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Abstract
Heat treatment procedures have been identified as crucial

for the performance of niobium SRF cavities, which are
the key technology of modern accelerators. The so called
“mid-T heat treatments”, invert the dependence of losses
on the applied accelerating field (anti-Q slope) and signifi-
cantly reduce the absolute value of losses. The mechanism
behind these improvements is still under investigation, and
further research is needed to fully understand the principle
processes involved. Anomalies in the frequency shift near
the transition temperature (Tc), known as “dip” can provide
insight into fundamental material properties and allow us
to study the relationship of frequency response with surface
treatments. Therefore, we have measured the frequency ver-
sus temperature of multiple mid-T heat treated cavities with
different recipes and studied the correlation of SRF prop-
erties with frequency shift features. The maximum quality
factor correlates with two such shift features, namely the dip
magnitude per temperature width and the total frequency
shift.

INTRODUCTION
Superconducting radio-frequency (SRF) cavity research

opens doors to fascinating discoveries and technological ad-
vancements in modern accelerators field. Understanding the
role of impurities in the RF layer, which is approximately the
first 200 nm of the cavity surface, is crucial for optimizing the
RF performance [1,2]. Mid-T heat treatment, a surface treat-
ment which is defined as heating for 3-20 hours (h) at 200-
400 °C in Ultra High Vacuum (UHV), utilizes the diffusion
of oxygen from the native niobium oxide and increases the
concentration of oxygen impurities into the RF layer [3–6]. It
enhances high quality factor (Q0) values of up to 4.2 × 1010

at 20 MV/m with showing anti-Q slope, along with an aver-
age maximum accelerating field around 24-30 MV/m, where
few cavities achieved more than 30 MV/m [7–10]. Previ-
ous reports have explored main characteristic of mid-T heat
treated cavities, particularly focusing on the Q0 in relation
to the Eacc to study the principals responsible for their excep-
tional performance [1, 2, 11–14]. While much attention has
been given to Q0 and surface resistance (Rs), fewer studies
have explored the behavior of frequency shift of cavities as
a function of temperature (df vs. T), which holds valuable
insights into the surface reactance (Xs) and the behavior of
superconducting carriers. Recent theoretical studies have
started to model the frequency response of SRF cavities,
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and have sparked ongoing studies to identify the underlying
processes [15]. Remarkably, dip features show variations
based on the surface treatment, and correlations with cavity
performance are found [1, 2]. Despite the recent progress
achieved, several questions remain, such as how the impurity
concentrations [16–19], especially the oxygen profile, relate
to the observed changes in RF performance. The potential
application of these findings extends across multiple applica-
tions, from accelerator technology to dark matter detection
and quantum information technology, propelling scientific
and technological progress in diverse fields with reducing
BCS resistance (RBCS) and residual resistance (Rres) [1–10].
Here, we aim to investigate the features of dip phenomenon
resulting from the mid-T heat treatment on the surface of
SRF cavities and correlate them with RF performance and
oxygen diffusion.

EXPERIMENTAL
The most commonly employed method, also used in this

study, is the S21 measurement, which measures the trans-
mitted signal at the pick-up through the cavity, after exciting
it at the input. From this measurement, the resonance fre-
quency can be easily obtained. To ensure accurate results, it
is crucial to maintain a constant ambient pressure within the
cryostat during this measurement, thereby preventing any
frequency changes due to mechanical deformations. The
cavities are initially parked at a specific starting temperature
and pressure. A slow, non-adiabatic warm-up process is
then initiated. Temperature data for this measurement is ac-
quired from a Cernox® sensor attached to the outer surface
of the cavity at the equator. Additionally, the temperature
at the top and bottom of the cavity, along with the helium
pressure, is continuously monitored and recorded during the
warm-up process to assess the experimental procedure and
ensure data quality. After RF tests, liquid helium is removed
and df vs. T are measured during the warm-up process, in
temperature range between 4.5 K and 12 K at a controlled
rate of 0.5-1.5 K/h, while maintaining a stable pressure of
1111 mBar. During the measurement process, the resonance
frequency in monitored using a Vector Network Analyzer
(VNA). Adjusting the RF setup for the highest signal-to-
noise ratio and a Lorentz distribution is fitted to obtain the
resonance frequency. The entire spectrum at each tempera-
ture is recorded. Through the use of these techniques and
data analysis methods, we can achieve precise and reliable
df vs. T curve.

