by the BCS resistance. Furthermore, the foot
feature in the frequency near 𝑇𝑐 was replaced by a prominent
dip withΔ 𝑓dip ≈ 0.4 kHz. However, the𝑇𝑐 remained constant
at ∼9.27 K.

As such behaviors are characteristic of cavities processed
with surface treatments that introduce uniform and dilute
concentrations of nitrogen into the RF layer (nitrogen dop-
ing [3] and mid-temperature baking [13]), we originally
suspected that the 200 °C low temperature in-situ baking
treatment was somehow introducing nitrogen into the nio-
bium lattice.

To determine what might be driving this doping effect af-
ter in-situ low temperature baking at 200 °C for 11 hours, we
performed time-of-flight secondary ion mass spectroscopy
(TOF-SIMS) on an as-received electropolished cavity cutout
after baking it in-situ at 205 °C for 19 hours without ever
breaking vacuum, thus effectively recreating the surface
treatment used on the cavity. We used the same IONTOF
TOF-SIMS system described in [7] with a liquid Bi+ ion
beam to perform secondary ion measurements while sputter-
ing with a Cs+ ion gun with energy 1 keV to obtain impurity
profiles with depth. The results are shown in Fig. 5.

Interestingly, we found that the NbN-/Nb- ion signal,
which we interpret as a measure of the level of nitrogen,
remained at the background level just below the oxide even
after the 205 °C bake for 11 hours. This is further reinforced
when comparing the NbN-/Nb- ion signals to that measured
on an as received 2/6 N-doped cavity cutout, showing over
an order of magnitude difference. As such, there was likely
no nitrogen present in the RF layer after the 200 °C × 11 hour
in-situ LTB, and the doping behaviors observed in Fig. 4
may have been driven by another mechanism.
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Figure 4: 𝑄0 vs 𝐸𝑎𝑐𝑐 at 2 K, BCS resistance at 2 K, and
Δ 𝑓0 (𝑇) curves of TE1AES019 after sequential rounds of
low temperature in-situ baking. The inset in the lowest
plot shows the frequency response over a larger range of
temperatures. The durations shown in the legends represent
the integrated bake times.

One possible driver for the doping behavior observed in
Fig. 4 after 200 °C × 11 hour in-situ LTB may stem from the
diffusion of oxygen from the native oxide toward the nio-
bium bulk. It has been previously shown on niobium SRF
cavity cutouts that low temperature baking causes oxygen
to diffuse from the oxide according to Fick’s law [7,8, 17].
Indeed, the lower plot in Fig. 5 shows that the 75/120 °C
in-situ bake only diffuses oxygen to a depth of about 100 nm
from the RF surface and shows a large gradient in the mea-
sured O-/Nb- ion signal over the RF layer. Such cavities do
not exhibit the anti-Q slope phenomenon nor the frequency
dip feature [2, 18, 19]. However, the results of the EP cavity
cutout after in-situ LTB at 200 °C for 19 hours show that the
oxygen signal extends to roughly 1000 nm and produces a
more uniform concentration within the RF layer. While more
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O
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Figure 5: TOF-SIMS acquired depth profiles on an as-
received EP cavity cutout measured before and after in-situ
baking at 205 °C for 19 hours. Shown also are depth profiles
taken on an as received 2/6 N-doped cavity cutout and a
75/120 °C baked cavity cutout. All signals are normalized
point-by-point to the Nb- ion signal. Note that the RF layer
extends ∼100 nm from the surface.

studies are required to pinpoint the exact mechanism, these
results suggest that the uniform concentration of oxygen
present within the RF layer may be responsible for driving
the anti-Q slope and dip phenomena observed in Fig. 4 af-
ter in-situ low temperature baking, thus bringing about the
concept of “oxygen doping”. This is in agreement with a
recent and independent study that has suggested the role of
oxygen in the anti-Q slope phenomenon in the absence of
nitrogen [20]

With the possibility of oxygen driving the doping be-
havior of cavities after in-situ low temperature baking,
this begs the question: how does “oxygen doping” com-
pare with nitrogen doping? Figure 6 makes such a
comparison and plots the results from TE1AES019 after
90 °C × 384 hours + 200 °C × 11 hours in-situ low tempera-
ture baking, which we call “oxygen doped” and TE1RI003
after 3/60 + 10 µm EP N-doping from Fig. 1. We find that
both treatments produce an almost identical behavior in the
BCS resistance with field, showing that it decreases from
6 nΩ to about 5 nΩ.
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Figure 6: A comparison of the BCS resistance at 2 K and
frequency response near 𝑇𝑐 of cavity TE1AES019 after
90 °C × 384 hours + 200 °C × 11 hours in-situ low tempera-
ture baking from Fig. 4 and TE1RI003 after 3/60 + 10 µm EP
N-doping from Fig. 1.

