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Abstract

NbsSn has the potential to surpass niobium as the mate-
rial of choice for SRF applications. The potential of this
material stems from a larger superconducting energy gap,
which leads to expectations of a higher RF critical field and
a lower RF surface resistance. The appeal of better super-
conducting properties is offset by the relative complexity of
producing practical Nb3Sn structures, and Nb3Sn sensitiv-
ity to lattice disorder challenges the use of the material for
practical applications. Such sensitivity is indirectly probed
during SRF cavity development, when the cavity is tuned
to match the desired accelerator frequency. In the course of
recent experiments we have coated and tuned several multi-
cell cavities. Cold RF measurements before and after tuning
showed degradation in cavity performance after tuning. The
results of RF measurement were compared against strain
evolution on Nb3Sn surface during tuning based on CST and
ANSYS models.

INTRODUCTION

Nbs3Sn films deposited into niobium cavities using vapor
diffusion technique achieved accelerating gradients E, ..
close to 20 MV/m and quality factors above 1-10'* at 4.3 K
in recent years [1-5]. Given its superheating critical field
and superconducting transition temperature, NbzSn super-
conducting material has the potential to sustain accelerating
gradients close to 100 MV/m and quality factors close to
5-10'° at 4.3 K, and R&D efforts are ongoing to understand
and improve vapor diffusion deposition technique towards
its potential.

In parallel, efforts are ongoing to achieve single-cell cav-
ity performance in practical multicell structures [6]. Over
the past couple years a number of CEBAF 5-cell cavities
were coated in the JLab coating system towards development
of multicell cavity coatings. High quality factors have been
measured in NbzSn-coated 5-cell cavities, but the cavities
were limited to below E .. = 10 MV/m [6]. Two of the
coated cavities were progressed towards assembly into a
cavity pair, which could be integrated into a smaller quarter
cryomodule. Following the assembly, the cavities were mea-
sured as a pair in a vertical dewar and their performance was
found to degrade significantly from the qualification tests
before the pair assembly [7]. Tuning of the cavities before
pair assembly was suspected as one of the potential causes
for cavity degradation. Further experiments were conducted
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to test the tuning sensitivity hypothesis and are described in
the subsequent sections.

CAVITY PAIR TESTING

Details of the setup, the coating process, and coating ap-
pearance can be found elsewhere [6-8]. In the first attempt
to built a two-cavity string, a so-called cavity pair, out of
NbsSn coated cavities, a degradation was observed between
qualifications tests of individual cavities and the pair test [7].
The cavities used in the experiment were IA110 and IA114
from the original CEBAF production. The qualification test
results of these cavities are shown in Fig. 1. The low-field
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Figure 1: IA114 and IA110 qualification test results at 4 K
and 2 K. Discontinuities in Q-curves are due to Q-switches.

Qg of IA114 was about 8-10° at 4K and 1.5-10'° at 2 K.
The quality factor was approximately constant up to about
Euce =4 MV/m. Above E, .. =4 MV/m, several Q-switches
were observed at both 4 K and 2 K. The cavity was limited
to E,cc = 6 MV/m with the quality factor of 4- 10° at both
temperatures. The low-field Qq of IA110 was about 1-10'°
at 4 K and 1.8-10'° at 2 K. Above E . =3 MV/m, several
Q-switches were observed at both 4 K and 2 K. The cavity
was limited to E,.. = 4.5 MV/m with a quality factor of
1.4-10° at both temperatures.

After qualification RF tests, both cavities were assembled
into a pair and tested. Tested in a pair both cavities exhibited
similar quality factors and quality factor field dependence,
see Fig. 2. The low-field Q) was about 5-10° and had a
strong field dependence at both 4 K and 2 K. To verify per-
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Figure 2: TA110 and TA114 test results after the cavities
were assembled into the cavity pair. Note the significant
change from qualification tests, Fig. 1.

formance degradation the pair was taken apart, and IA114
= was re-HPRed and dried in the cleanroom. IA114 was then
:Z assembled to be tested individually with hardware used in
5 the qualification tests after Nb3Sn coating. The cavity per-
¢ formance was unchanged from the pair test. Lower quality
2 factors and strong Q-slope were observed again, Fig. 3. Tun-
1ng before pair assembly was suggested as one of the possible
2 reason for the cavity performance degradation: after qualifi-
é cation tests the 7-mode warm resonant frequency of IA110
5 was tuned from 1493.468 MHz to 1494.650 MHz, and the
o resonant frequency of IA114 was tuned from 1494.314 MHz
@ to 1494.652 MHz.
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Figure 3: IA114 test results after NbsSn coating (full

squares), after pair assembly (open squares), and after re-
assembly with R&D hardware(open circles).
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IMPACT OF CAVITY TUNING

