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Abstract
Superconducting radiofrequency (SRF) cavities are res-

onators with extremely low surface resistance that enable
accelerating cavities to have extremely high quality factors
(Q0). High (Q0) decreases the capital required to keep ac-
celerators cold by reducing power loss. The performance of
SRF cavities is largely governed by the surface composition
of the first 100 nm of the cavity surface. Impurities such
as oxygen and nitrogen have been observed to yield high
Q0, but their precise roles are still being studied. Here, we
compare the performance of cavities doped with nitrogen
and oxygen in terms of fundamental material properties to
understand how these impurities affect performance. This
enables us to have further insight into the underlying mecha-
nisms that enable these surface treatments to yield high Q0
performance.

INTRODUCTION
The role of impurities in the RF layer, the first 100 nm

of the cavity surface, is critical in superconducting radiofre-
quency (SRF) cavity performance. Nitrogen doping is a
surface treatment which introduces a dilute concentration
of nitrogen impurities uniformly into the RF layer [1]. Ni-
trogen doped cavities have displayed quality factors (Q0) of
> 4 × 1010 and maximum accelerating gradients (Eacc) of
> 38 MV/m [1]. Low temperature baking (LTB) is a sur-
face treatment which relies on the diffusion of oxygen from
the native oxide to mitigate high field Q-slope (HFQS) and
improve Q0 at high Eacc [2]. Motivated by these studies on
LTB, we conduct initial studies on a new surface treatment
called oxygen doping. Oxygen doping introduces oxygen
impurities uniformly into the RF layer to achieve doping-like
performance without any extrinsic impurities [3]. Oxygen
doping has been shown to display high Q0 of 4.2×1010 at 20
MV/m with a maximum Eacc of 34 MV/m [4]. In addition,
oxygen doped cavities display phenomena in performance
that are characteristic of a nitrogen doped cavity: the anti-Q
slope in which BCS resistance decreases with field, and a
dip in resonant frequency near the transition temperature
(T𝑐). This work is an extension of the initial comparisons of
oxygen doping and nitrogen doping presented in Ref. [4] by
comparing the fundamental material properties of transition
temperature, superconducting gap and mean free path.
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EXPERIMENTAL METHOD
RF tests were conducted on a single-cell TESLA shaped

Nb cavity of resonant frequency 1.3 GHz. The cavity was
baselined with an 800°C degassing treatment and 40 µm
electropolishing (EP) removal [3]. The cavity was then
treated according to the following steps: (1) in-situ bake
at 200◦C in an UHV furnace while maintaining 10−6 Torr,
(2) HF rinse, (3) second round of HF rinse.

After each step of treatment, the cavity was evacuated and
assembled at the vertical test stand (VTS) with two flux gates
at the equator, resistance temperature detectors (RTDs), and
a Helmholtz coil. The cavity was cooled down to 4.2 K
with the fast cool down protocol to minimize the trapping
of magnetic flux before it was further pumped down to be
tested at first 2 K and then < 1.5 K (lowT) [3]. At each
temperature, the Q0 vs. Eacc performance is recorded in
continuous wave (CW) operation. Next, the liquid helium is
boiled off using heaters to gradually warm the cavity up past
transition temperature (T𝑐) at a rate of < 0.1 K/min [5]. The
change in resonant frequency ( 𝑓0) in temperature is recorded
with a vector network analyzer.

Additionally, cavity cutouts of 1 cm in diameter were
treated with a similar oxygen doping treatment of a 205◦C
bake for 19 hours. The sample was analyzed with time
of flight secondary ion mass spectrometry (TOF-SIMS) to
determine the concentration of each impurity present in the
sample at each depth.

RESULTS AND DISCUSSION
The performance and material properties for each of three

treatment steps is compared to that of a nitrogen doped single-
cell cavity with a treatment recipe of 2/0 + 5 µm EP. The data
for the nitrogen doped cavity is reproduced from Ref. [6].

There are two key features in N doped cavity performance
that are also displayed in O doped cavities. Shown in Fig. 1
is the behavior of Q0 vs Eacc at 2 K. During the test labeled
O doped, the cavity experienced an initial quench at around
19 MV/m from field emissions. This trapped magnetic flux
and decreased Q0. The test after HF rinse 2 experienced a
quench due to multipacting at 20 MV/m, which prevented
data from being taken until 25 MV/m and also trapped flux.
All three tests display the anti-Q slope phenomenon where
Q0 increases with Eacc. Anti-Q slope in N doped cavities
arises from a decrease in the BCS surface resistance with
field, and this was shown to also be the case for O doped
cavities [4, 7].
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Figure 1: Q0 vs. Eacc data taken at 2 K acquired at Fermi-
lab’s VTS system. Plot reproduced from [4].

