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Abstract

The heat treatment of a niobium cavity between 100 0C
- 1200C for 48 hours substantially improves cavity per-
formance, presumably by healing the nature of the oxide-
metal interface, although the nature of the healing is not
yet understood. The heat treatment at higher temperatures
is found to deteriorate the performance. Our tests on 1500
MHz single cell cavities are always equipped with a tem-
perature mapping system [1] consisting of 700 thermome-
ters. The effect of heat treatment at various temperatures
has been studied in detail using the temperature mapping
system. In this article we report on several interesting find-
ings from studies of a 4000C heat treatment.

INTRODUCTION

Two phenomena, high field Q-slope and residual resis-
tance, are limiting factors for superconducting cavities.
The origin of these phenomena is not yet fully understood.
In the early 1990’s F. Palmer carried out experiments on
8400 MHz niobium oxide-free cavities, in order to study
effect of niobium oxide on a low field surface resistance
of niobium cavities [2]. In order to remove oxide he heat
treated cavities at 11000C. At that time most cavities were
limited by field emission, so the effect of such treatment on
a high field performance was not studied. We decided to
apply a high temperature heat treatment to niobium cavity
to study an effect of niobium oxides on high field perfor-
mance.

The interest in the high field Q-slope and in the heat
treatment effect triggered surface studies on niobium sam-
ples before and after heat treatment at different tempera-
tures. XPS studies have shown that niobium oxide can
be destroyed at temperatures as low as 2500C [3]. Other
studies suggested that temperatures around 4000C [4] are
needed to remove the oxide. Also it was shown that oxide-
free surface stays oxide-free for hours in vacuum. In this ar-
ticle we report on results of superconducting niobium cav-
ities performance at high fields after 4000C heat treatment.

EXPERIMENTS

The cavity was 1.5 GHz elliptical cavity with 1 mm grain
size. It was made of 300 RRR niobium sheet of 3 mm
thickness. The half-cells, shaped by deep drawing, were
postpurified at 13000C for 2 hours and then at 12000C for 4
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hours. The half-cells were vertically electropolished [5] be-
fore welding. After welding the cavity was vertically elec-
tropolished 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 so-
lution 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. After assembly the cav-
ity was lowered into the dewar and was tested at the bath
temperature of 1.50K at low fields and increased to 1.70K
at high fields.

Next the cavity was heat treated at 4000C for 2 hours.
For the heat treatment a steel box was made, put around
the cavity and pressurized with argon during the heat treat-
ment, to avoid oxidation of the outer surface of the cav-
ity. The inner surface of the cavity was kept under vac-
uum. The heating elements were two 1.5 kW band heaters
placed on copper rings, which were shaped to follow the
curvature of the outer surface of the cavity. Copper foils
were used to improve the temperature distribution. Only
the cell itself was heat treated, the rest of the test stand was
at a room temperature because of 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 cavity was kept at above 4000C for two hours. After
the heat treatment the cavity was tested again at the bath
temperature of 1.50K at low fields and increased to 1.70K
at high fields.

After the second test the cavity was warmed up to room
temperature and pressurized with dry air (VOC Zero Grade
Air from Airgas) to 2.4 Torr for 5 minutes, to form an oxide
layer. Then it was pumped down to 10−7 Torr and tested at
the bath temperature of 1.50K at low fields and increased
to 1.70K at high fields.

After the third test the cavity was heat treated with the
same setup as before at above 4000C for two hours, to re-
move the oxide layer again. After the heat treatment it was
tested at the bath temperature of 1.50K at low fields and
increased to 1.70K at high fields.

RESULTS

In Fig. 1 we present the quality factor of the cavity as
a function of peak magnetic field for all four tests. Con-
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Figure 1: Quality factor as function of field before and after

sidering RF performance of TESLA-like superconducting
cavities, one distinguishes three different types of behav-
ior, Q-slopes: the low field Q-slope, which is sometimes
observed for peak surface magnetic fields below 20 mT,
the medium field Q-slope, a weak degradation of the qual-
ity factor for peak surface magnetic fields between 20 mT
and 100 mT, the high field Q-slope, a strong degradation of
the quality factor above 100 mT. We didn’t take data points
below 20 mT, so we didn’t see a low field Q-slope in any
of our tests. To quantify a medium field Q-slope we used
G
Q = Rs

(
1 + γ

(
H
Hc

)2
)

, where Rs is a fitting parameter

and can be interpreted as a mean surface resistance, γ is
fitting parameter, Hc = 2000 mT is the critical field of nio-
bium, to fit the data for peak surface magnetic fields from
20 mT to 100 mT.

In the first test Rs = 8.88 ± 0.03 nOhm and γ =
2.14 ± 0.03. Above 110 mT we observed high field Q-
slope. The highest peak magnetic field was 123 mT and
at this point we were limited by available RF power. The
temperature map taken above 110 mT showed three hottest
regions on the bottom half-cell, Fig. 2. All temperature
sensors in the high magnetic field’s region showed a non-
quadratic increase in heating, the high field Q-slope, above
100 mT. The typical temperature sensor’s reading is pre-
sented at Fig. 3(squares).