To investigate the tuning sensitivity, TA016 and 5C75-J-
002 cavities were coated with Nb3Sn using our standard
process and tested before and after warm tuning of the reso-
nant frequency. IA016 was first tested at 4.3 K after Nb3zSn
coating, Fig. 4. The cavity exhibited a Qy of about 6-10°
at Egcc ® 1 MV/m. The quality factor degraded to about
5-10° at Egee = 6 MV/m. Q-switch was observed at E, .. ~
6.5 MV/m, where the quality factor dropped to about 2-10°.
The cavity was limited by a quench at E;.. * 8 MV/m. No
further degradation in the quality factor was observed after
quenching at the highest field. Following the test the cav-
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Figure 4: TA016 test result at 4.3 K before and after cavity
tuning at room temperature. Note Q-degradation after cavity
tuning.

ity was removed from the dewar, moved to the RF tuning
bench, and tuned. The r-mode warm resonant frequency
was tuned from 1494.010 MHz to 1493.828 MHz. After
tuning the cavity was processed with standard preparation
techniques towards RF testing. Cavity test result at 4.3 K is
shown in Fig. 4. The cavity exhibited a Qg of about 5-10°
at E;.. ® 1 MV/m. The quality factor degraded with field
to 2-10° at B, ~ 3.5 MV/m, where the cavity was limited
by a quench. No degradation in the quality factor was ob-
served after quenching at the highest field. It is noteworthy
that the field dependence of the quality factor after tuning is
very similar to the field dependence observed in IA110 and
IA114 cavity tests after the cavities were assembled into a
pair, Fig. 3.

5C75-J-002 was tested at 4.3 K after Nb3Sn coating before
and after cavity tuning at room temperature, Fig. 5. In the
first test the cavity had a quality factor of about 8-10° at E,¢.
~ 1 MV/m. The quality factor stayed flat up to E,.. = 3
MV/m, where the quality factor degraded with a Q-slope
to 2-10° at Ege. ~ 6 MV/m. After the test the cavity was
removed from the dewar. Beamline covers were removed and
the cavity was placed on the tuning bench. First, the cell #3
was squeezed, which caused a -142 kHz shift in the r-mode
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Figure 5: 5C75-J-002 test result at 4.3 K before and after
cavity tuning at room temperature. Note Q-degradation after
cavity tuning.

frequency from 1494.519 MHz to 1494.377 MHz. Cell #5
was squeezed, which caused a 19 kHz shift in the 7-mode
frequency from 1494.377 MHz to 1494.396 MHz. Then cell
#4 was squeezed, which caused a -64 kHz shift in the 7-mode
frequency from 1494.396 MHz to 1494.332 MHz. Finally,
cell #2 was squeezed, which caused a -86 kHz shift in the
m-mode frequency from 1494.332 MHz to 1494.246 MHz.
After the last tuning step the cavity was prepared for another
RF test following the standard preparation procedures. After
tuning the quality factor of the cavity was 4-10° at E.. ~
1 MV/m at 4.3 K. The cavity exhibited a strong Q-slope
degrading the quality factor to about 2-10° at Eqc. = 2.6
MV/m. Again, the field dependence of the tuned cavity is
very similar to the field dependence of IA016, IA110, and
IA114 after tuning.
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Figure 6: 5C75-J-002 test results for different passband
modes at 4.3 K after cavity tuning at room temperature.
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To measure how individual cavity cells affect the cavity
performance, the quality factor as a function of field was
measured after tuning for all the passband modes, Fig. 6.
The energy distribution for each passband mode was calcu-
lated from the cavity model. The calculation was compared
to the passband energy distribution evaluated from beadpull
measurements, which were performed after the last tuning
step before cold RF test, Fig. 7. For illustration purposes,
beadpull data were scaled to overlay the simulated profile.
As it can be seen in Fig. 7, the calculated energy distribu-
tions have a good agreement with the measurements done
on the cavity before the RF test. Each cell was then assumed
to have an individual surface resistance and an individual
linear field dependence of the surface resistance. Due to the
field symmetry of the simulated passband energy distribu-
tion, there are only three unique cells. The surface resistance
of cell #1 was assumed to be identical to cell #5, and the
surface resistance of cell #2 was assumed to be identical to
cell #4. The surface resistance and its field dependence was
then calculated for each passband mode. The measured pass-
band data and the best fit is shown in Fig. 6. The measured
passband data are best fitted assuming 13 nQ of the surface
resistance in end cells, 62 nQ in the cells #2 and #4, and 31
in the cell #3. The linear field dependence coefficients are
1.6:107%,2.6-107%, and 4.6-1078, respectively. Simulation
of the RF data shows that the best cells were the end cells,
which were not tuned. Compared to the end cells, the av-
erage of the second and fourth cells showed an increase of
49 nQ, and the increase in the surface resistance slope by
60 percent. The center cell showed an increase of 18 nQ
and almost a factor of three increase in the slope. The worst
performing cells according to the passband measurements
were also the cells that were tuned the most during warm
tuning.
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Figure 7: 5C75-J-002 test results for different passband
modes at 4.3 K after cavity tuning at room temperature.
Passband modes, measured using bead pull technique, were
scaled for illustration purposes.
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TUNING SIMULATIONS

