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Superconducting radio-frequency (SRF) niobium cavities are critical for modern particle accel-
erators, as well as for advancing superconducting quantum systems and enabling ultra-sensitive
searches for new physics. In this work, we report a systematic observation of an anomalous fre-
quency dip in Nb cavities, which occurs at temperatures just below the critical temperature (Tc),
indicative of enhanced superconducting properties at T ≪ Tc. The magnitude of this dip is strongly
correlated with the RF surface resistance, impurity distribution near the surface, and Tc. Addition-
ally, we report measurements of the coherence peak in the AC conductivity of two Nb SRF cavities
processed using distinct methods. By comparing recent theories developed to model this experi-
mental data, we show that the frequency dip feature, larger coherence peak height, and reduction
in the temperature-dependent surface resistance with RF current occur at minimal but finite levels
of disorder.

I. INTRODUCTION

Superconducting radio frequency (SRF) niobium cav-
ities are record-high quality factor Q0 > 1010 − 1011

man-made resonators that serve as the primary accel-
erating structures in modern particle accelerators [1],
longest coherence microwave quantum superconducting
systems [2], and an ultrasensitive platform for dark sec-
tor and dark matter candidate searches [3–6]. These
ultra-high quality factors are enabled by the low mi-
crowave surface resistance of superconducting Nb, given
by Rs = G/Q0, where G is a geometric factor. Typi-
cally, Rs increases with the magnitude of the peak sur-
face magnetic field Bp due to increased screening cur-
rents. Extensive research over the past decades has al-
lowed the discovery and mitigation of several such field-
dependent physical mechanisms in various regimes [1].
This most recently includes proximity-coupled niobium
nanohydrides [7] and their mitigation by oxygen inward
diffusion [8] and the reduction of two-level system-driven
dissipation by oxide removal [2, 9, 10].

This steady improvement has revealed new SRF phe-
nomena that remain poorly understood, most notably
the factor of four increase in Q0 and the field-dependent
increase in the quality factor of nitrogen-doped [11] cav-
ities, which is commonly referred to as the positive slope
Q. The unusual effect stems from an anomalous decrease
in the temperature-dependent component of the surface
resistance RT with increasing field [11]. In essence, it
is as if superconducting pairing strengthens with an in-
creased RF field and current. Material studies have high-
lighted its dependence on the concentration and distribu-
tion of nitrogen in the vicinity of the surface. Possible
mechanisms include a field-stimulated smearing of the
BCS density of states [12, 13], anomalous skin effects
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[14], and the field-driven nonequilibrium redistribution
of thermally excited quasiparticles to higher energy lev-
els [15]. Still, a systematic study of the effect of doping
on quasiparticle lifetimes and density of states as well as
strong coupling pairing effects in SRF cavities has not
been reported and is critical for the understanding of the
effect.
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FIG. 1. Five observed resonant frequency variations of
1.3 GHz elliptical niobium SRF cavities near Tc. Each fre-
quency curve has been offset for clarity.

While many studies have focused on the quality fac-
tor and surface resistance, here we report that the cavity
resonant frequency provides another valuable avenue for
gaining insight into the underlying physical phenomena,
as its changes are directly connected to the properties of
the superconducting condensate. We find the existence
of anomalous frequency features just below the critical
transition temperature Tc of the bulk superconducting
Nb. Fig. 1 shows the five resonant frequency variations
just below the critical transition temperature (Tc) in Nb
SRF cavities. All five features have been observed at low
fields (<1 mT) while warming and cooling through Tc,
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which is expected as the superconducting phase transi-
tion is of the second order.

The AC complex conductivity enables further insight
on quasiparticles and superconducting carriers. For fre-
quencies far below the superconducting gap (ℏω ≪ ∆),
σ1 exhibits the coherence peak, a nonmonotonic depen-
dence of the quasiparticle conductivity with temperature
that arises due to coherence factors in BCS theory [16]
and is analogous to the Hebel-Slichter peak in nuclear
spin relaxation [17]. This peak was originally demon-
strated in niobium by Klein et al. [18] at 60 GHz, a
frequency significantly higher than those typically used
in modern RF accelerators. We show that the height of
the coherence peak also correlates with the frequency dip
in Fig.1.

