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Abstract
A few nanometers of niobium oxide cover niobium in

niobium cavities, prepared by standard treatments. Since
the RF penetration depth is a few tens of nanometers, the
niobium oxide and the metal-oxide interface may play role
in RF losses of superconducting niobium. In order to un-
derstand the cause of phenomena such as the high field Q-
slope, medium field Q-slope, and residual resistance, it is
important to distinguish the contributions of the niobium
oxide and its interface to losses at medium and high fields.
XPS and Auger studies have shown that it is possible to re-
duce significantly the thickness of the oxide layer by heat-
ing to 3000C - 4000C for a few hours in vacuum. Leaving
the surface in the vacuum does not re-grow the oxide layer.
Applying such treatment to a cavity one can reduce the nio-
bium oxide and measure the superconducting RF properties
of a nearly oxide-free cavity. Then via controllable air ex-
posure one can re-grow oxide and investigate the change in
properties as a function of exposure. We performed these
experiments and report results of nearly oxide-free, thin-
oxide and standard-oxide cavities.

EXPERIMENTS
The cavity was a 1.5 GHz elliptical cavity, made

of 300 RRR niobium sheet of 3 mm thickness with 1
mm grain size. The half-cells, shaped by deep draw-
ing, were postpurified at 13000C for 2 hours and then
at 12000C for 4 hours. The half-cells were vertically
electropolished [1] before welding. After welding the
cavity was vertically electropolished for about 100 μm.
After electropolishing the cavity was chemically treated
with BCP (HF:HNO3:H3PO4 - 1:1:2) for 10 sec (flash
BCP). The temperature of the solution was kept below
150C. After the chemical treatment the cavity was rinsed
with ultra pure water and transferred to the clean room
of class 100. In the clean room the cavity was rinsed for
two hours with high purity water under 1000 psi pressure.
Then the cavity was assembled on the 1500 MHz test stand
in the clean room. Each test was carried out at the bath
temperature of 1.50K at low fields and increased to 1.70K
at high fields.
For the heat treatment a steel box was put around the

cavity and pressurized with argon, preheated to 250◦C, to
avoid oxidation of the outer surface of the cavity during
the heat treatment. The inside of the cavity was kept under
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UHV. The heating elements were two 1.5 kW band heaters
placed on copper rings, which were shaped to follow the
shape of the cavity. Copper foils were used to improve
the temperature distribution. Only the cell itself was heat
treated, the rest of the vacuum system was kept at a room
temperature by water-cooling clamps on beam pipes.
The pressure during the heat treatment was 4.5 · 10−7

Torr. The main constituents were water(2 · 10−7 Torr)
and CO(3 · 10−8 Torr) as was indicated by residual gas
analyzer. The oxygen partial pressure was 8 · 10−11 Torr.
The mean delay between heat treatment and RF cryogenic
test was two days.
For air exposure VOC Zero Grade Air from Airgas was

used. After air exposures the cavity was pumped down to
10−7 Torr.
The sequence of all tests is presented below:

• The cavity was tested.
• The cavity was baked.
• RF test.
• The cavity was exposed to ≈ 150 Torr·sec of dry

air.
• RF test.
• The cavity was baked.
• RF test.
• The cavity was exposed to ≈ 150 Torr·sec of dry

air.
• RF test.
• The cavity was exposed to ≈ 107 Torr·sec of dry

air(1 atm for 12 hours).
• RF test.
• The cavity was baked.
• RF test.
• The cavity was exposed to ≈ 300 Torr·sec of dry

air.
• RF test.
• The cavity was exposed to ≈ 107 Torr·sec of dry

air(1 atm for 24 hours).
• RF test.