While the BCS resistance behavior is nearly identical, the
frequency behavior differs substantially, suggesting a depen-
dence on the dopant species. The “oxygen doped” cavity
follows an almost linear decrease in frequency with temper-
ature above ∼8.7 K that is not present in the N-doped cavity.
We also see that the transition temperature of the nitrogen
doped cavity is lower than what is achieved post “oxygen
doping”. This is surprising as oxygen has been shown to
more strongly suppress the 𝑇𝑐 of niobium than nitrogen for
a given concentration [14]. This might be indicating that,
when compared to nitrogen impurities, a lower concentra-
tion of oxygen in the RF layer is required to bring about
the decrease in the BCS resistance with field driven by non-
equilibrium effects that results in the anti-Q slope. Further
studies are needed to test this suspicion. We also find that
the “oxygen doped” cavity exhibits a smaller Δ 𝑓dip but a
wider full width half max. This latter observation could
be suggesting the existence of a larger distribution of 𝑇𝑐,
as suggested in AC magnetic susceptibility studies on high
temperature superconductors [21], which may be indicating
a greater level of inhomogeneity on the inner RF surface.
Again, further studies are required to explore this possibility.

Reference [16] discusses further studies on the role of
oxygen in the performance of niobium SRF cavities.

To conclude this section, we find that the role that oxygen
plays in the performance of SRF cavities after in-situ low
temperature baking for extended durations may be similar

to that of nitrogen after nitrogen doping and suggest that
uniform concentrations of oxygen in the RF layer may bring
about the anti-Q slope and dip phenomena, thus introduc-
ing the concept of “oxygen doping. We also find that the
frequency behavior near 𝑇𝑐 gives further insight on super-
conducting properties and that it likely depends on dopant
species.

IMPLICATIONS ON THE COMPLEX
CONDUCTIVITY

While a full microscopic understanding of the frequency
features near 𝑇𝑐 has not yet been realized, we explored the
conditions under which they occur by investigating the AC
complex conductivity 𝜎(𝑇) = 𝜎1 (𝑇) + 𝑖𝜎2 (𝑇). Using the
method laid out by Trunin [22], the AC complex conductivity
may be extracted using surface impedance measurements
𝑍𝑠 (𝑇) = 𝑅𝑠 (𝑇) + 𝑖𝑋𝑠 (𝑇) over the temperature range of
interest via

𝜎 = 𝜎1 + 𝑖𝜎2 = 𝜔𝜇0

(
2𝑅𝑠𝑋𝑠

(𝑅2
𝑠 + 𝑋2

𝑠 )2
+ 𝑖

𝑋2
𝑠 − 𝑅2

𝑠

(𝑅2
𝑠 + 𝑋2

𝑠 )2

)
, (1)

where the surface resistance and reactance are defined by

𝑅𝑠 (𝑇) =
𝐺

𝑄0 (𝑇)
(2)

𝑋𝑠 (𝑇) = −2𝐺
Δ 𝑓0 (𝑇)

𝑓0
+ 𝑋𝑛, (3)

where 𝐺 = 270Ω is the geometry factor of TESLA shaped
cavities and 𝑋𝑛 is the normal conducting reactance measured
at ∼10 K, which must consider anomalous skin effects [23].
Further details on the calculation of the complex conductiv-
ity from impedance measurements may be found in [2].

To gain further insights on quasi-particle and supercon-
ducting carrier dynamics that may give a better understand-
ing of the underlying physics at play behind the anti-Q slope
and the frequency dip, we measured 𝜎 of two niobium cav-
ities that exhibited different RF behaviors and frequency
features near 𝑇𝑐: i) an electropolished cavity (TE1RI003) ii)
a 2/6 + 5 µm EP N-doped cavity (TE1PAV009).

Figure 7 summarizes the RF, BCS resistance, and fre-
quency vs temperature results of TE1RI003 and TE1PAV009
and shows all of the otherwise expected behaviors.
TE1PAV009 post nitrogen doping exhibited high 𝑄0 at mid
field and anti-Q slope that was driven by the decrease in
the BCS resistance with field. It also showed a prominent
dip in resonant frequency just before the normal conduct-
ing transition at 9.04 K, which gives a MFP of ∼70 nm by
extrapolating from Fig. 3. TE1RI003, on the other hand, ex-
hibited HFQS beginning at ∼25 MV/m, an increasing BCS
resistance with field, and the “standard” frequency feature
near 𝑇𝑐. The fitted MFP was 550 ± 120 nm.

