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Abstract

The main source of RF losses leading to lower quality
factor of superconducting radio-frequency cavities is due to
the residual magnetic flux trapped during cool-down. The
loss due to flux trapping is more pronounced for cavities sub-
jected to impurities doping. The flux trapping and its sensi-
tivity to rf losses are related to several intrinsic and extrinsic
phenomena. To elucidate the effect of re-crystallization by
high temperature heat treatment on the flux trapping sensitiv-
ity, we have fabricated two 1.3 GHz single cell cavities from
cold-worked Nb sheets and compared with cavities made
from standard fine-grain Nb. Flux expulsion ratio and flux
trapping sensitivity were measured after successive high tem-
perature heat treatments. The cavity made from cold worked
Nb showed better flux expulsion after 800 °C/3 h heat treat-
ment and similar behavior when heat treated with additional
900 °C/3 h and 1000 °C/3 h. In this contribution, we present
the summary of flux expulsion, trapping sensitivity, and RF
results.

INTRODUCTION

Niobium has been the material of choice for supercon-
ducting radio-frequency (SRF) cavities not only because of
low power loss at the inner surface of the cavities’ inner wall
but also its high ductility which makes easier to fabricate
the complex structures [1].The niobium is elemental super-
conductor with highest critical temperature, 7, ~ 9.25 K
and highest critical field, H. ~ 200 mT. The performance
is measured in terms of the quality factor (Q,) which de-
fined as the ratio of stored energy inside the cavities to the
power dissipation on the inner wall of the cavities per radio
frequency (RF) cycle as a function of accelerating gradi-
ent (E,..). The ambient magnetic flux trapping during the
cooldown is one of the prominent factors causing the degra-
dation of quality factor in cavities. The trapped flux in the
form of vortices oscillates in the presence of RF field and
dissipate energy. The field dependence of RF losses due
to trapped vortices is much stronger than the ohmic-type
loss [2,3]. The ambient flux trapping and the flux trapping
sensitivity to rf losses are related to several extrinsic and
intrinsic phenomena. The primary host sites of flux trapping
are the materials defects, dislocations, impurities, normal
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conducting precipitates. For instance, the RF loss due to flux
trapping can be minimized by maximizing the flux expulsion
when the cavity transition to the superconducting state from
normal conducting during the cavity cool-down by creating
a large thermal gradient across the cavity surface. Intrinsi-
cally, we can minimize the flux trapping by minimizing the
defects, dislocations, impurities with different temperature
heat treatments followed by chemical and mechanical pol-
ishing and by high pressure rinse with de-ionized water. It
has been demonstrated that several different pinning mecha-
nism plays a role to the rf losses due to vortices [4]. Studies
showed that doped cavities are more vulnerable to the vortex
dissipation loss due to the presence of the dopant on cavi-
ties rf surface [5—7]. The flux expulsion can be maximized
by increasing the annealing temperature [8]. The increase
in annealing temperature minimizes the pinning centers by
removing the clusters of dislocations and impurities. In
addition, the metallurgical state with larger grain size is ex-
pected as the annealing temperature is increased. Fine-grain
recrystallized microstructure with an average grain size of
10-50 um leads to flux trapping even with a lack of dislo-
cation structures in grain interiors [9]. Thus, it is important
to consider the crystallize structure of the niobium before
the fabrications and during the cavity processing [10]. In
this contribution, we have fabricated two single cell cavity,
one from cavity grade SRF Nb with grain size specified to
ASTM 4-6 and other from the cold worked sheet with no

specified grain size. The cavity were processed together .

for chemical polishing with electropolishing and successive
annealing at 800, 900 and 1000 °C/3 h heat treatment. The
flux expulsion ratio, flux trapping sensitivity and Q¢ (B,,) at
2.0 K were measured.

FABRICATION AND
SURFACE PREPARATION

The SRF grade and cold-worked Nb sheets with residual
resistivity ratio > 300 were purchased from Ningxia OTIC,
China and 1.3 GHz TESLA shaped cavities were fabricated
at Zanon Research & Innovation Srl, Italy using standard
practice of deep drawing to half cells, trimming, machin-
ing of the iris and equator of the half-cells, electron beam
welding of the beam tubes (made from low purity niobium).
The cavity labeled TE1-05 was made from SRF grade Nb
and TE1-06 was made from cold-worked sheet. The cavi-
ties’ inner surface of ~ 150 um was removed in horizontal
electropolishing setup using a mixture of electronic grade
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HF : H,SO,4 = 1:9 at a constant voltage of ~ 14 V, tem-
perature of 15 - 20°C and a speed of 1 rpm at Jefferson
Lab.