In this article, we present a systematic study on a large
number (>40) of bulk niobium SRF cavities revealing the
anomalous decrease (dip) in cavity resonant frequency
at temperatures just below Tc in nitrogen-doped cavi-
ties. In addition, we report that the other four (non-dip)
characteristic temperature dependencies uniquely corre-
spond to other explored surface treatments, and thus cor-
relate strongly with cavity performance in RT with the
stored field. The measured coherence peak in the com-
plex conductivity of bulk niobium SRF cavities is fit-
ted with a phenomenological model incorporating a pair-
breaking term in the BCS [16] density of states. We
comment on different models proposed by other groups
which help provide insight on the origins of these vari-
ous phenomena. Fits with theories suggest that the co-
herence peak, along with the dip phenomenon, high Q0,
andRT decrease with field, are signatures of improved su-
perconducting properties and occur when extrinsic pair-
breaking scattering and pair-conserving scattering from
nonmagnetic impurities are minimal but finite.

II. EXPERIMENTAL PROCEDURE

A large set of bulk niobium SRF cavities of TESLA [19]
elliptical shape were employed for our studies. The reso-
nant frequencies of these cavities varied from 650 MHz to
3.9 GHz, which allowed probing the low frequency limit
of Nb (ℏω ≪ ∆). All cavities went through a bulk elec-
tropolishing (EP) of 120 µm material removal and 800◦C
hydrogen degassing step [20] followed by various sur-
face treatments. These treatments included additional
∼40 µm EP, nitrogen infusion [21], 120◦C baking for 48
hours [22], 75/120◦C baking [23, 24] wherein cavities were
first baked at 75◦C before the standard 120◦C bake, and
nitrogen doping [11] with varying dopant concentrations.
Dopant concentration is varied by altering the durations
of baking in N atmosphere and in vacuum, which has the
shorthand notation of minutes in N/minutes in vacuum
(i.e., 2/6) and/or the amount of removal via EP.

All cavities were first cooled down to 2 K where stan-
dard measurements [25] of Q0 as a function of the peak
surface magnetic field Bpeak have been performed; most

cavities were tested again after cooling further down to
T < 1.5 K. To extract quasiparticle driven surface resis-
tance RT from the measured Q0, we used the methods
laid out in [15]. Specifically, we subtracted off the resid-
ual resistance (Rres = G/Q0(< 1.5K)) contribution from
the total Rs at 2 K, so that RT = Rs(2K)−Rres.

Measurements of the resonant frequency f0 with tem-
perature were made as follows. Cavities were equipped
with resistance temperature detectors (RTDs), placed in
a helium dewar, and pre-cooled to 4.2 K. We used heaters
located at the bottom of dewar to boil off the liquid he-
lium and facilitate warming. This procedure allowed for
a warming rate of < 0.1 K/min, ensuring thermalization
of the cavity, as confirmed by the RTD readings. Reso-
nant frequency was recorded with a vector network an-
alyzer (VNA). Measurements persisted through the nio-
bium superconducting transition temperature at ∼9.2 K.
After measurements, the data was corrected to account
for variations in dewar gas pressure.

For several f0(T ) datasets, an effective mean free path
ℓ within the cavity surface layer has been obtained by
converting the measured frequency shift with tempera-
ture near Tc into a shift in the magnetic field penetra-
tion depth λ(T ) using Slater’s theorem [26] and fitting
based on the modified Halbritter routine [27], following
the same technique outlined in [28].

To calculate the AC conductivity, we used the method
utilized by Trunin et al. [29]. To extract the surface
resistance, we measured Q0 from 1.5 K up to 10 K us-
ing a combination of standard power balance measure-
ments in continuous wave and decay modes along with
VNA measurements and converted to surface resistance
Rs. The surface reactance was measured utilizing the
above discussed frequency vs temperature measurements
from 6 K to 10 K and extrapolating to lower tempera-
tures by means of fitting with the Halbritter routine [27]
and using Xs(T ) = −2G∆f0(T )/f0 +Xn. We obtained
the additive constant using the normal conducting sur-
face resistance measured just above the transition tem-
perature Rn(10 K). In the local limit, valid for dirty Nb,
Rn(10 K) = Xn(10 K). When the local limit is not appli-
cable, as is true for high purity niobium [22], the correct
relationship between Rs andXs is obtained using the uni-
versal impedance curves plotted against the dimension-
less parameter α calculated by Reuter and Sondheimer
in the microwave region [30]. The parameter α is pro-
portional to ℓ3/ρℓ, where ℓ is the mean free path and ρℓ
is a temperature independent material constant, which is
6 × 10-16 Ωm2 for Nb [22]. Finally, the complex conduc-
tivity is calculated as

