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f;j Figure 7: Comparison of RF results from RDT7 with pre-
§ vious data with Q-slopes.

§ Next, RDT10 was coated together with RDT2 with sim-
é ilar setup and parameters used for RDT7. Another witness
= sample was installed next to RDT10, which more likely
£ represents the cavity coating. Some non-uniformity was

<4 visible first time in the bottom half-cell of the cavity, see
& Fig. 8 [right]. SEM images from witness sample, next to
£ RDT10, revealed some patchy regions, known to have
% thinner coating as shown in Fig. 8 [left] and to be harmful
& to RF performance. The RF test result of this cavity (not
_g shown here) was very similar to the previous test result of
£ RDT10, shown in Fig. 4. Despite having a similar temper-
S ature profile compared to previous coating of RDT7, it is
Z found that the consumed amount of tin was almost half (1.7
- gvs 3.3 g)during RDT10 coating compared to the tin con-
g sumed during the previous RDT7 coating. It is known that
A low flux of tin produces patchy Nbs3Sn coating with non-
=~ uniformity [4, 8]. Reasons behind the lower tin evaporation

2 are not understood completely. We speculate that the reduc-
0 tion in the effective surface area of tin molten pool reduced
2 the evaporation rate. Note that the Mo diffuser used in
% RDT7 coating broke and was replaced with a new one,

& which had smaller holes. It was also suspected that the new
O diffuser has shifted from its original position during the in-
stallation into the furnace. Another attempt was made to
coat RDT10 again without diffuser to allow maximum tin
evaporation. The cavity was coated uniformly this time, but
it was found that Sn was splattered and carried over to the
cavity. SEM/EDS analysis of witness sample confirmed
the splattering of tin. The diffuser made from Nb foil,
= which almost replicated molybdenum diffuser used in
s RDT7 coating was used in the third attempt to coat RDT10.
o Supphed tin was reduced based on RDT7 coating experi-
> ment, to limit tin vapor at the end.
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Figure 8: RDT10-RDT2 coating. SEM image [left] shows
patchy regions observed in witness sample. Non uni-
formity in the coating can be seen in the right picture. Note
that the top half cell had less non uniformity than the bot-
tom.

Post-coating inspection showed uniform coating inside
the cavity. The Sn consumption was very similar to RDT7
coating. Examination of witness samples, one from the bot-
tom and another next to the bottom beam pipe of RDT2
showed uniform coating without any tin residue or patches,
shown in Fig. 9. EDS examination showed usual Nb;Sn
composition. RF test results from RDT10 now appeared
similar to RDT7 except for the quench field, which was
lower in RDT10. The latest test results from RDT10 and
RDT7 are compared to the ones after their first coating in
Fig. 10.

Figure 9: SEM 1mages from RDTIO RDT2 coating. Note
that there is Sn residue in the surface [right].
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Figure 10: Comparison of latest RF test results from
RDTI10 and RDT7 with those after their first coating.
RDT10 is expected to have higher Qo at 4 K than presented
here as we expect losses on the flanges because of shorter
beam pipes.
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DISCUSSION

Despite promising quality factor and accelerating gradi-
ent, Nb3Sn cavities are vulnerable to precipitous Q-slope.
Reported first by Wuppertal University in 1980°s [9], the
origin of such slope, also known as “Wuppertal slope”, has
not yet been established. JLab coating followed Siemens
configuration with single heater and active pumping during
the coating, which is different from Wuppertal or Cornell
setup, also resulted in similar Q-slopes as shown in Figure
11. Early studies of control samples as well as cutouts from
coated cavity with Q-slope indicated mostly uniform coat-
ings with composition close to nominal Nb3Sn. There were
no Sn residues on the surface. However, SIMS analysis of
coated sample showed significantly higher presence of Ti
in NbsSn layer [10-11], when compared to NbsSn coated
sample obtained from Cornell University, where Q-slope
free cavities were measured [12]. In case of JLAB samples,
Ti contamination likely originated from TIG welds, which
were present in the sample chamber. It hinted at the possi-
bility of Ti migration from NbTi flanges of cavities during
cavity coatings. EDS examination of alumina hardware,
used during coatings also showed significant amount of Ti
confirming Ti loss from the NbTi flanges. Ti was measured
to affect the field dependence of Qo in Nb cavities [13-14].
At Wuppertal the potential source of Ti could be Ti foils,
which were used as getter material on the outside of coated
cavities to maintain the purity of niobium during the Nb3;Sn
coating. During coating system upgrade in 2017, Ti-free
hygiene was adopted for Nb3;Sn coating, which we believe
produced first Q-slope free cavity. Several cavities coated
later resulted in Q-slope, but as discussed above, they were
linked with presence of Sn-residue, non-uniformity and
also with macroscopic defects in the starting Nb substrate.
Figure 11 shows a comparison of Q-slope from several cav-
ities with that with Wuppertal result. The best results from
RDT?7 is also shown for comparison.

Despite steepness, Q-slope onset, quality factor and at-
tainable gradient appears to vary in different coatings. It
indicates several factors could contribute to Q-slope, and
requires much more statistics to determine how each factor
could contribute. Absence of Q-slope in RD7 and RDT10
indicates that the Q-slope-free cavities can be coated in
Siemens coating configuration. As it seems defect-free
substrate, defect-free coating and contamination free pro-
cess are essential for Q-slope free cavity.

SUMMARY AND OUTLOOK

Several single cell cavities coated during the first years
of R&D at Jefferson Lab exhibited a strong Q-slope. We
were able to produce both Q-slope free cavities and cavities
with Q-slope following the cavity system upgrade. Analy-
sis of witness samples coated with single-cell cavities re-
vealed a distribution of Sn-rich residues on the surface.
These features mostly disappeared following HCI/HNO3
acid soak or annealing in SEM images, but similar treat-
ment did not improve the cavity performance. In an attempt
to reduce Sn residues formation during the coating process,
changes were made in the coating process, which resulted
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in nearly Q-slope free cavities. The best coated cavity had
aQof~>2x10'"at 4 K and >3x10'? at 2 K before quench
at>15 MV/m. Q-slope free results were reproduced in both
experimental cavities, which had Q-slope before. Nb3;Sn
cavities are vulnerable to precipitous Q-slope, which ap-
peared to be caused by several factors in the coating pro-
cess. Evaporation, consumption and distribution of Sn dur-
ing the coating is shown to affect the cavity performance
remarkably. More experiments with recently added several
new cavities are in place to refine the coating process.

m Nb,Sn Wuppertal 2K & 4K (1980's)
NbSn BL1 2K & 4K (2015)

Nb,Sn C1C2 2K & 4K (2015)
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Figure 11: Results from several cavity coatings, which ex-
hibited Q-slope. Note that Wuppertal data [black square]
and the best cavity result from JLab [blue circle] are also
shown for comparison.
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