Additional ~25 um inner surface was removed as a final
surface preparation using electropolishing after each suc-
cessive heat treatments at 800 °C, 900 °C and 1000 °C for
3 hours.

EXPERIMENTAL SETUP

After the clean room assembly and leak check done, the
cavity was transferred to the vertical staging area. Three
flux-gate magnetometers (FGM) were fastened at the equator
120° apart each and parallel to the axis of the cavity and
six temperature sensors: two sensors at top iris, two sensors
at equator, and two sensors at bottom iris were attached.
All temperature sensors were attached 180 degree apart as
shown in Fig. 1. The cavity was moved to the Dewar and the
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Figure 1: Experimental set up with FGMs and temperature
Sensors.

temperature and magnetic field was monitored with Cryocon
18i and flux gate magnetometer, respectively during the
thermal cycle (cool down and warm up above 10 K). The
thermal cycles were done at constant residual magnetic field
of ~ 10 mG with the help of compensation coil as shown in
Fig. 2. Several thermal cycles were performed in order to
measure the flux expulsion ratio.

After the flux expulsion measurement, the cavity is filled
with liquid helium with residual magnetic field 0 and 20 mG
in Dewar with cooldown condition of full flux trapping and
minimizing flux expulsion by changing the thermal gradient
across the cavity surface (iris-iris). The RF measurements
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Figure 2: The temperature and magnetic field during the

cavity cooldown. Depending on the temperature difference
between iris-iris, the jump in magnetic field is changed.

consists of Qn(T) at low peak RF field Bp ~ 15 mT at
Oo(B,,) at2.0 K.

RESULTS AND DISCUSSIONS
Flux Expulsion Ratio

The flux expulsion ratio is defined as the ratio of magnetic
field measured in superconducting state (By,.) to the magnetic
field measured in normal conducting state B,, as;

sc

Flux expulsion ratio = B,

The flux expulsion ratio of 1 corresponds to the full flux
trapping and ratio of ~ 1.7 measured at outer surface of
cavity’s equator corresponds to the full flux expulsion. The
ratio 1.7 calculated by COMSOL simulation assuming a
complete Meissner state [4].

Figure 3 shows the flux expulsion ratio (B,./B,,) as a
function of the temperature gradient (dT/ds) along the cavity
surface. The cavity made from cold work Nb showed better
flux expulsion compared to cavity made from SRF grade Nb
after 800 °C/3 h heat treatment. After additional annealing
with 900 °C/3 h (not shown here) and 1000 °C/3 h, the flux
expulsion ratio for both cavities is similar. The flux expulsion
ratio quickly approaches to full expulsion limit for dT/ds >
0.05, which corresponds the temperature difference between
the cavity irises to be ~ 1 K.

RF Results

Figure 4 shows the R, as a function of (1/T) for cavity
TE1-05 and TE1-06 for two different cooldown condition
with different residual magnetic field in Dewar. The cavity
was cooldown through 7. with temperature gradient dT/ds >
0.2 when the residual field in Dewar is ~ 0 mG, where as the
cooldown through T is kept dT/ds ~ O when the residual
magnetic field is ~ 20 mG. The R, (T) data were fitted using
the model developed in Ref. [11] to extract the temperature
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Figure 3: Flux expulsion ratio as a function of tempera-
ture gradient across the cavity surface (iris-iris) for cavity
under study after 800 °C/3 h and additional 900 °C/3 h and
1000 °C/3 h annealing.

dependent Rpg and temperature independent residual re-
sistance R;. The flux trapping sensitivity is calculated using,

R;p, — R,
S = ~B,~B, (1)
where B; = 0 mG and B, =~ 20 mG.

Figure 5 shows the O, as a function of E,,.. at 2.0 K for
both cavities with different annealing and cooldown condi-
tions. As expected, Qg (E,..) shows the high field Q-slope
starting ~ 26 MV/m. All test RF were limited by quench.
Both cavities showed similar performance. The cavity TE1-
06 showed some multipacting ~ 20-25 MV/m after 800 and
900 °C heat treatments. However, no multipacting were ob-
served after 1000 °C heat treatments. It is to be noted that
the final surface preparation for all RF tests were ~ 25 pm
electropolishing.

Figure 6 shows the flux trapping sensitivity as a function
of cumulative annealing temperature. The flux trapping sen-
sitivity decreases with the increase in annealing temperature.
The largest change in sensitivity was observed for cavity
TE1-06. The flux trapping sensitivity for TE1-06 is higher
than TE1-05 after initial 800 °C/3 h heat treatment. After ad-
ditional 900 and 1000 °C/3 h heat treatment, the sensitivity
is very similar.