σ = σ1 + iσ2 = ωµ0

(
2RsXs

(R2
s +X2

s )
2
+ i

X2
s −R2

s

(R2
s +X2

s )
2

)
. (1)
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III. RESULTS

A. Effect of Impurity Structure on Frequency
Variations Near Tc

Overall, we have studied the frequency response of 41
cavities with various impurity structures in the RF layer.
Of these 41, we find a clear dip in the resonant frequency
just below the Tc in 22 N-doped cavities, similar to what
is observed in Fig. 1. For other treatments, we observed
the four other characteristic behaviors.

N-doped N-Infused 75/120◦C 120◦C EP

Dip 22 1a

Foot 1 5
Bump 1

Dip+Bump 2 1
Standard 1 3 2 2

a ∆fdip < 50 Hz as compared to ∼1-2 kHz in doped cavities,
likely an artifact of the pressure correction

TABLE I. Occurrence of features in f0(T ) data near Tc for
five typical SRF cavity surface treatments.

B. Effect of MFP on Frequency Dip Feature

To investigate the dependence of the dip on the ni-
trogen concentration, one cavity subjected to 3/60 ni-
trogen doping underwent several sequential material re-
moval steps of the RF surface via EP, with RF mea-
surements performed after each step. The material re-
moval allowed to gradually decrease the concentration of
N present in the RF layer, resulting in an increase in ℓ.
After the combined 30 µm material removal, the cavity
was bulk electropolished and re-processed with the 2/6
N-doping surface treatment. The RT (Bpeak) and f0(T )
results along with the corresponding material removal
amounts and extracted ℓ values are presented in Fig. 2.
We observe that dilute and uniform concentrations of

nitrogen (short ℓ) produce a characteristic decrease in
RT at higher Bpeak, a weak suppression in Tc, and an
anomalous frequency dip just before Tc. As nitrogen
concentration gradually decreases with more material re-
moval, these behaviors are gradually diminished. The
RT behavior with field approaches that of a typical EP
cavity. Meanwhile, the dip magnitude diminishes as the
transition temperature assumes the clean niobium value.
Subsequent bulk electropolishing and 2/6 doping, which
is known to produce a larger nitrogen concentration than
3/60 doping, shows a return of the dip feature with a
larger magnitude and lower Tc.

Fig. 2(c) plots the dip magnitude and transition tem-
perature against ℓ. The dip magnitude decreases strongly
(close to exponentially) while the transition tempera-
ture increases with increasing ℓ values. The Tc varies
by ∼120 mK throughout the course of the study, which
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FIG. 2. (a) Temperature dependent surface resistance at 2 K
with peak magnetic field and (b) resonant frequency response
with temperature of a single 1.3 GHz Nb cavity after sequen-
tial removal of the surface post nitrogen doping. The legend
in (b) presents the fitted ℓ in the RF layer after each step.
Resonant frequency shift is reported relative to the normal
conducting value near 10 K. The parameter ∆fdip is called
the dip magnitude. (c) Dip magnitude and Tc are plotted
against the fitted ℓ. Horizontal error bars come from fitting;
vertical error bars are smaller than the data points. Solid and
dashed lines show e−ℓ and −e−ℓ relationships, respectively.

is in good agreement with previous work on the effects of
nitrogen and oxygen on niobium Tc [31]. Possible origins
for this Tc suppression in the presence of N interstitial
may stem from lattice parameter expansion [31] or Fermi
surface anisotropy [32]. Our findings clearly show that
a frequency dip and corresponding Tc suppression occur
in the presence of uniform and dilute concentrations of
N impurities and that impurity concentration serves as a
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critical parameter in determining the extent of the phe-
nomena.

C. Correlating Q0 with ∆fdip

The evolution observed in Fig. 2 suggests correlation
between the frequency dip and RT ; to investigate this, we
plotted RT measured at 68 mT and 2 K against the dip
magnitude for an ensemble of variously nitrogen doped
cavities in Fig. 3. Indeed, we observe a linear trend,
suggesting a potential relationship between the positive
Q-slope and frequency dip phenomena. We note that the
trend shown in Fig. 3 is relevant for the accelerator com-
munity as it facilitates a method for quickly estimating
the temperature-dependent component of the surface re-
sistance of N-doped cavities at high fields from low field
frequency domain measurements, which may be practical
when high power infrastructure is not readily available.
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FIG. 3. Temperature dependent surface resistance measured
at 68 mT and a temperature of 2 K plotted against the dip
magnitude for variously nitrogen doped cavities. Shown for
reference are results obtained from a cavity post EP.