Superconducting properties of Nb3Sn are known to de-
= grade with strain [9]. One of the possible mechanisms be-
& hind the observed degradation in the performance of tuned
”g cavities is the degradation in the superconducting properties
i due to the induced strain. ANSYS simulation were done
f to estimate the strain induced during cavity tuning. Due to
S the spring-back effect the cavity has to be deformed beyond
E desired tuning point. This effect, which was accounted in
% simulation, depends strongly on the material parameters.
8 For ANSYS simulations SNS prototype niobium WCL as re-
2 ceived was used [10]. RF simulations using CST Microwave

lisher, and D

u

CELL DEFORMATION = 0.12 mm
COMPRESSION AFTER 0.589 mm
JAW SHIFT

Eauivalent Total Strain
Unit: mm/mm

0.0020214 Max
0.0017968
0.0015722
0.0013476
0.001123
0.00089838
0.00067379
0.00044919
0.0002246
3.6379¢-10 Min

[

Figure 8: ANSYS tuning simulation of 5C75-J-002 for -0.12
mm wall displacement. Residual cavity shape corresponds
to about -150 kHz frequency shift.

istribution of this work must maintain attribution to the auth

B Studio showed the frequency shift of -142 kHz corresponds
<%’to the wall displacement of about -.12 mm caused by the
= tuning plates. In Fig. 8, ANSYS simulation corresponding
3 to such wall displacement is shown, which indicates the
(‘5 maximum total strain of about 0.2%. To achieve such fre-
3 o quency shift, the cavity wall was displaced by about -0.589
= mm, corresponding to the peak detuning for the simulated
= = material of about -700 kHz. Since this value will depend on
« material parameters of the specific material, ANSYS simu-
% lations were done for -0.5 mm displacement to estimate the
8 peak strain during tuning, Fig. 9. The peak equivalent total
o strain induced by the tuning in the simulations was located
in the equator region and reached 0.45 %.

The expected increase in RF surface resistance can esti-
mated from this calculated induced strain. Under assumption
£ that the strain affects RF surface resistance through degra-
8 dation in the superconducting transition temperature, the
g increase in the surface resistance can be estimated using
B BCS surface resistance approximation:

terms of th

N>

(1)

A
RRF = Te
, where A =3.89 + 0.17 Q/K and A = 40.83 + 0.37 K gave
the best fit to the data measured on a NbsSn-coated single
cell, ALD3 [2]. Strain of 0.45 % was measured to reduced
the superconducting transition temperature by 0.3 K [9]. As-
suming that the reduction in the superconducting transition
temperature causes the reduction in the gap A from 40.83 K
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Figure 9: ANSYS tuning simulation of 5C75-J-002 for -0.5

mm wall displacement. Residual cavity shape corresponds
to about -600 kHz frequency shift.

to 40.15 K, the RF surface resistance at 4.3 K will increase
from 6.7 nQ to 7.8 nQ2. Hence, the upper bound of the in-
crease in the surface resistance due to induced simulated
strain can be estimated at about 1.1 n€, which is significantly
smaller than more than 18 nQ increase estimated from RF
measurements.

The observed degradation in RF properties of coated
Nb3Sn cavities is not explained by a simple strain-induced
gap reduction. One of the possible reasons behind signifi-
cantly stronger response to tuning could be defects on the
surface of coated cavities. ANSYS simulations assumed
smooth surface, whereas geometric defects are often ob-
served on the surface of SRF cavities. To simulate the effect
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Figure 10: ANSYS tuning simulation of a smooth 50 ym
groove located at the equator during -0.5 mm wall displace-
ment. Note the higher strain levels in the pit.

of defects a smooth 50 pm groove in the equator regions was
simulated in ANSYS, Fig. 10. The maximum total strain,
when such groove was present, was three times higher than
what was calculated without a groove, which shows that
strain at defects could significantly exceed the strain ex-
pected for a defect-free surface, which will lead to stronger
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degradation and potentially film cracking. The response to
tuning for a specific cavity can be expected to depend on the
number of defects, their location, and their geometry.

SUMMARY

The appeal of better superconducting properties is offset
by the relative complexity of producing practical Nb3Sn
structures, and Nb3Sn sensitivity to lattice disorder chal-
lenges the use of the material for practical applications. Such
sensitivity is indirectly probed during SRF cavity develop-
ment, when the cavity is tuned to match the desired accel-
erator frequency. In the course of recent experiments we
have coated and tuned several multi-cell cavities. Cold RF
measurements before and after tuning showed degradation
in cavity performance after tuning. Degradation in the tran-
sition temperature alone due to the strain induced by tuning
cavities to the desired frequencies, which was simulated us-
ing CST microwave studio and ANSYS, cannot explain the
observed increase in the surface resistance. Strain enhance-
ment and film cracking is suggested as a potential reason
behind RF surface resistance increase higher than expected
from the simulation.
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