Figure 2: Temperature map for the first test at Hpeak=123
mT.

In the second test Rs = 10.67 ± 0.03 nOhm and γ =

1.72±0.03. Again above 110 mT we observed a high field
Q-slope. The highest peak magnetic field was 117 mT and
the cavity was limited by thermal breakdown. The tem-
perature map showed four new hot regions on the bottom
half-cell at highest field, Fig. 4. Three of these regions, as
the analysis of the temperature sensors’ data showed, had
quadratic losses at all fields, but they had about a ten times
higher surface resistance than other areas, Fig. 5(circles).
These regions with high residual resistance covered about
15 percent of cavity surface. The thermal breakdown was
associated with one of these regions. The rest of the tem-
perature sensors showed a behavior typical for the high
field Q-slope, Fig. 3(circles).

Figure 3: Thermometry data for high field Q-slope behav-
ior.

In the third test the medium field Q-slope was strong,
and it didn’t show quadratic-type behavior. The quality
factor was 3.6 · 1010 at Hpeak=32 mT. It corresponds to
about 7.1 nOhm of a mean surface resistance for this cavity.
In this test the cavity performance degraded rapidly in the
medium field Q-slope’s region. The highest peak magnetic
field was 110 mT, where the cavity was limited by a ther-
mal breakdown. The thermal breakdown happened in the
same place as in the previous test. The regions with high
residual resistance were present, but covered only about 5
percent of the cavity surface, Fig. 5(triangles). There was a
new dominating hot spot on the top half-cell. The temper-
ature sensors in this region showed non-quadratic tempera-
ture growth at all fields, Fig. 6(triangles). This spot covered
about 5 percent of cavity surface. The data from the rest of
temperature sensors showed a quadratic field dependence,
Fig. 3(triangles).

In the fourth test Rs = 8.09 ± 0.10 nOhm and γ =
3.73 ± 0.16. The highest peak magnetic field was 110
mT, where the cavity was limited by thermal breakdown.
The thermal breakdown took place in the same place as be-
fore. The temperature map was still dominated by a hot
spot at high fields on the top half-cell, which covered about
5 percent of the cavity surface. The temperature sensors in
these regions showed non-quadratic behavior at all fields,
Fig. 6(stars). The regions with high residual resistance

heat treatment.
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Figure 4: Temperature map for the second test at
Hpeak=117 mT.

were present and covered about 5 percent of the surface,
Fig. 5(stars). The data from the rest of the temperature sen-
sors showed quadratic field dependence, Fig. 3(stars).

Figure 5: Thermometry data for behavior of new regions
that appeared in the second test.

Figure 6: Thermometry data for behavior of the new region
that appeared in the third test.

DISCUSSION

Our main interest was the high field Q-slope. It is known
that the high field Q-slope can be removed or at least im-
proved by a heat treatment at about 1000C. It also was

found that heat treatment at 1500C - 1800C doesn’t re-
move the high field Q-slope. To explain these experi-
mental results a so-called ”oxygen pollution model” was
introduced [6]. The model suggests an existence of oxygen-
rich layer of niobium under the oxide, so called pollution
layer. This oxygen-rich layer deteriorates RF properties
of the superconductor. In this model the effect of a heat
treatment is due to thermal diffusion of oxygen from the
oxygen-rich layer into the bulk, thereby resulting in lower
oxygen concentration in RF penetration depth and a better
superconducting performance. In order to explain the effect
of a 1500C - 1800C heat treatment this model was mod-
ified by G.Ciovati [7]. Besides the initial pollution layer
on the oxide-niobium interface,it was also proposed, that
the destruction of the oxide during a heat treatment will
resupply oxygen to the pollution layer. In this model an
expression for oxygen concentration as a function of depth
and its modification with heat treatment was proposed. We
applied this modified model to our heat treatment in order
to calculate the effect of our heat treatment conditions on
the oxygen concentration in the London penetration depth.
Our calculations show that in the London penetration depth
the oxygen concentration after 4000C for 2 hours is lower
than it is after 1450C for 45 hours. In the framework of the
model the result means that a cavity’s performance will im-
prove after a high temperature heat treatment. Surprisingly,
in our experiment after 4000C the performance of the high
field Q-slope’s regions remained practically unchanged at
high fields, Fig. 1 and Fig. 3. So we suggest that the oxygen
pollution layer is not responsible for the high field Q-slope.
We will discuss a possible cause of new regions in another
paper due to lack of space.

CONCLUSION

We have carried out a 4000C heat treatment on a
1500 MHz elliptical single cell cavity prepared by verti-
cal EP/flash BCP. We compared temperature maps before
and after 4000C heat treatment, along with Q vs E curves.
The surprising result is that 4000C heat treatment did not
change the high field Q slope. Most thermometers at high
field showed no substantial change due to 4000C heat treat-
ment. This result suggests that the high field Q-slope does
not come from the oxide, nor the metal-oxide interface.
However, in a few regions the temperature maps showed
the development of new high resistance regions.
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