RESULTS

First set of experiments
In order to compare the performance of a nearly-oxide-

free, thin-oxide and standard-oxide niobium cavities, it was
necessary to establish a baseline for the high field per-
formance. Thus the first step was to test after chemistry.
After the cavity was chemically treated, assembled in the
clean room, the thermometry system [1]was assembled and
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the cavity was tested in the cryostat. The low-field qual-
ity factor of the cavity was about 3·1010, Fig. 1[squares].
Above Bpeak = 110 mT the high field Q-slope was ob-
served, which is typical for this type of cavities. At Bpeak =
123 mT we were limited by available RF power(30 W), the
quality factor was about 3·109. The temperature map taken
above 110 mT shows three hottest regions on the bottom
half-cell, Fig. 2. All temperature sensors, both in these hot
regions and in other high-magnetic-field regions equally
showed a non-quadratic increase in heating, the high field
Q-slope, above 100 mT, Fig. 4[squares]. No x-rays were
peresent during the test. Thus in this test the baseline for
high field Q-slope’s studies was established.

Figure 1: Quality factor versus peak magnetic field for
the first three tests: after chemical treatment the excitation
curve has a typical medium- and high-field Q-slope, after
the cavity was baked at 400◦C, after the cavity was exposed
to ≈ 150 Torr·sec of dry air.

Figure 2: Temperature map at Bpeak=117 mT after the
chemistry show three broad hot-spots.

Having established the baseline for the study of the high
field Q-slope, we proceeded to 400◦C baking. The cavity
was taken out of the cryostat, the baking setup was put onto
the cavity and the cavity was heated to 400◦C for two hours
under UHV condition. Then the baking setup was removed,
the thermometry system was put onto the cavity, the cavity
was lowered into the cryostat and tested. The excitation
curve for this test is presented in Fig. 1[circles]. The ex-
citation curve for this experiment differs little from that in
the baseline test. The highest Bpeak, which was reached,

was 117 mT in this test, where the cavity was limited by
a thermal breakdown. The temperature maps in the high
field Q-slope’s region shows four broad hot regions, Fig. 3,
which typical for the high field Q-slope, but the analysis of
the reading of individual thermometers shows that three of
these regions were also hot at low fields, because they have
higher surface resistance after baking, Fig. 5[circles]. The
resistance in these regions was order of magnitude higher
than in other regions. Except for the thermometers in these
three hot regions, which cover about 15 percent of the cav-
ity surface, all thermometers show readings typical for the
high field Q-slope, Fig. 4[circles]. So we concluded that the
cavity still exhibited the high field Q-slope after the 400◦C
baking.

Figure 3: Temperature map at Bpeak=117 mT after the cav-
ity was baked at 400◦C.

Figure 4: Thermometry data from the regions that showed
high field Q-slope: after chemistry, after first 400◦C bak-
ing, after second 400◦C baking.

Since 400◦C baking dissolved the oxide, we speculated
that lossy suboxides can be created by a controllable expo-
sure to dry air. Typically a delay between the 400◦C baking
and RF test was two days, therefore the niobium surface
is inevitably exposed to about .1 Torr-sec of water vapors,
which put the lower limit on the exposure. The upper limit
is set by exposure to one atmoshpere of air. First it was de-
cided to expose the cavity to about 100 Torr-sec. The cavity
was warmed up and then, while still inside the cryostat, was
pressurized to 2.4 Torr for a few minutes. After exposure
it was evacuated and an RF test was performed. In this test
the low-field quality factor improved, Fig. 1[triangles], but
the cavity exhibited a strong medium-field Q-slope. The
cavity was limited by a thermal breakdown at Bpeak = 114
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Figure 5: Thermometry data from the regions that showed
high surface resistance: after chemistry, after first 400◦C
baking, after second 400◦C baking.

mT. The field at which the cavity was limited in this test
is lower than that at which the high field Q-slope typically
starts. The temperature map shows that, following the short
exposure, a hot spot appeared on the top half-cell, Fig. 7.
This hot spot was a major source of losses. The readings
of the thermometers from this region show non-quadratic
increase with field, Fig. 8[circles]. The three regions with a
high surface resistance from the previous test still exhibit
losses approximately an order of magnitude higher than
typical. However these high-surface-loss regions were im-
proved after the short exposure, Fig. 6[circles].