To measure the surface impedance over the entire tem-
perature range of interest for the two cavities, we used the
methods laid out in [24]; the results are shown in Fig. 8.
Note that the dip in frequency becomes a peak in reactance
due to the change of signs in Eq. (3).
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Figure 7: Measured 𝑄0 vs 𝐸𝑎𝑐𝑐 at 𝑇 = 2 K, BCS resistance
at 2 K, and frequency response as a function of temperature
of TE1PAV009 after 2/6 + 5 µm EP nitrogen doping and
TE1RI003 after electropolishing.

As a check of our method, we calculated the penetration
depth at 0 K directly from our measured surface reactance
via

𝑋𝑠,0 = 𝜔𝜇0𝜆0,exp (4)

and compared it to the value obtained using Pippard theory

𝜆0 = 𝜆𝐿

√︂
1 + 𝜉0

ℓ
. (5)

Table 1 shows excellent agreement between the two methods
for both cavities.

To calculate the AC conductivity, we used the data shown
in Fig. 8 in Eq. (1); the results are shown in Fig. 9. Error bars
for TE1PAV009 (TE1RI003) are dominated by uncertainty
in the measurement (error in fitted ℓ value). For both of the
studied cavities, we observe the existence of the so-called

Table 1: Comparison of Experimentally and Theoretically
Calculated Penetration Depths

𝝀0, exp [nm] 𝝀0 [nm]
36 ± 8 40
54 ± 2 48

2 4 6 8 10
0

2

4

6

8

2 4 6 8 10
1E-9

1E-8

1E-7

1E-6

1E-5

1E-4

0.001

0.01

X s
(m

Ω
)

Temperature (K)

R
s
(Ω
)

Temperature (K)

EP: MFP = 550 ± 120 nm
N-Doped: MFP ≈ 70 nm

Figure 8: Measured surface reactance and surface resis-
tance with temperature of TE1PAV009 post 2/6 + 5 µm EP
N-doping and TE1RI003 after electropolishing.

coherence peak near 0.9 T/Tc but with differing amplitudes.
The coherence peak arises due to coherence factors in BCS
theory [25] and is analogous to the Hebel-Schlichter peak in
nuclear spin relaxation [26]. To the best of our knowledge,
this is the first time the coherence peak has been reported in
bulk niobium SRF cavities.

As a simple phenomenological model to fit our data, we
used the Mattis-Bardeen model of the AC complex con-
ductivity [27] with the Dynes inelastic scattering parameter
Γ [28] built into the density of states, given as

𝜎1
𝜎𝑛

=
2
ℏ𝜔

∫ ∞

Δ

[ 𝑓 (𝐸) − 𝑓 (𝐸 + ℏ𝜔)]𝑔(𝐸, Γ)√︁
(𝐸 + 𝑖Γ)2 − Δ2

𝑑𝐸

+ 1
ℏ𝜔

∫ −Δ

Δ−ℏ𝜔

[1 − 2 𝑓 (𝐸 + ℏ𝜔)]𝑔(𝐸, Γ)√︁
(𝐸 + 𝑖Γ)2 − Δ2

𝑑𝐸,

(6)

𝜎2
𝜎𝑛

=
2
ℏ𝜔

∫ Δ

Δ−ℏ𝜔,−Δ

[1 − 2 𝑓 (𝐸 + ℏ𝜔)]𝑔(𝐸, Γ)√︁
(Δ2 − (𝐸 + 𝑖Γ)2

𝑑𝐸, (7)

𝑔(𝐸, Γ) = (𝐸 + 𝑖Γ) ((𝐸 + 𝑖Γ) + ℏ𝜔) + Δ2√︁
((𝐸 + 𝑖Γ) + ℏ𝜔)2 − Δ2.

. (8)

This model gives a measure of the level of pair-breaking
present within the RF surface by introducing subgap quasi-
particle states and reproduces some of the salient features
in more rigorous theories at low values of Γ/Δ [29–31]. As
shown in dashed and solid lines in Fig. 9, the model gives
good fits with experimental data.

