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Abstract
Medium temperature (mid-T) heat treatments at about

300 °C are used to enhance the intrinsic quality factor of
superconducting radio frequency (SRF) cavities. Unfortu-
nately, such treatments potentially increase the sensitivity
to trapped magnetic flux and consequently the surface resis-
tance of the cavity. For this reason, it is crucial to maximize
the expulsion of magnetic flux during the cool down. The
flux expulsion behavior is next to the heat treatment mainly
determined by the geometry, the niobium grain size and the
grain orientation. However, it is also affected by parameters
of the cavity performance tests like the cool down velocity,
the spatial temperature gradient along the cavity surface and
the magnetic flux density during the transition of the critical
temperature.

To improve the flux expulsion behavior and hence the
efficiency of future accelerator facilities, the impact of these
adjustable parameters as well as the mid-T heat treatment on
1.3 GHz TESLA-Type single-cell cavities is investigated by
a new approach of a magnetometric mapping system. In this
contribution first performance test results of cavities before-
and after mid-T heat treatment are presented.

INTRODUCTION
Close to the transition temperature Tc of a type II su-

perconductor (e.g. niobium) the critical magnetic field is
strongly suppressed and can fall below the ambient magnetic
field [1]. In this case magnetic flux vortices penetrating the
bulk are trapped in so-called pinning centers even if the
Meissner region is reached. This effect is enhanced by im-
perfections of the crystal lattice like material impurities,
dislocations and grain boundaries [2]. Since these pinning
centers remain normal conducting in the Meissner region,
they have a significant negative impact on the surface resis-
tance Rs given by:

𝑅𝑠 = 𝑅𝐵𝐶𝑆 + 𝑅𝑟𝑒𝑠 + 𝑅𝑓 𝑙𝑢𝑥 (1)

and consequently on the intrinsic quality factor Q0 [3]. Here
RBCS represents the temperature dependent contribution de-
scribed by the Bardeen Cooper Schrieffer (BCS) theory, Rres
the constant residual resistance and Rflux the impact by the
normal conducting pinning centers with a linear dependence
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of the ambient magnetic field [2, 3]. Studies by [1, 2, 4, 5]
have shown that the amount of trapped magnetic flux is influ-
enced by the cool down velocity and the spatial temperature
gradient. At least at the first glance these works resulted in
contradictory conclusions concerning these two cool down
dynamics. Studies at Helmholtz Zentrum Berlin (HZB) pre-
sented in Ref. [2] observed the presence of thermoelectric
fields and a related inherent trapping of magnetic flux for
cavities dressed by a helium tank made of titanium. Since the
responsible thermoelectric voltage (Seebeck effect) rises for
larger spatial temperature gradients, an increased Rflux was
observed during subsequent studies using a sample-based
setup in an ambient field below 50 nT. During these studies a
larger cool down velocity at the Tc transition led to a greater
suppression of the Meissner effect.

A similar setup at HZB presented in Ref. [4] is operated
in an ambient field of up to ± 200 µT. At these fields a
positive impact of larger spatial temperature gradients at
the Tc transition could be shown and a temperature gradient
dependent threshold which needs to be reached before any
flux trapping could be measured was reported.

Contrary to these reports, colleagues at Fermi National
Accelerator Laboratory (FNAL) observed a positive impact
of a larger cool down velocity during cavity studies [5] which
was explained by different cool down procedures. To achieve
the high cool down velocity, the cryostat was filled with
liquid helium resulting in a well defined Tc transition from
the bottom of the cavity to the top. However, to perform the
slow cool down a controlled mixture of warm- and liquid
helium was used. This slow cool down method potentially
resulted in the formation of normal conducting “islands“
enclosed by superconducting material and consequently in
an increase of trapped magnetic flux.

Based on these former investigations the impact of the
cool down velocity and the temperature gradient can be
summarized as follows. In general, a slower cool down
velocity seems to be beneficial for a greater expulsion of
magnetic flux. Indeed, the formation of normal conducting
“islands“ enclosed by superconducting material during the
cool down should be avoided by choosing an appropriate
cool down procedure.

The impact of the temperature gradient is strongly depen-
dent on the ambient conditions. If the experimental setup
enables the generation of thermoelectric currents, a larger
temperature gradient potentially affects the cavity perfor-
mance due to the related inherent trapping of magnetic flux.
Exemplary this can be the case for a dressed cavity in a
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low field environment. However, a high spatial temperature
gradient enhances the expulsion of external magnetic flux.
Consequently, as long as the impact of inherent trapped flux
related to thermoelectric currents is smaller than the impact
of the external flux which would be trapped in case of a
smaller temperature gradient, high temperature gradients
can be beneficial for the general flux expulsion and hence
for the cavity performance.