Figure 6: Thermometry data from the regions with high
surface resistance after 400◦C baking, that shows improve-
ment of this regions by short exposure: after first 400◦C
baking, after first 150 Torr·sec air exposure, after second
150 Torr·sec air exposure.

Second set of experiments

In order to confirm results of the first 400◦C baking and
air exposure, the experiments were repeated. Since 400◦C
baking remove the oxides from niobium surface, it was
suggested that the strong medium field Q-slope will be re-
moved by the 400◦C baking and the cavity performance

Figure 7: Temperature map at Bpeak=110 mT after the cav-
ity was exposed to ≈ 150 Torr·sec.

Figure 8: Thermometry data from the regions that showed
anomalous losses after short exposures: after first 400◦C
baking, after the cavity was exposed to ≈ 150 Torr·sec, af-
ter the cavity was exposed to ≈ 150 Torr·sec following a
second 400◦C baking.

will be as it was after the first 400◦C baking. Thus after
the short exposure the cavity was taken out of the cryostat,
the thermometry system was removed, the baking setup
was arranged and the cavity was baked at 400◦C for about
two hours. After the baking the cavity was lowered in the
cryostat and RF test was performed. In this test the ex-
citation curve was similar to the one after the first 400◦C
baking, Fig. 9[squares]. The cavity had a medium-field Q-
slope similar to that after chemistry and after 400◦C bak-
ing. The limitation was a thermal breakdown at Bpeak =
115 mT. Temperature maps at high fields show that the re-
gion with anomalous losses, which appeared after the short
exposure, was still present, but was substantially improved.
The quench site was in the one of the three high-surface-
resistance regions, which appeared after the first 400◦C
baking. Except thermometers from these four regions, all
thermometers show field dependence typical for the high
field behavior, Fig. 4[triangles].
In order to confirm the appearance of the strong medium

field Q-slope and accordingly high-loss anomalous regions,
another short exposure, 150 Torr·sec, was done. Af-
ter the second short exposure the low-field quality fac-
tor decreased by a factor of two and was about 1010,
Fig. 9[circles]. As it was expected the excitation curve ex-
hibits a strong medium field Q-slope. The highest Bpeak,
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Figure 9: Quality factor versus peak magnetic field for the
second group of three tests: after the cavity was baked at
400◦C, after the cavity was exposed to ≈ 150 Torr·sec of
dry air, after the cavity was exposed to ≈ 107 Torr·sec

achieved, was 100 mT due to lack of power. The qual-
ity factor of the cavity at Bpeak = 100 mT was about 109.
The temperature map shows that again a high-loss region
was formed in the process of the short exposure. The tem-
perature sensors again shows non-quadratic dependence,
Fig. 8[triangles].
Because it was suspected that the high-loss regions

formed after the short exposure are caused by formation
of suboxides, the cavity was warmed up and then exposed
to 1 atm of dry air for about 12 hours, ≈ 107 Torr·sec, in
attempt to convert possible metallic suboxide to dielectric
pentoxide. Indeed the low-field quality factor was recov-
ered by the long exposure. The excitation curve in this test
has a unusually pronounced low field Q-slope, which was
present up to Bpeak = 60 mT. After the summit at Bpeak =
60 mT the quality factor started to decline similarly to the
previous experiment. At Bpeak = 110 mT the experiment
was stopped due to lack of power. The temperature maps at
high fields show that the anomalous losses, though reduced
after long exposure, were still present, Fig. 10.

Figure 10: Temperature map at Bpeak=115 mT after the
cavity was exposed to ≈ 107 Torr·sec.

