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Abstract

A degradation of the unloaded quality factor is com-
monly observed above about 100 mT in elliptical niobium
cavities. The cause of this degradation has not been fully
understood yet, but the empirically found solution of heat-
ing to about 100-120 °C for 24-48 hrs. eliminates the
degradation in electropolished fine grain or large grain nio-
bium cavities. While numerous experiments related to this
phenomenon have been done at 1.3 GHz and 1.5 GHz, lit-
tle data exists at other frequencies, and the frequency de-
pendence of this degradation is not clear. We have mea-
sured the unloaded quality factor of 3 GHz fine grain nio-
bium cavities, which were chemically polished as the fi-
nal treatment before RF tests in a vertical Dewar and ob-
served the characteristic degradation in two cavities. The
measurement of the quality factor degradation at different
bath temperatures points to a field-dependent rather than a
temperature-related effect.

INTRODUCTION

As a part of new material development, several 3 GHz
single cell cavities were built out of niobium to serve as
a substrate for future new material coatings. The cavities
received the standard modern cavity processing and were
measured at Tpq¢n, = 2.0 K to confirm their suitability as a
substrate. Two of the cavities reached fields significantly
higher than we anticipated and were limited by a Q-slope
reminiscent of the high field Q-slope.

The high field Q-slope was identified in the 1990s [1],
when advances with high pressure rinsing allowed for a
field emission free cavities reaching to above By,cqr = 100
mT. At this field a strong degradation in the quality factor
was consistently observed in many cavities. Further experi-
ments with temperature mapping indicated broad heating in
the high magnetic field regions. Significant effort has been
spent in the 2000s to understand the phenomenon and sev-
eral dissertation were written on the topic [2, 3, 4, 5, 6].
Also, in the late 1990s - early 2000s an empirical solution
was found to avoid the degradation: electropolishing fol-
lowed by 120 °C baking for 48 hours [7, 8]. The solution
allowed for high gradient niobium cavities and is used to-
day as a standard treatment.
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The 2000s were dominated by oxygen pollution hypoth-
esis as the explanation for the high field Q-slope [9, 10].
Oxygen pollution layer in the RF penetration layer was
postulated, and interstitial oxygen was known to degrade
superconducting properties of niobium [11]. While the
presence and the role of oxygen at the interface is still not
completely elucidated, ample evidence eliminate the oxy-
gen pollution layer as a sole culprit behind the Q-drop.
With oxygen out of the picture, hydrogen filled the void.

High concentration hydrogen has been known to degrade
the quality factor of superconducting cavities due to forma-
tion of Nb-H at low temperature [12]. Due to high mobil-
ity of hydrogen, it was assumed that hydrogen cannot be
involved with mild baking effect, but present models in-
volving hydrogen-crystal defects speculate that Nb-H sys-
tems are the cause of the high field Q-slope [13, 14]. Re-
cently, material surface studies have provided some support
for the hypothesis [15], but most questions regarding the
phenomenon remain standing: why the difference between
electropolishing and buffered chemical polishing, why an-
odizing removes benefit, why the grain size matters, etc.

One of the questions is the frequency dependance of the
degradation. Since most of the data related to the degrada-
tion were collected at 1.3 or 1.5 GHz, models are required
to predict what happens when one goes up or down in fre-
quency. A couple of papers addressed the topic using the
data sets available at the time [16, 17]. Our measurements
reported here contribute to the data set on the frequency
dependence of the high field Q-slope.

RF RESULTS

The half cells were stamped from 3mm RRR niobium
sheet, mechanically polished, and electron beam welded
together to form 3 GHz cavity. The cavity received 80 um
of bench chemical polishing BCP(1:1:1). After bulk chem-
istry the cavities were annealed in a vacuum furnace at 600
°C for 10 hours. After annealing, the cavities were chem-
ically polished with BCP (1:1:1) solution for 10 pum, high
pressure rinsed, assembled for cold RF test, and tested in
the dewar. All three cavities were tested at 2.0 K to check
their suitability for subsequent new material development.
FH3C was also tested at 1.8 and 1.6 K while still in the de-
war. FH3D was removed from the dewar after 2.0 K, baked
“in-situ” at 120 °C for 48 hours, and tested again at 2.0 K.

FH3A had a low field Qg = 6-10° and was limited by
quench at about 13 MV/m. The cavity Qg curve also ex-
hibits a strong slope starting from very low gradient, Fig. 1.
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The beam tube of these cavities is too small for the view-
ing tubes of our existing optical inspection systems, but
the cavity internal surface was inspected with a boroscope.
Several features were found in the heat affected zone near
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Figure 1: Baseline test results for FH3A[squares],
FH3Cl[circles], and FH3D[triangles] at Tyq, = 2.0 K.

FH3A was limited by quench at the highest field. FH3C
and FH3D were limited by the available power.

the equator. We suspect that one of the features caused the
quench, but the cause of strong Q-slope in this cavity is not
clear at the moment.