In our study, we have focused on investigating TESLA-
shaped 1.3 GHz bulk niobium (Nb) single-cell SRF cavi-
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ties [20]. In this paper, we present the results obtained from
five cavities named 1DE19, 1AC2, 1DE18, 1RI4 and 1RI2.
These cavities underwent baseline treatments [21,22]. Then,
cavity 1DE18 was coated with an 18 nm layer of Al2O3 us-
ing thermal atomic layer deposition (ALD) at 120 °C. This
ALD coating served as an insulating layer, preventing the
growth of the native oxide layer after subsequent heat treat-
ment [23, 24]. Finally, all five cavities underwent mid-T
heat treatment with different recipes (see Table 1). In addi-
tion, one conical sample with each cavity treated. Three of
these samples, treated with 1DE19, 1AC2 and 1RI2, were
analyzed using time-of-flight secondary ion mass spectrom-
etry (TOF-SIMS) to determine the concentration of oxygen
impurities present at a depth of up to 250 nm.

EFFECT OF MID-T HEAT TREATMENT
ON df VS. T AND Q0 VS. EACC

As expected, the local minimum after crossing Tc, the
so-called dip, is observed in the df vs. T curves of our mid-T
heat treated cavities. To have a comparable feature, we have
plotted the frequency shift, f(T) versus reduced temperature
scale, T/Tc0, relative to the normal conducting frequency,
fNC, serving as a reference and Tc0 defines 9.27 K. Q0 shows
df vs. T/Tc0 and Q0 vs. Eacc for cavity 1DE18 before and
after mid-T heat treatment. In Fig. 1 (a), the frequency be-
havior of the coated cavity shows no dip before the mid-T
heat treatment, but a sharp transition from the superconduct-
ing to the normal conducting regime, as typical for cavities
without mid-T heat treatment. After heating the cavity for
3 h at 300 °C, a dip with high magnitude, Δfdip = fNC – fmin,
near Tc, and higher magnitude of total frequency shift, Δf0=
f(T=0) – fNC, are observed. These changes clearly demon-
strate the impact of mid-T heat treatment on the behavior of
df vs. T. Figure 1 (b) illustrates RF performance of 1DE18
in three steps, after the baseline treatment, after the coating
of 18 nm Al2O3 and after the mid-T heat treatment. The
Q0 vs. Eacc curves show the typical behavior of a European
XFEL cavity, even after coating, and that after mid-T heat
treatment. To further analyze the dip features, we define ΔTc
as a temperature difference of points A and B in Fig. 1 (a),
which is ΔTc= Tc,max – Tc,min. Point A and B are given by
the intersection of fNC extrapolated to lower T and the mea-
sured frequency response of the cavity. The intersection at
the lower temperature gives the Tc,min, while the intersection
at the higher temperature is the Tc,max. Definitions of dip
features in this section is used in the subsequent section,
enabling us to establish meaningful correlations between the
dip and performance characteristics.

Δf0, Δfdip AND Q0, max CORRELATIONS
In this section, we explore the significance of oxygen con-

centration in relation to the frequency dip observed near
Tc in mid-T heat-treated SRF cavities. We investigate how
the evolution of frequency features is influenced by skilful
adjustments in the duration and temperature of mid-T heat
treatment, allowing us to understand better the impact of

Figure 1: (a) Frequency shift versus reduced temperature
scale and (b) Q0 versus Eacc of 1DE18. The relative uncer-
tainty for the measurement of the quality factor is below 10%.
Points A and B define as (Tc,max/Tc0, fNC=0) and (Tc,min/Tc0,
fNC=0), respective