From the fits, we find that both 𝜎1/𝜎𝑛 and 𝜎2/𝜎𝑛 for
TE1RI003 after EP are best modelled with an average
superconducting gap of Δ0 = 1.5 meV and an inelastic
scattering parameter Γ/Δ0 = 0.025. TE1PAV009 post N-
doping is instead better fitted with a larger average super-
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Figure 9: The real and imaginary parts of the AC complex
conductivity normalized to the normal conducing value 𝜎𝑛

of TE1PAV009 after 2/6 + 5 µm EP nitrogen doping and
TE1RI003 after electropolishing. Solid and dotted lines
represent fits with Eqs. (6)-8.

conducting Δ0 = 1.6 meV and a lower level of pair-breaking
(Γ/Δ0=0.0058).

These fitted values are consistent with point contact tunnel-
ing spectroscopy (PCTS) studies by Groll et al. on similarly
treated cavity cutouts [32]. The N-doped samples in those
studies showed slightly lower but more homogeneous Δ0
values and lower levels of Γ/Δ0 than those that came from
EP cavities. This gives one possible cause for the difference
in gap values obtained from the fits shown in Fig. 9; elec-
tropolished cavities contain localized defective regions that
bring down the average superconducting gap. The lower
level of pair-breaking observed in Fig. 9 for the N-doped
cavity is likely due to the absence (or lower volume fraction)
of proximity coupled nano-hydrides and magnetic moments
within the interface. This is consistent with the fact that N-
doped cavities do not exhibit the high field 𝑄 slope caused
by the proximity breakdown of hydrides at high fields [3, 6]
as nitrogen has been suggested to serve as an effective hy-
drogen trap [33], thus preventing hydride precipitation upon
cool down to cryogenic temperatures.

While PCTS reports higher values of Γ/Δ0 for both N-
doped and EP samples than what is shown in fits with Fig. 9,
this is likely due to differences in the probing depth between
the two techniques. Since PCTS is more surface sensitive,
it is likely that RF field measurements probe considerably
deeper and sample regions with fewer pair-breaking mecha-
nisms.

From the above, we suggest that the frequency dip and the
anti-Q slope may occur when the average superconducting
gap is large and the level of proximity coupling and magnetic
moments within the RF layer are at a minimum.

The hypothesis that lower levels of inelastic scattering may
enable the anti-Q slope and frequency dip may also explain
the occurrence of these phenomena in cavities subjected
to “oxygen doping” as oxygen has also been suggested to
effectively capture free hydrogen [33], thus also diminishing
or eliminating proximity coupled niobium nano-hydrides
within the RF layer [7, 16]. The possibility that these phe-
nomena exist independent of dopant species (but are mani-

fested to slightly different extents depending on the dopant,
as observed in Fig. 6) suggests that such behaviors may be
inherent to niobium cavities that contain a minimal level of
proximity coupled inclusions. Further studies are underway
to test this hypothesis.

CONCLUSIONS
In this contribution, we have studied the performance of

bulk niobium SRF cavities subjected to state-of-the-art sur-
face treatments by studying their frequency response near the
critical transition temperature. We found that dilute concen-
trations of nitrogen achieved via nitrogen doping or mid-T
baking bring about the anti-Q slope and dip phenomena and
that the nitrogen concentration determines the magnitude of
the frequency dip and the critical transition temperature. In-
terestingly, we found that similar phenomena were obtained
in a cavity subjected to 200 °C × 11 hours in-situ low tem-
perature baking in the absence of nitrogen. This suggests
that oxygen impurities may play a role in the performance of
SRF cavities after low temperature baking that is similar to
that of nitrogen after nitrogen doping, thus bringing about
the concept of “oxygen doping”. By investigating the fre-
quency response of an oxygen doped cavity and a nitrogen
doped cavity that both exhibited similar BCS resistance, we
found evidence of inhomogeneity in the RF surface after
oxygen doping, which may be key in understanding the un-
derlying physics of this surface treatment. This observation
also shows that that frequency response near 𝑇𝑐 is a new
lens through which the microscopic mechanisms responsi-
ble for improved performance may be studied. Lastly, by
measuring and fitting the complex conductivities of EP and
N-doped cavities, we showed that the anti-Q slope and dip
phenomena are present when there exists a large average
superconducting gap and a minimal level of proximity cou-
pling within the RF layer. We suggest that this lower level of
proximity coupling may be due to a lower volume fraction
or elimination of proximity coupled nano-hydrides that are
mitigated via interstitial nitrogen or perhaps even oxygen.
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