D. Effect of Resonant Frequency on Dip

To study the effect of resonant frequency on the
dip, four niobium cavities with f0=650 MHz, 1.3 GHz,
2.6 GHz, and 3.9 GHz were subjected to the same 2/6
N-doping surface treatment, producing an identical im-
purity structure in each cavity. The results are shown in
Fig. 4(a). We observe that resonant frequency is linearly
related with the dip magnitude, as shown in Fig. 4(b).
Furthermore, the degree of RT reversal, defined here as
the negative of the slope from 15 mT to 64 mT of the
RT (Bpeak, T = 2 K) curve normalized to the value at
15 mT, also exhibits a linear trend with the resonant fre-
quency. A similar dependence of the RT reversal is shown
in [15] where it is hypothesized that such behavior may
be driven by non-equilibrium superconductivity.
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FIG. 4. (a) Frequency response with temperature of four cavi-
ties, each with different resonant frequency, processed to yield
an identical nitrogen concentration in the RF layer. Inset
shows the response over a larger range of temperatures. (b)
Left-hand axis shows the dip magnitude plotted against the
fundamental resonant frequency for each cavity. The right-
hand axis plots the degree of reversal of the temperature de-
pendent component of the surface resistance for each cavity,
as defined in the text. Dashed and solid lines show linear fits.

E. Measurement of AC Complex Conductivity

To gain insight on the conditions under which differ-
ent frequency features near Tc occur, we measured the
AC complex conductivity of two niobium cavities: i) the
cavity presented in Fig. 2(a) with ℓ = 550±51 nm which
showed the standard feature near Tc (which we call the
EP cavity) and ii) a cavity post nitrogen doping which
exhibited the prominent dip and ℓ = 71 ± 3 nm. We
note that this latter mean free path is in agreement with
the value obtained by extrapolating Fig. 2(c) down to
Tc = 9.04 K, yielding approximately 70 nm. Fig. 5(a) and
its inset show the expected Q0(Bp) and RT (Bp) behav-
iors characteristic of cavities subjected to these surface
treatment. Fig. 5(b) presents the real and the imaginary
parts of the measure surface impedance of the two cavi-
ties.
To confirm the validity of our measured reactance,

we calculated the experimental penetration depth at
T = 0 K via Xs,0 = ωµ0λ0,exp using the Halbritter rou-
tine to extrapolate data to 0 K and compared with the
effective penetration depth λeff = λL(1 + ξ0/ℓ)

1/2. For
Nb, λL = 39 nm and ξ0 = 38 nm [33]. The experimen-
tal and calculated results shown in Table II are in good
agreement.
The calculated AC complex conductivities of the N-
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Treatment Xs,0 [Ω] ℓ [nm] λ0,exp [nm] λeff [nm]

EP 3.70 × 10 -4 550 ± 51 36 ± 4 40 ± 0.1
N-Doped 5.88 × 10 -4 71 ± 3 57 ± 6 48 ± 0.4

TABLE II. Comparison of experimentally and theoretically
obtained values for the penetration depth at T = 0 K.

doped and EP cavities are presented in Fig. 5(c). The
error bars indicate measurement uncertainty. For the
N-doped cavity, this uncertainty is primarily due to the
measurement process itself, whereas for the EP cavity,
the dominant uncertainty comes from the fitted value of
ℓ. We note that as the technique used to measure the
surface impedance sums over the inner RF surface, these
curves represent the average cavity response.