heat factors on the oxygen profile. This, in turn, leads to an
overall improvement in the quality factor. We have utilized
five mid-T heat treated cavities, each prepared using differ-
ent recipes, which are thoroughly summarized in Table 1.
Figure 2 illustrates the frequency shift of these cavities. Part
(a) of the figure presents the entire range of frequency shifts,
while part (b) magnifies the region near Tc to highlight the
dip features the RF corresponding to different recipes. The
extrapolated frequency shift in Fig. 2 (a) is plotted relative
to the penetration depth at 0 K, achieved by fitting df vs. T
below the dip distribution down to low temperatures. With
using the dependency of the frequency shift on the penetra-
tion depth which can be explained by Slater’s theorem [25]
and the penetration depth itself is dependent on temperature
by Gorter-Casimir model [26], tending towards a constant
value at lower temperatures. From our observation, we cate-
gorize the total frequency shifts, denoted as Δf0, into three
ranges. The first range, with Δf0 approximately ranging in
11-12 kHz, comprises cavities 1DE19 and 1AC2 treated at
approximately 300 °C for around 3 h. The second group,
with Δf0 ranging from 17-18 kHz, consists of the coated
cavity 1DE18 treated at 300 °C for 3 h and the cavity 1RI4
with the same duration but at a lower temperature of 250 °C.
Finally, 1RI3 with Δf0 around 23 kHz.
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Figure 2: (a) Frequency shift versus T/Tc0 in the range of superconducting area (b) magnified frequency shift versus T/Tc0
near T/Tc0=1 for mid-T heat treated cavities.

The coated cavity shows the highest dip magnitude, as
seen in Fig. 2 (b). We have observed similar dip behavior for
cavities 1DE19 and 1AC2, which underwent similar recipes.
Cavity 1RI4, treated at 250 °C with the same duration for
3 h, displays the lowest Δfdip and exhibits a wide distribution
near Tc. The final case, cavity 1RI2, subjected to the longest
duration of heat treatment for 20 h at 250 °C, demonstrates
the widest distribution of the dip near Tc, with ΔTc mea-
suring 0.38 K. To gain a better understanding of the various
mid-T heat treated cavities, Fig. 3 demonstrates that cavity
1DE19 achieves the highest Q0, followed by decreasing Q0
values for cavities 1AC2, 1DE18, 1RI4, and 1RI2, respec-
tively. Overall, we may conclude that the recipes involving
higher temperatures and shorter durations yield superior
performance in this study. To establish more elaborate cor-
relations, we extract key parameter of the curves in Fig. 2
and Fig. 3, which are summarized in Table 1.

In Fig. 4, we present a comparison of the measured max-
imum Q0 values with two important features of df vs. T.

Figure 3: Q0 versus Eacc of mid-T heat treated cavities,
1DE19, 1AC2, 1DE18, 1RI4, 1RI2 with different recipes.

In part (a), we have plotted Q0 versus Δf0 and in part (b),

Figure 4: (a) the maximum of Q0 at 2 K plotted versus total
frequency shift, Δf0 and (b) versus Δfdip/ΔTc (details in
Table 1).

Q0 versus Δfdip/ΔTc is plotted. It is evident that there is a
clear relationship between Q0,max and Δf0 with a decrease
in the quality factor as the frequency shift increases. This
correlation agrees well with previous studies on the effect
of impurities to reduce mean free path and consequently
increase the penetration depth of balk niobium [15]. No-
tably, we have observed a result where higher values of
Δfdip/ΔTc correspond to cavities with higher Q0,max. Ac-
tually, Δfdip/ΔTc shows the sharpness of dip distribution
and it means higher sharpness correlates with the higher
quality factor of cavities. Furthermore, we can discern a
distinct separation between two groups of cavities that are
around a specific magnitude of Δfdip/ΔTc, with each group
corresponding to a heat treatment recipe at the same temper-
ature. The first group, including 1DE19, 1AC2, and 1DE18,
was heated at around 300 °C, while the second group, com-
prising 1RI2 and 1RI4, underwent a heat treatment at ap-
proximately at 250 °C. This suggests a potential correlation
between Δfdip/ΔTc of the dip distribution and heat treatment
recipes with the same temperature. Although further statis-
tical analysis is required to confirm this observation. If we
assume that Nb surface after mid-T heat treatment is consid-
ered as composed of “compounds” of niobium and dissolved
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Table 1: Summary of df Versus T/Tc0 and Q0 Versus Eacc Features

