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Abstract

The challenge of improving the performance of SRF cavi-
ties is being faced worldwide. One approach is to modify
the superconducting surface properties through certain bak-
ing procedures. Recently a niobium retort furnace placed
directly under an ISO4 clean room has been refurbished at
DESY. Thanks to an inter-vacuum chamber and cryopumps,
with high purity values in the mass spectrum it is working
in the UHV range of 2 x 10~8 mbar. The medium tempera-
ture (mid-T) heat treatments around 300 °C are promising
and successfully deliver reproducible very high Q values of
2-5x10'9 at medium field strengths of 16 MV/m. Since the
first DESY and Zanon Research & Innovation Srl (Zanon)
mid-T campaign yielded promising results, further results of
1.3 GHz single-cell cavities are presented here after several
modified treatments of the mid-T recipe.

In addition, samples were added to each treatment, the
RRR value change was examined, and surface analyses were
subsequently performed. The main focus of the sample
study is the precise role of the changes in the concentration
of impurities on the surface. In particular, the change in
oxygen content due to diffusion processes is suspected to be
the cause of enhancing the performance.

MID-T HEAT TREATMENTS AT DESY

In-situ medium temperature bake experiments conducted
at approximately 300 °C [1] demonstrated remarkable high
quality-factors. Subsequently, two studies [2, 3] performed
mid-T heat treatments using commercially available ultra-
high vacuum (UHV) furnaces, followed by sequential clean-
ing and assembly procedures of the cavities in an air en-
vironment. DESY has also investigated this treatment as
part of its R&D programs, which was presented in Ref. [4].
This approach shows great potential for future applications
in accelerator projects. The performance characteristics of
the cavities, as depicted by the quality factor Q, versus the
accelerating gradient E ;... (Q(E)), closely resemble those ob-
served for nitrogen-doped cavities [5,6]. Notably, there is an
increase in Q, reaching its peak at an E ... of approximately
16 MV/m, commonly called the "anti-Q-slope.” Further in-
vestigation is required to determine whether the mid-T heat
treatment exhibits comparable limitations on the gradient,
similar to specific doping techniques [5, 7], or whether it
can provide high gradients surpassing 30 MV/m. A major
advantage of the mid-T heat treatment approach compared
to other recipes that achieve similar performances is its sig-
nificantly shorter baking time and absence of the need for
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additional gases such as nitrogen in the furnace. In addition,
no chemical surface treatment is required afterwards.

NIOBIUM-RETORT FURNACE

In late 2021, the newly refurbished all-niobium furnace at
DESY enabled the application of heat treatments. The fur-
nace, located in the ISO 4 area of the cavity assembly clean
room, comprises a niobium retort with a separate vacuum
enclosure that houses the heaters. It has a usable diameter
of 0.3 m and a depth of 1.3 m, allowing for the treatment of
a 1.3 GHz nine-cell cavity or one or two single-cell cavities
simultaneously, all positioned vertically as depicted in Fig. 1.
The heat ramping of the furnace is regulated by temperature
sensors located near the heating zone outside of the separate
vacuum. Additional temperature sensors installed near the
cavity equators on the insert are monitored and utilized for
analysis. The furnace can reach a maximum temperature of

Figure 1: Single-cell Cavity inserted in the niobium-retort
furnace (left side). External view of the niobium retort
furnace during the initial assembly at DESY (right side).

1200 °C. The complete refurbishment involved the renewal
of the entire vacuum, cooling, and control system, as well as
the implementation of partial pressure control and a mass
spectrometry system. The cryo pumping system is oil-free
and maintains a base pressure of 2 x 1078 mbar at room
temperature. During cavity treatment at 800 °C, the pres-
sure steadily increases to approximately 3 — 4 x 10~7 mbar.
After the furnace qualification, two successful treatments
were conducted at 800 °C. While the commissioning of the
furnace is complete, ongoing efforts focus on improving
control features and establishing reproducible treatment pro-
tocols. Additionally, it is planned to conduct a tandem run,
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treating two single-cell cavities simultaneously and treating
a nine-cell cavity, to further expand the scope of the inves-
tigation with the goal of establishing recipes for industrial
application. Further comprehensive information regarding
the furnace, including detailed specifications and operational
procedures, can be found in Ref. [8].