The non-monotonic dependence in the real part of the
complex conductivity in BCS superconductors, called the
coherence peak, arises due to the singularity in the su-
perconducting density of states at the gap edge [16, 34].
According to Dynes et al. [35], inelastic scattering
smears the singularity and introduces subgap quasipar-
ticle states. By incorporating the Dynes smearing pa-
rameter Γ into a modified version of the Mattis-Bardeen
conductivity, it is possible to obtain a phenolomenolog-
ical measure of the pair-breaking processes present in a
system by fitting the coherence peak using

σ1

σn
=

2

ℏω

∫ ∞

∆

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

dE

+
1

ℏω

∫ −∆

∆−ℏω

[1− 2f(E + ℏω)]g(E,Γ)√
(E + iΓ)2 −∆2

dE,

(2)

σ2

σn
=

2

ℏω

∫ ∆

∆−ℏω,−∆

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

dE, (3)

g(E,Γ) =
(E + iΓ)((E + iΓ) + ℏω) + ∆2√

((E + iΓ) + ℏω)2 −∆2
. (4)

From Fig. 5(c), we observe that both the EP and N-
doped cavities exhibit the so-called coherence peak, with
the maxima at ∼0.9 T/Tc differing in amplitude. This
suggests a variation in the quasiparticle behavior within
the RF layer due to distinct impurity distributions. The
stark difference observed in σ2/σn between the two cavi-
ties highlights a variance in the superconducting conden-
sate behavior.

The dashed and solid curves in Fig. 5(c) are calculated
using Eq. 2-4. We find that both σ1/σn and σ2/σn of
the EP cavity are best modelled with an average super-
conducting gap ∆0 = 1.5 meV and an inelastic scatter-
ing parameter Γ/∆0 = 0.025. The N-doped cavity is
instead better fitted with a larger average superconduct-
ing gap ∆0 = 1.6 meV and a lower level of pair-breaking
(Γ/∆0 = 0.0066). Note that a larger coherence peak oc-
curs for the cavity with greater elastic scattering (shorter
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FIG. 5. (a) Quality factor vs peak magnetic field of two
1.3 GHz cavities subjected to EP or N-doping. Inset shows the
temperature dependent surface resistance at 2 K as a function
of peak magnetic field. (b) Surface reactance of the EP and
N-doped cavities as a function of temperature; inset depicts
the surface resistance as a function of temperature. (c) Real
(σ1) and imaginary (σ2) components of the AC conductivity
normalized to the normal conducting value σn. Error bars
show the uncertainty in the calculated values (see text for de-
tails). Dashed and solid lines show fits.

ℓ) due to the presence of N interstitial. According to An-
derson’s theorem [36], elastic scattering off nonmagnetic
impurities has no effect on superconductivity. As a re-
sult, while N impurities increase scattering, they likely
mitigate depairing processes which results in a larger co-
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herence peak. Notably, when the fit parameters from the
N-doped data are applied to Eq. 2-4 at 60 GHz, the cal-
culated σ1/σn results roughly match Klein’s local-limit
measurements [18].

IV. DISCUSSION

The frequency phenomena and trends observed in this
work have stimulated the development of new theoreti-
cal approaches which seek to provide insight into their
microscopic origins. Ueki et al. provided the first expla-
nation of the anomalous near Tc frequency phenomena
[37] by calculating the complex surface impedance via
Slater’s approach to solving Maxwell’s equations for the
case of a cavity while considering anisotropy in the super-
conducting gap [32] and inhomogeneous disorder within
the penetration depth. By varying the level of disorder
within the cavity screening region, Ueki calculated the
foot, dip+bump, and dip features in the frequency re-
sponse just before Tc. Moreover, the authors obtained
the predicted cavity Q0 as a function of disorder. We
note that the frequency dip feature and a maximum in
Q0 were obtained for intermediate levels of disorder. Ueki
also correctly reproduced the frequency dependence of
the dip feature reported in Fig. 4. Zarea et al, instead,
derived the eigenvalue equation for the fundamental TM
mode of a cylindrical RF cavity which considers the cur-
rent response obtained with the Keldysh formulation of
the quasiclassical theory of superconductivity [38]. The
result considers the confinement of the normal conduct-
ing and superconducting currents within the RF layer
and shows that the anomalous frequency dip is a prod-
uct of the competition between the normal metal skin
depth and the London penetration depth. An increase
in impurity concentration not only affects the penetra-
tion depth but also the classification of superconducting
niobium from a weak type-I to a weak type-II super-
conductor [39]. As a result, the presence of interstitial
nitrogen can influence this competition between length
scales. We note that Zarea also found that the frequency
dip and a maximum in cavity Q0 occur at intermediate
levels of disorder.