Third set of experiments

Finally third set experiments was carried out to confirm
findings of the previous experiments. The cavity was taken

Figure 11: Quality factor versus peak magnetic field for
the third group of three tests: after the cavity was baked at
400◦C, after the cavity was exposed to ≈ 300 Torr·sec of
dry air, after the cavity was exposed to ≈ 107 Torr·sec

out of the cryostat, the thermometry system was removed
and the cavity was baked at 400◦C for an hour, then the
temperature was raised to 5000C and the cavity was kept
at this temperature for about half an hour. Then the baking
setup was removed, the thermometry system was assem-
bled, the cavity was lowered in the cryostat and tested. In
this test there was no strong medium field Q-slope, the Q-
slope was similar to those after previous bakes. The low-
field quality factor was about 4·1010. The cavity was lim-
ited by a thermal breakdown at Bpeak = 117 mT. The analy-
sis of the thermometry data show that all high-loss regions,
which appeared after the short and long air exposures, were
removed by the 400◦C baking.

Figure 12: Thermometry data for the third set of experi-
ments: after third 400◦C baking, after the cavity was ex-
posed to ≈ 150 Torr·sec, after the cavity was exposed to ≈
107 Torr·sec

After the 400◦C baking the cavity was warmed up and
exposed to about 300 Torr·sec of dry air, then the bak-
ing setup was removed, the thermometry system was as-
sembled, the cavity was lowered in cryostat and tested.
The low-field quality factor was 109, more than an order
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of magnitude lower that in previous test. The exposure
formed lossy bands on top and bottom half-cell of the cav-
ity as it is shown on the temperature map, Fig. 13. These
bands did not correspond to the highest-magnetic-field re-
gions, but roughly corresponds to the places, where the
heating bands were located during the 400◦C baking. The
thermometry data shows that both surface resistance and
slope were higher in this regions compared to previous test,
Fig. 12[circles].
To convert suboxides, possibly formed by the short ex-

posure, the cavity was warmed up and exposed to a 1 atm
of dry air for 24 hours, ≈ 107 exposure. After the long
exposure the low-field quality factor improved. The low-
field quality factor was about 1010. An interesting feature
in this experiment is a pronounced low field Q-slope up to
Bpeak=30 mT. After the summit Bpeak=30 mT the excita-
tion curve has a strong medium field Q-slope. The mea-
surements were limited by available power at Bpeak = 50
mT with the quality factor of 8·108.

Figure 13: Temperature map at Bpeak=50 mT after the cav-
ity was exposed to ≈ 150 Torr·sec

Figure 14: Temperature map at Bpeak=48 mT after ≈ 107
Torr·sec

DISCUSSION
Our study was aimed at the high field Q-slope. The

100◦C baking is a common procedure used world-wide to
improve a high-field performance of niobium cavities. To
explain the high field Q-slope and the baking effect several
models were suggested. Our studies have addressed two of
them: the interface tunnel exchange model, ITE model [6],
and the oxygen pollution model [3].
The former model attributes the high field Q-slope to

losses caused by the natural oxide at high fields. In the ITE
model the modification in the niobium pentoxide during the
mild baking explains the improvement in the high-field per-
formance. However the 400◦C baking, which was done, re-
moves the natural oxide [4], [5] and therefore the high field

Q-slope should be removed according to ITE model. This
is contrary to what was observed in the experiment.
The latter model assumes an oxygen pollution layer un-

derneath the oxide. The oxygen-polluted layer has super-
conducting properties that are worse than those of a pure
niobium. Baking of a cavity at 100◦C for 48 hours, a
typical baking procedure, dissolves the oxygen pollution
layer into the bulk. The model however failed to explain
the results after baking at higher temperatures, i.e. 150-
180◦C for 48 hours, in which the high field Q-slope re-
mains unchanged or even degrades. In order to accommo-
date these results, the oxygen pollution model was mod-
ified by G. Ciovati [7]. He suggests that during baking
the oxide layer dissolves and oxygen atoms from the ox-
ide contribute to the oxygen pollution layer. Thus due to
this enrichment process the oxygen pollution layer is not
removed by baking at temperatures higher that 100-120◦C.
In order to see the predictions of this model for our exper-
iment, we have calculated oxygen depth profile within the
model after 400◦C baking. From the calculation it follows
that the oxygen concentration in the penetration depth is
reduced by 400◦C baking, Fig. 15. So we expected that the
high-field performance will be improved by such baking,
still we observed the high field Q-slope in our experiments
and it was the same as before baking. So this model is also
contradicted by these experiments.