DISCUSSION

As shown in Fig. 3, the flux expulsion for cavity made
from cold work Nb showed a better expulsion when the cav-
ity was heat treated at 800 °C/3 h compared to SRF grade
Nb. After additional 900 °C/3 h and 1000 °C/3 h heat treat-
ment, the initial microstructure state of the cavity sheet no
longer affects the flux expulsion performance [12]. On the
other hand, the flux trapping sensitivity depends on the final
surface preparation of the cavities before the rf test [13]. The
poor flux expulsion will result in higher flux sensitivity if
the final surface preparation is other than electropolishing.
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Figure 4: R, vs. 1/T for cavity (a) TE1-05 and (b) TEI-
06 after different annealing and cooldown conditions. The
solid lines are fits of the R (T) using the model described
in Ref. [11].

When the RF surface is modified with impurity doping, the
flux trapping sensitivity increases [4]. Thus, efficient flux
expulsion is required to minimize the additional rf loss re-
lated to the trapped flux. It is possible to achieve the full
flux expulsion limit on cavities fabricated with cold work
Nb after 800 °C/3 h heat treatment if one can maintain the
temperature gradient between the cavities irises > 0.25 K/cm,
which is not the case with cavities made from SRF grade
Nb. However, the cavity treated at 800 °C/3 h requires larger
temperature gradient (dT/ds > 0.2 K/cm) to achieve the flux
expulsion ratio of B,./B,, > 1.55, whereas with an addi-
tional 900 °C/3 h and 1000 °C/3 h heat treatment the same
expulsion ratio can be achieve for dT/ds > 0.5 K/cm. The
reason that larger temperature gradient required to achieve
the maximum flux expulsion in SRF cavities showed that
the recrystallization process could be different on deformed
structures vs. the sample coupons. Additionally, significant
number of magnetic flux pinning centers that are present in
the micro-structure pinned the flux weakly and need higher
thermal gradient to expel them away from the pinning cen-
ters. In fact, recent recrystallization experiments on 30%
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Figure 5: Qg vs. E,. at 2.0 K for cavity (a) TE1-05 and (b)
TE1-06 after different annealing and cooldown conditions.
All RF tests were limited by quench. The error in O, and
E, .. is < 10% and < 5% respectively.

cold rolled Nb sheets showed a strain path dependence on
recrystallization [14].

To achieve the high flux expulsion ratio and hence the
high quality factor in nitrogen doped SRF cavities, the cav-
ities used in LCLS-II project were heat treated as high as
975 °C [15] for some Nb sheet from Ningxia. The initial
grain size specified with ASTM ~ 5 showed better flux expul-
sion when treated at 900 °C/3 h compared to ASTM ~ 7 re-
quiring 975 °C/3 h to achieve the same level of flux expulsion.
The electron back scattered imaging on sample coupons
showed that the full recrystallization and grain growth oc-
cur after 800 °C/3 h with average grain size of 141+6 um.
However, some smaller grains of the order of 30 um were
observed along the cross-section of the sample within 3 mm
sheet thickness. The sample subjected 900 °C/3 h has av-
erage grain size of 211413 um with an absence of smaller
grains after the 900 °C/3 h [16]. It was previously demon-
strated that flux exit is harder in the regions of fine grins
(< 50 um) than the regions of larger grains (= 100 um) [9].

The higher flux trapping sensitivity in TE1-06 cavity com-
pared to TE1-05 after initial 800 °C/3 h, even with better flux
expulsion ratio suggest the presence of higher pinning center
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Figure 6: Flux trapping sensitivity as a function of annealing
conditions. The final surface preparation is electropolishing
for all tests.

within the RF penetration depth. This results is in consistent
with the presence of smaller grains size on sample coupons
after 800 °C/3 h [16]. Furthermore, it confirms that the flux
expulsion depends on the bulk micro-structure, whereas flux
trapping sensitivity depends on the details of surface prepa-
rations within the RF penetration depth.

SUMMARY

There is a correlation of flux expulsion ratio and flux trap-
ping sensitivity with the grain size, recrystallization as a
result of high temperature heat treatment. The recrystalliza-
tion study on the cut out of cavity half cell to understand
the recrystallization with respect to the strain applied dur-
ing cavity fabrications. New cavities are being fabricated
with know percentage of cold work to further understand
the controlled recrystalization to the flux expulsion and flux
trapping sensitivity.
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