FH3C had a low field quality factor of about 8-107,
which improved by about 20 % with field up to about E..
=20 MV/m. At this field a strong degradation of the qual-
ity factor set in. The cavity was limited to E,.. of about 30
MV/m, where the quality factor degraded to about 1-10°
and we were limited by the 60 Watt available RF input
power, Fig. 1. With the cavity still in the dewar, the de-
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Figure 2: FH3C test results for three different helium bath
temperatures, 2.0, 1.8, 1.6 K. Note the increase in the low
field quality factor as expected, but similar high field Q-
slopes.

war was topped off with liquid helium the next day and the
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cavity was tested at Tpeep, = 1.8 K and Tpqep, = 1.6 K. The
low field quality factor has improved as we expected with
the bath temperature reaching 1.5-10? at Ty, = 1.8 K and
5.3-109 at T4, = 1.6 K. However, the high field Q-slope
did not change and the cavity was still limited by the high
field Q-slope to E,.. = 30 MV/m. No radiation was ob-
served during the measurements.

FH3D had a low field quality factor of about 6-107,
which stayed constant with field up to E;.. = 20 MV/m.
Above E,.. =20 MV/m, a strong Qg degradation was ob-
served and the cavity was limited by the available power at

Eqce = 30 MV/m, Fig. 1. After the baseline test, the cavity
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Figure 3: FH3D test results at Tpq., = 2.0 K before and
after 120 °C x 48 hours baking.

was removed from the dewar and baked at 120 °C for 48
hours. The cavity was then put back in the dewar, tested at
2.0 K, and then tested again at 2.0 K two days later. The
low field quality factor improved to about 7-10-10°, but de-
graded with field to about 6-7-10° at E,.. = 20 MV/m. The
cavity was limited by a high field Q-slope to about E. =
37 MV/m, Fig. 3. No radiation was observed during the
measurements.

DISCUSSION

The quality factor degradation observed in FH3C and
FH3D has many characteristics of the high field Q-slope
commonly observed in 1.3 and 1.5 GHz SRF cavities. The
high field Q-slope is the degradation of the quality factor
without X-rays, which we also did not seen in these exper-
iments. It may be argued that due to a small accelerating
gap of these cavities, of just 5 cm, the same field emission
sites may not induce enough radiation to be detected with
the standard instrumentation. The standard check in this
case would be to test the cavity with a thermometry setup,
but it is not available to us at present. However, the consis-
tency between the degradation in FH3C and FH3D would
be surprising to be caused by such a random effect as field
emission. Further, in Fig. 4 earlier data on 3 GHz repro-
duced from [18] is shown along with our results. The Q-
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Figure 4: FH3C and FH3D at Tpq;, = 2.0 K are plotted
here along with old Cornell data reproduced from [18].
Epcak/Eace = 1.83 was used for 3 GHz cavities (ANL 3
GHz). Note that old Cornell cryogenic system was a con-
stant pumping speed system, so the temperature of the he-
lium bath increases from about 1.4 to about 1.8 K with RF
dissipated power for Cornell test.

slope in the older data has been reported to be common and
the thermometry results on those cavities indicated broad
areas of heating, which indicates that field emitter was not
the limiting cause in those test. The field emission also
does not improve after the mild baking [19], which was the
case with FH3D, Fig. 3. Hence, we conclude that the slope
in our cavities was not caused by field emission.

Thermal feedback was suggested as the cause of degra-
dation in the past. Since at that time the helium bath tem-
perature was not constant during the RF test, models ac-
counted well for the degradation at this frequency. Our
VTA facility has a feedback loop that ensures a constant
bath temperature throughout the test. The RF test of FH3D
at three different bath temperature shows that the slope is
not sensitive to such bath temperature variation. Since ther-
mal feedback models indicate that the onset of the degrada-
tion shifts with the helium bath temperature [20], we argue
that the observed slope is a field effect.

In Fig. 5, we plot our results along with the representa-
tive results for 1.3 and 1.5 GHz single-cell cavities for com-
parison. In this plot we show 1.5 GHz 1-cell cavity C3C4,
which received 20 pm BCP (1:1:2) as the final treatment
and 1.3 GHz 1-cell cavity TE1G001, which received 25 um
EP as the final treatment. No x-rays were detected in any
of the tests. The low field quality factor of the lower fre-
quency cavities is higher as expected from the temperature
dependence of the BCS part of the surface resistance. At
high fields all cavities are limited to about Bcqr, = 120-130
mT, but the onset of the high field Q-slope seems to be de-
creasing with frequency. If we compare the field at which
quality factor reaches 4-10°, we find that for 1.3 GHz cav-
ity it was reached at Bjcqx = (128 4= 8) mT and for 3 GHz
cavities it was reached at Beqx = (114 £ 5) mT.
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Figure 5: FH3C, FH3D results are plotted here along with
test results for a 1.3 GHz and a 1.5 GHz single-cell cavi-
ties. Bpear/Eace = 4.2 mT/(MV/m) was used for 1.3 GHz
(TESLA end cell) and 3 GHz (ANL 3 GHz); Bpcai/Eqce
=4.5 mT/(MV/m) was used for 1.5 GHz (OC center cell).
All data is measured at Ty, = 2.0 K. No field emission
was observed in any test.

CONCLUSION

A degradation of the unloaded quality factor is com-
monly observed above about 100 mT in elliptical niobium
cavities. We have measured the unloaded quality factor of
3 GHz fine grain niobium cavities, which were chemically
polished as the final treatment before RF tests in a vertical
Dewar and observed the characteristic degradation in two
of the cavities. The onset of degradation in the tested 3
GHz cavities is also close 100 mT, but seem to be slightly
lower than in the lower frequency cavities.
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