Figure 2: Frequency response with temperature showing
anomalous resonant frequency variation.

The other feature is an anomalous decrease in 𝑓0 just be-
fore T𝑐, displayed in Fig. 2. The frequency data has been
corrected to accounted for any variations in pressure in the
dewar. Two types of dip behavior are observed. The two
curves after HF rinse exhibits only a dip before T𝑐; this dip
is characteristic of a N doped cavity and the magnitude is di-
rectly related to the degree of the anti-Q slope [5]. The curve
from the O doped cavity displays a “dip+bump" characteris-
tic behavior that has been observed in a N infused cavity [5].
HF rinsing also halves the magnitude of the dip from 0.54
to 0.25. Additionally, all three steps of the O doped and
HF rinsed treated cavity experience a similar degree of T𝑐

suppression. This T𝑐 suppression and the weakening of
superconductivity may be a source of the high field losses
observed in Ref. [4]. The experimental T𝑐 and magnitude
of frequency dip (Δ 𝑓dip) are displayed in Table 1.

Figure 3: Change in penetration depth with temperature.

Each 𝑓 (T) curve was converted to 𝜆(T), shown in Fig. 3,
using Slater’s theorem:

Δ𝜆(𝑇) = −𝐺Δ 𝑓0 (𝑇)
𝜇0𝜋 𝑓

2
0 (𝑇0)

(1)

where G = 270 Ω, 𝜇0 = 1.26 × 10−6 H/m, and 𝑓0 (𝑇0) which
is the frequency at which below temperature 𝑇0, 𝑓0 is no
longer temperature dependent [8]. This curve is fitted based
on Halbritter’s SRIMP routine to obtain the parameters of
superconducting gap (Δ) and average of the effective mean
free path (mfp) over the first 200 nm [9]. The fitted Δ and
mfp for each treatment is presented in Table 1. The fixed
parameters for the fit are the penetration depth at 0 K (𝜆𝐿)
of 39 nm and the coherence length (𝜉0) of 62 nm. The
superconducting gap, Δ, for the oxygen doped cavity has an
average of 1.95 ± 0.20 meV, comparable to 2.10 ± 0.08 meV
for nitrogen doped. This suggests that the oxygen doping
treatment is effective at reducing BCS surface resistance and
quasi-particle introduced losses.

The average mfp over the first 200 nm of the surface fol-
lowing an oxygen doping treatment of 200°C for 20 hours is
of an order of magnitude smaller than that of nitrogen dop-
ing. The oxygen doped mfp values are consistent with what
Ciovati et al. measured in a study of LTB baking tempera-
ture [10]. In addition, the agreement in mfp for these three
tests suggests that HF rinsing does not have a significant
effect on the surface impurity profile. This was further con-
firmed by examining the SIMS data (shown in Fig. 4) of O−

impurities in an oxygen doped (205°C × 19 hours [11]) sur-
face compared to NbN− impurities in a nitrogen doped (2/0 +
5 µm EP [6]) surface. Although the impurities do not extend
as far into the bulk for O doping as with N doping, within the
rf layer, the concentration of O− is approximately uniform.
The removal of ≈ 9 nm of material through 2 rounds of HF
rinsing is not on a scale large enough to change the overall
concentration of impurities [12].
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Table 1: Summary of Material Properties and SRIMP Fit Parameters
ΔΔΔ [meV] mfp [nm] T𝑐 [K] Δ 𝑓dipΔ 𝑓dipΔ 𝑓dip [kHz]

N Doped 2.10 ± 0.08 [6] 125.1 ± 37.8 [6] 9.42 1.31
O Doped 2.18 ± 0.04 17.99 ± 1.12 9.34 0.54

+ HF Rinse 1 1.69 ± 0.02 14.52 ± 0.56 9.36 0.26
+ HF Rinse 2 1.98 ± 0.03 16.79 ± 0.79 9.36 0.25

Figure 4: (Right) SIMS impurity profiles of O− in an oxy-
gen doped sample and NbN− in a nitrogen doped sample
normalized to the surface concentration. (Left) Zoomed in
plot showing the uniform concentration of impurities in the
rf surface.

CONCLUSION
The phenomena of anti-Q slope, and anomalous frequency

dip as well as similarities in surface impurity profiles be-
tween N doping and O doping have confirmed the viability
of O doping as a treatment capable of achieving high Q0.
Studying fundamental material properties of T𝑐, mfp and Δ,
gives additional methods of comparing these two treatments.
Further SIMS studies, including the use of standards to de-
termine absolute concentration of impurities in a sample,
are needed to reconcile the order of magnitude difference in
mfp.
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