Figure 15: Diffusion calculation based on the modified
oxygen pollution model proposed by G. Ciovati.

The presence of the high field Q-slope after 400◦C bak-
ing can be explained with the model that was suggested
earlier [8]. This model does not explain the high field Q-
slope, but addresses only the baking effect. In this model
a natural oxide is attributed a role of purifier of niobium
during the mild baking. During the standard 100◦C baking
for 48 hours, impurities diffuse from niobium into adja-
cent oxide, thereby improving the superconducting prop-
erties of niobium. The higher temperature baking is less
efficient because of a finite capacity of the oxide. Within
this model no improvement can be expected after a 400◦C
baking, because the oxide layer is removed, and therefore
the niobium purity is not improved. However recent sur-
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face studies suggest that carbon, which was initially pro-
posed as a diffusing impurity in this model, is not responsi-
ble for the high field Q-slope. Surface studies have shown
that during 300◦C baking for 1 hour carbon segregates to
the surface [9]. Thus if the carbon were responsible for the
high field Q-slope, a degradation in the high field perfor-
mance would be expected after the 400◦C baking due to
segregation of the carbon to the surface. But the high field
Q-slope did not degrade, so even if the model holds true,
carbon is not involved in high field Q-slope phenomenon.
An interesting result in these studies was a strong

medium field Q-slope and high surface resistance after
short exposures. The strong medium field Q-slope is some-
times observed when the niobium is enriched with hydro-
gen during chemistry. The excitation curve then has a
strong medium field Q-slope, because niobium hydrides are
formed during the cooldown if the hydrogen concentration
is ≥ 6 at. percent [10]. We however suggest that hydro-
gen contamination is not the cause of the strong medium
field Q-slope and a high surface resistance in our experi-
ments, firstly, because the quality factor was improved by
longer exposure, which does not help in the case of the
hydrogen Q-disease. Secondly, because the medium field
Q-slope was removed by 400◦C baking, whereas in or-
der to remove the typical Q-disease, cavities are treated
at 800◦C for several hours. We suggest that the reason
behind a strong medium field Q-slope and high surface
resistance is a formation of niobium suboxide. The idea
supported by the fact that performance was improved by
longer exposure, which presumably caused conversion of
the suboxides to pentoxide, and then was completely re-
stored by 400◦C, which dissolved the pent- and suboxides.
Thus these experiments open an interesting question about
contribution of the niobium suboxides to the medium field
Q-slope and to a low-field quality factor. To study these
questions however the current design of the baking setup is
to be improved in order to provide a more uniform temper-
ature distribution during 400◦C baking and surface studies
on samples should be carried out in order to find out the
surface composition after baking and exposures.

CONCLUSION

The performance of the nearly-oxide-free, thin-oxide
and standard-oxide cavities was studied via 400◦C baking.
The performance of the niobium cavity after 400◦C baking,
i.e. the nearly-oxide-free cavity, was the same as before
treatment except the performance was limited by thermal
breakdown. The high field Q-slope was not removed by
such treatment which contradicts the interface tunnel ex-
change model and the modified oxygen pollution model.
The performance of the niobium cavity after short expo-
sure, i.e. thin-oxide cavity, degraded both in quality factor
and in field behavior probably due to formation of subox-
ides. The long exposure after short exposure improved the
quality factor and field performance.
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