MID-T CAMPAIGN

After the furnace commissioning, mid-T treatments on
three 1.3 GHz single-cell cavities were performed to investi-
gate the impact of the diffusion length of interstitial oxygen
from the niobium oxide layers at the surface into the bulk [4].
In total mid-T treatments on seven fine-grain cavities and
one large-grain (LG) cavity have been performed, each em-
ploying varied parameters, bringing the total number of
mid-T treatments at DESY to eight. The results from these
additional treatments form the main focus of the findings
presented in this study. The temperatures and durations were
changed from 250 °C to 300 °C and from 3 to 20 hours. In
contrast to the standard procedure at DESY, where always
a ”low-T” bake after the final electropolishing (EP) step is
applied, it was omitted for these cavities. This decision was
based on the understanding that the low-T treatment affects
the oxygen distribution in niobium. Previous research [4]
has shown that the low-T bake is not necessary prior to a
mid-T treatment and will reduce the time and effort for cavity
preparation.

Q, Versus E,,...

The characteristic features of mid-T treated cavities were
observed and confirmed several times as shown in Fig. 2,
where Q(E)-curves measured at 2 K for all treatments are
shown. Of those eight measurements shown, four experi-
enced a drop in Qg after quenching. Note that the estimated
uncertainty of independent rf measurements (test to test)
is approximately ~10% for E,.. and up to ~20% for Q.
However, within a single cold vertical test (e.g., the com-
parison between filled and empty markers before and after
quenching in Fig. 2) and for each Q(E) curve, the observed
measurement scatter is significantly smaller, at around 1%
for E and 3% for Qg [9]. Clearly, there appears to be an
apparent barrier for the maximum accelerating gradients at
30 MV/m, the underlying cause of which is currently under
investigation in the most recent research. Both cavities IDE7
and 1RI2, treated for 20 hours at 250 °C, exhibit the charac-
teristic anti-Q slope, but the overall improvement in Qy is
less significant compared to the cavities treated at 300 °C
or for shorter durations. The performance of 1DE17, which
was also subjected to a 20-hour treatment at 300 °C and
exhibited good performance, indicates that the duration of
20 hours alone does not appear to be the determining factor.

Approximated Ry

Using Q(E)-curves acquired at 2 K and 1.5 K, and consid-
ering the negligible temperature-dependent contribution to
the surface resistance Rg at 1.5 K (usually < 1 nQ), a mea-
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Figure 2: Q(E) for all mid-T heat treatments. The tempera-
ture and duration of each treatment are indicated. The filled
symbols represent the final status of the respective verti-
cal tests, including the maximum gradient achieved. The
additional curves with empty markers were obtained to in-
vestigate the maximum Q, and were deliberately terminated
before the cavities experienced quenching. 1AC3 is a large-
grain (LG) cavity.

sure closely approximating Rgcg = Rgox — Rg s at2K
was deduced and is presented in Fig. 3. For medium gradi-
ents around 16 MV/m, the estimated Rp g ranges from 4 to
6 nQ after all mid-T treatments, which is significantly lower
than the Rp ¢ for the baseline test following electropolish-
ing (9-12nQ). Even lower Rg g of about 3 nQ were shown
in Ref. [4]. Additionally, a distinct concave curvature is
observed, leading to the characteristic anti-Q-slope. These
findings hold true even for mid-T treatments, such as 1DE7
or 1RI2, which exhibited less favourable measures of E ...
and Q at 2 K. Similar performance characteristics have also
been observed in previous studies [3] for mid-T treatments,
as well as in N-doped cavities [10], indicating that impurities
such as nitrogen and oxygen have a comparable impact on
cavity performance.

12— :
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Figure 3: Estimation of Rgcg for all mid-T heat treatments,
along with corresponding baseline measurements (dashed).
1AC3 is a large-grain (LG) cavity.
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Correlation to the Oxygen Diffusion Length

Speculations, about why simply baking a cavity in a vac-
uum for certain temperatures and durations have such a
pronounced effect on the Q(E) performance, have been at-
tributed to interstitial oxygen for a long time. It has been
demonstrated that the oxide layer on the surface of niobium
undergoes decomposition within the temperature range of
200°C to 300°C [11-13].