Taken together, the theories by Ueki and Zarea indeed
support the observation that a dilute concentration of
nitrogen in Nb, which provides an intermediate level of
disorder, is responsible for the anomalous frequency dip
just before Tc. Moreover, they report that greater levels
of disorder yield a larger dip magnitude and an increase
in Q0 toward its peak value, giving one model for the
origins of the linear correlation observed in Fig. 3.

The results presented in Fig. 5 have also stimulated
theoretical work by other groups which further improves
our understanding of the mechanisms behind the im-
proved performance of niobium SRF cavities in the pres-
ence of various near-surface impurity profiles. Herman
and Hlubina [40] used the Nam approach [41] to calcu-
late the optical response of a superconductor in the limit

where energy tends to zero and with pair-conserving and
pair-breaking elastic-scattering processes built into the
energy and gap functions. The result describes the ef-
fect of subgap quasiparticle states on the optical conduc-
tivity and utilizes the concept of “Dynes superconduc-
tors.” The authors present excellent fits to the real and
imaginary parts of the AC complex conductivity of both
cavities presented in Fig. 5 and find that pair-breaking
processes dominate the height of the coherence peak in
σ1/σn. Herman and Hlubina also highlight that the ra-
tio between pair-breaking and pair-conserving scattering
rates is key in determining the coherence peak extent
and show that cleaner superconductors counterintuitively
yield lower peak heights. Kubo, instead, used the Dynes
Γ in the Eilenberger formalism of the BCS theory to cal-
culate several superconductor quantities in the presence
of varying levels of nonmagnetic impurity scattering rates
as a function of temperature and energy [42]. These cal-
culations also well model the results presented in Fig. 5
and, similar to Herman and Hlubina, show that the ratio
between pair-breaking and nonmagnetic impurity scat-
tering rates is key in determining the height of the co-
herence peak. Moreover, Kubo finds that there exists a
minimum in the surface resistance at finite levels of pair-
breaking and pair-conserving scattering. We note that
the phenomenologically derived Eq. 2-4 in the present
manuscript reproduce the salient feature of the above
theories that greater smearing of the density of states
yields a reduction of the coherence peak height and the
zero-temperature value of σ2/σn.

The above experimental and theoretical observation
that different impurity structures in Nb yield varying
RF performance due to the level of scattering within
the RF surface is consistent with point contact tunneling
spectroscopy (PCTS) studies by Groll et al. on simi-
larly treated cavity cutouts [43]. The N-doped samples
in those studies show more homogeneous ∆0 values and
lower levels of Γ/∆0 than those which come from EP cav-
ities [44]. The lower level of pair-breaking scattering pro-
cesses observed in Fig. 5 for the N-doped cavity, as most
obviously denoted by a higher coherence peak and zero-
temperature value of σ2/σn, is likely due to the absence
(or lower volume fraction) of proximity coupled nanohy-
drides and magnetic moments within the interface. This
is consistent with the fact that N-doped cavities do not
exhibit the high field Q drop caused by the proximity
breakdown of hydrides at high fields [7, 11].

Collectively, these findings show that the frequency dip
is a hallmark of enhanced Nb SRF cavity performance,
as it occurs at the intermediate levels of disorder re-
quired for the minimization of the pair-conserving and
pair-breaking scattering processes. This, in turn, leads
to a larger coherence peak in σ1/σn and an increase in
the zero-temperature value of σ2/σn. We thus conjecture
that the pair-conserving scattering originates in intersti-
tial impurities that have the beneficial effect of trapping
hydrogen.
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V. CONCLUSION

This study provides an investigation on the anomalous
resonant frequency features that appear just below the
critical temperature of Nb SRF cavities and their cor-
relation with several metrics. We find that dilute and
uniform concentrations of nitrogen in Nb yield the fre-
quency dip phenomenon and show that the magnitude
of this dip is correlated with enhanced superconducting
properties, including an increased coherence peak height
in AC conductivity and a reduction in surface resistance
with increasing RF field. By comparing recently devel-
oped theories, we find that these phenomena are driven
by an optimal level of impurity scattering, particularly
off of nonmagnetic impurities such as nitrogen, which
improves cavity performance. The findings suggest that

nitrogen doping reduces surface irregularities, such as hy-
drides and magnetic oxides [10], which can otherwise im-
pair superconducting performance. Our results not only
contribute to the fundamental understanding of super-
conductivity in niobium but also provide practical guide-
lines for improving the performance of SRF cavities, with
significant implications for accelerator technologies and
quantum systems.
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