Cavity Heat treatment Q0, max Eacc of Q0, max Δf0 Δfdip ΔTc ΔfdipΔTc
-1

[× 10−10] [MVm-1] [kHz] [kHz] [K] [kHz K-1]

1DE19 4.5 h @ 335 °C 3.49 15.7 11.67 1.10 0.10 11.00
1AC2 3.25 h @ 335 °C 3.21 15.6 12.32 1.37 0.11 11.03
1DE18 coating + 3 h @ 300 °C 3.02 13.7 17.95 2.72 0.26 10.46
1RI4 3 h @ 250 °C 2.72 11.8 18.43 0.85 0.17 5.00
1RI2 20 h @ 250 °C 1.91 10.2 22.83 1.48 0.38 3.89

oxygen being embedded in niobium [27], dip behavior is
caused by distribution of oxygen compounds which are cre-
ated in bulk Nb structure during heat treatment [15–17,27],
the sharpness of the dip distribution might correlate with
the size of the compounds and the depth till which those
compounds are forming, where both are governed by the
oxygen diffusion profile. With this assumption we can say
that the temperature of heat treatment may determine the
size of compounds or a depth distribution. Moreover, the dip
magnitude might correlate with the concentration of these
oxygen compounds. It is worth to mention that cavity 1DE18
which shows the highest amount of Δfdip has the lowest BCS
resistance of only 3 nΩ at 2 K and this intriguing observation
compels us to hypothesize that the depth of the dip might
correlate with the BCS resistance, highlighting the need for
further in-depth investigations to figure out the captivating
phenomenon behind it.

To delve deeper into this remarkable correlation, it is im-
portant to consider that both Q0 and the dip features are
intrinsically linked to the near surface oxygen concentration.
Furthermore, as near Tc the penetration depth increases, the
cavity behavior is more sensitive to a deeper part of the
oxygen profile. Figure 5 shows NbO+ concentration for the
first 240 nm of three samples. Each of these samples was

Figure 5: TOF-SIMS acquired depth profile of NbO+.

treated together with a cavity, namely 1DE19, 1AC2 and
1RI2. 1DE19 and 1AC2, which show a similar behavior
in terms of maximal Q0 and for the dip features, also have
a similar oxygen distribution except the first 60 nm, espe-

cially compared to 1RI2. Those oxygen distribution can be
easily explained by the diffusion process and the different
temperatures and times applied. The heat treatment for 3 h
at 300 °C shows lower and no pronounce decreasing oxygen
concentration compare to heat treatment for 20 h at 250 °C.
It is evident that for the cavity with the largest frequency
shift, 1RI2, which then translates into the largest effective
penetration depth and therefore the smallest mean free path,
the highest amount of interstitial oxygen is observed. The
interesting result obtained from these analyses have been
motivated us to extend our investigation to other samples
treated with varying durations and temperatures with SIMS
measurement. To gain further insights into these fascinating
correlations, more statistics for df vs. T measurement are
required. This will enable us to establish reliable correla-
tions between the dip of the frequency shift, RF performance,
and the near surface oxygen profile of the SRF cavities after
mid-T heat treatment.

CONCLUSION
Systematic frequency vs. temperature measurements sig-

nificantly contributes to our attempt to unveil underlying
physics of heat treatments. Our investigation of correla-
tions of the quality factor with the dip phenomena and the
role of oxygen concentration near the surface in mid-T heat-
treated cavities produced first promising results. Observed
correlations, such as that the quality factor improves most
when the frequency shift is smallest, indicate that the in-
terstitial content is the cause for the improved RF behavior.
By adjusting the duration and temperature of the applied
heat treatments, therefore steering the near-surface oxygen
concentration, the appearance and properties of the dip can
be tuned. Furthermore, different maximal quality factors
are observed for those different thermal budgets, fitting the
assumption that the interstitial oxygen profile affects the
surface resistance. In agreement to that, we observed that
samples with a lower oxygen concentration were annealed
with the better performing cavities. Moreover, our findings
on coated cavity with the highest dip magnitude and RBCS
of 3 nΩ at 2 K, suggest a potential of correlation between
the magnitude of dip and the BCS resistance, indicating the
need for further investigations.
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