In order to account for the cumulative effect of tempera-
ture on diffusion length, which is dependent on the thermal
characteristics of the furnace, the diffusion coefficient was
calculated by integrating the temperature ramp over time.

The Arrhenius equation

D(T) = Dy, - e‘%, ()

describes the temperature-dependent diffusion coefficient
for oxygen atoms in Nb, where D = 0.01 ﬁ represents
the diffusion constant, E, = 1.2eV denotes the activation
energy [14], and k refers to the Boltzmann constant. These
parameters, D and E,, are commonly referred to as diffu-
sion activation parameters.

By applying Fick’s Law [15] to Eq. (1), we can determine
the diffusion length from the surface as [ = 24Dt where 1 is
the time. Since the objective is to consider the entire heat
ramp of the furnace run, the diffusion coefficient becomes
time-dependent due to the varying temperature. To account
for this, numerical integration of the diffusion coefficient

over time [ = 2\/ f D(t)dt is performed, utilizing data from
the temperature sensor closest to the cavity equators (see
Ref. [8] for more details on sensor positions). The tempera-
ture data provides insights into the thermal history, allowing
us to estimate the oxygen diffusion behaviour during the heat
treatments. Figure 4 presents the temperature profiles over
time for each mid-T heat treatment, along with the corre-
sponding oxygen diffusion lengths indicated in the legend.
The diffusion lengths are calculated using the integrated area
of the temperature curves, as shown in the small inset figure.

The maximum achieved quality factor at 2 K for each cav-
ity is depicted against the oxygen diffusion length in Fig. 5.
It should be noted that 1AC3, being an LG cavity does not
represent the same conditions as the other cavities and is
included for comparison purposes. Considering only the
cavities of the same kind, a linear behaviour is observed,
suggesting a possible upward trend. However, due to the lim-
ited precision and small sample size, statistical accuracy to
confirm this trend is lacking. It is notable how the treatments
with similar diffusion lengths cluster together, as observed,
in the case of 1RI4 along with 1DE12 and 1RI2 along with
1DE7, which is consistent with the comparison to the oxy-
gen diffusion length thus far. Further measurements will be
conducted to confirm this.

Figure 6 depicts the plotted relationship between the ap-
proximated Rp g value at 2 K and 16 MV/m from each cav-
ity and the corresponding diffusion length. No discernible
specific pattern is evident; however, it is noteworthy that
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Figure 4: Temperature profiles of each mid-T heat treatment.
The corresponding oxygen diffusion length is indicated in the
legend. Shown as a small inset on the right is the numerically
integrated area of one temperature profile, used to determine
the diffusion length.

the cluster of 1RI4 along with 1DE12 and 1RI2 along with
1DE7 remains consistent. In summary, these observations
indicate a tendency for increasing Q values with longer
oxygen diffusion lengths. However, the data lacks sufficient
precision to firmly establish this relationship.
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Figure 5: Maximum Q value for all mid-T heat treatments
against diffusion length. 1AC3 is an LG cavity (highlighted
by empty markers).

SAMPLES

The DESY treatments were conducted concurrently using
two types of niobium samples. The first type (cylindrical @
12 mm) underwent electropolishing (before and after 800 °C
baking for 3 hours) immediately prior to the furnace runs,
specifically for surface analysis techniques such as secondary
ion mass spectrometry (SIMS). The second type of samples
underwent buffered chemical polishing (BCP) prior to the
furnace runs, primarily for measuring the residual resistivity
ratio (RRR). Due to the sample geometry (2.8 x 3 x 40) mm,
electropolishing was not undertaken. For further details
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Figure 6: RBCS,ZK = RS,ZK - RS,I.SK for all mid-T heat
treatments against diffusion length. AC3 is an LG cavity
(highlighted with empty markers).

regarding the RRR samples and measurement setup, refer to
Ref. [16].

RRR Results

The Residual Resistivity Ratio (RRR) is defined as the
ratio of the electrical resistance, p(T), at room temperature
(295 K) to the residual resistance at 4.2 K

RRR = p(295K)/p(4.2K). 2)
A higher RRR value indicates a lower presence of defects
and interstitials within the material. Therefore, RRR serves
as an indicator of the purity of a metal. It is highly responsive
to changes in impurity levels caused by diffusion during var-
ious treatments, such as heat treatments in vacuum or under
specific gas atmospheres, or chemical surface treatments.

The difference in RRR between before and after the treat-
ment denoted as ARRR is shown in Table 1 for each mid-T
treatment which was accompanied by a RRR sample.

The only treatment that significantly deteriorated the RRR
by a factor of about 4% is the 300 °C treatment applied for
20 hours (negative value for ARRR). Unfortunately, the mea-
surement accuracy was not sufficient to make further signif-
icant conclusions between the treatments. However, there
are plans to repeat these measurements using thin samples
with thicknesses ranging from 300-900 pm. Thin samples
offer a larger surface-to-bulk ratio, which can provide more
comprehensive insights into the phenomenon.

SIMS Results

The plots in Fig. 7 present normalized profiles obtained
from Secondary Ion Mass Spectrometry (SIMS) analyses.
Figures (a)-(c) depict near-surface profiles up to a depth of
40 nm, while (d)-(f) display the overall profiles obtained. We
aimed to obtain profiles at depths corresponding to the cal-
culated diffusion lengths. The calculated diffusion lengths
are 1248 nm for 1DE19, 865 nm for 1AC2, and 512 nm for
1RIO2. However, measurements of the crater depths revealed
the sputtering lasted just slightly above 250 nm. Interestingly,
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Table 1: Comparison of RRR (at 4.2 K) Values Measured on
Fine Grain Samples (RRR ~ 300) before and after a Mid-T
Heat Treatment, Along with a Cavity

Cavity Anneal time Before After ARRR
IDEI8  3h300°C 347 355 9+8
IDEI8  3h300°C 339 340 1+8
IDE26  3h300°C 312 315 3+7
IDE17 20h300°C 355 343 -12+47
1RI104 3h250°C 358 373 1548
IDEI2  3h250°C 343 355 1247
1DE7 20h 250°C 338 356 1847

for sample 218, which underwent treatment at 250 °C for
20 hours along with 1RI2 and has the smallest diffusion
length, the oxygen profile exhibits a gradual decrease start-
ing at approximately 210 nm, as illustrated by the NbO3
signal in figure (f). However, the observed profile deviates
from the expected concentration profile based on Fick’s law.
No significant differences were observed in the near-surface
profiles of negative ion recombinations, and therefore, they
are not presented in this study. Only the positive signals,
such as NbO* and NbO3, revealed distinct disparities be-
tween the 250 °C and >300 °C treatments. Additionally, a
slight difference was observed in NbO3 and CNb™* between
the 335 °C treatment for 4.5 hours and the 325 °C treatment
for 3.25 hours. No other measured ion recombinations pro-
vided further information on the diffusion processes and are
therefore not presented.

SUMMARY AND CONCLUSION

All mid-T heat treated cavities exhibit distinct Q(E) curves
and a reduced Rp g, with the majority displaying high Qg
values and gradients of approximately 30 MV/m. However,
no indication of how this apparent barrier of 30 MV/m can
be broken through in the accelerator gradient has yet been
found. These findings reinforce the results obtained in the ini-
tial mid-T heat treatment campaign at DESY and are further
substantiated by the additional data presented in this study.
The observed correlations between cavity performance and
oxygen diffusion length suggest a tendency of increasing Q
values with longer diffusion lengths. However, the available
data lack the required precision to establish this relationship
definitively. Significant differences in oxygen concentrations
between mid-T heat treatments at 300 °C and 250 °C are re-
vealed through SIMS studies. Additionally, the RRR studies
demonstrate a clear distinction between the 300 °C treatment
applied for 20 hours and the other temperature conditions.
Furthermore, thinner samples are being prepared for RRR
measurements to increase the surface-to-bulk ratio and en-
hance the notable surface effect through the redistribution
of oxygen impurities.

As the results demonstrate, the low-T bake and any addi-
tional electropolishing step are unnecessary and eliminate a
time-consuming processing step in the overall procedure of
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Figure 7: SIMS data of niobium samples treated with a cavity. Counts per second vs. depth are shown.
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