For test comprehensive comparisons, commonly the ratio
of the magnetic flux density in superconducting state Bsc
and the magnetic flux density in normal conducting state
Bnc measured at the equator position is used [5]. Based on a
simulation model the extremum of the ideal Meissner state
can be obtained and the percental fraction of the magnetic
flux trapped in the bulk material can be derived [5]. In case
of the DESY setup an increase of the magnetic flux density
in the ideal Meissner state by a factor of 1.65 was obtained
by a SIMULIA CST Studio Suite model.

The impact of the trapped magnetic flux on the surface
resistance depends, next to the fraction trapped, also on the
penetration depth of the RF field and hence on the electron
mean free path l. Consequently, ultra high vacuum (UHV)
cavity heat treatments may have an impact on the sensitivity
to trapped magnetic flux S. Here, S is given by:

𝑆 = Δ𝑅𝑠
𝐵𝑡𝑟𝑎𝑝

, (2)

where ΔRs depicts the increase of Rs per unit of trapped
magnetic flux Btrap [6].

Mid-T heat treatments like the in-situ “mid-T bake“ of
FNAL described in Ref. [7] based on the work of [8] and the
variant of the High Energy Accelerator Research Organisa-
tion (KEK) “mid-T furnace baking“ [6] exposing the inner
cavity surface to air after surface treatment showed high
Q0 of up to 5 ⋅ 1010 at 2 K and quench fields between 20 -
37 MV/m [6, 7, 9], but an increased S was observed at both,
FNAL and KEK [6, 7].

In this contribution the flux expulsion behavior will be
separately investigated as a function of the cool down veloc-
ity and the spatial temperature gradient for the large-grain
single-cell cavity 1DE26 before- and after mid-T heat treat-
ment (280 °C; 3 h) performed in the DESY niobium retort
UHV furnace as described in Ref. [10]. Furthermore, a po-
tential impact of the mid-T heat treatment on the sensitivity
to trapped magnetic flux will be studied. To distinguish be-
tween asymmetries of the flux expulsion behavior related
to the large-grain material and potential anomalies caused
by an inhomogeneous helium flow during the cool down all
tests were repeated with the fine-grain cavity 1DE09 after
mid-T heat treatment (300 °C; 3 h) for comparison.

EXPERIMENTAL SETUP
For the related studies the finalized magnetometric map-

ping system shown in Fig. 1, based on the work of [11, 12]
and introduced in Ref. [13, 14] is used instead of a single
magnetometer mounted at the equator. This enables to a
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Figure 1: Experimental setup: Cavity 1DE26 surrounded
by 23 sensor boards and one board for the thermocouples to
control the cool down velocity (Temp 2(T. 2)) and the spatial
temperature gradient defined as (Temp 1 - Temp 3)/Δ𝑙 where
Δ𝑙 represents the distance between Temp 1 and Temp 3
along the surface of 225 mm (a). PID-controlled spatial
temperature gradient as a function of the time for a cool
down velocity of −20 K/h and a spatial temperature gradient
of 4 ΔK/Δ𝑙 (b).

certain degree the detection of grain boundary dependent
differences in the flux expulsion behavior and the potential
formation of normal conducting “islands“ [5]. Furthermore,
the spatial Tc transition along the cavity surface and hence
anomalies of the cool down can be monitored. To study
the impact of the cool down velocity, each (linear) cool
down is performed as follows. Since the permeability of
the cryostats magnetic shielding (and consequently the am-
bient field) is temperature dependent, the cryostat is filled
with liquid helium to a defined maximum level before each
test to ensure test comprehensive consistent conditions for
the ambient magnetic field. At a helium bath temperature
of 2 K the liquid helium level is lowered below the exper-
imental setup. Afterwards the pressure is PID-controlled
reduced until a target temperature of 3 K is reached using the
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equator thermocouple Temp 2 shown in Fig. 1 as reference.
However, a change of the cool down velocity will affect
the spatial temperature gradient and consequently hamper a
later classification of the impact on the magnetic flux trap-
ping behavior of each adjustable parameter. For this reason,
the temperature gradient is controlled by two heaters. Each
of these heaters consists of two heating tapes of type Con-
flux P46035-A mounted on both drift tubes by custom-built
holders. Due to their low residual resistance at cryogenic
temperatures unfortunately a comparatively high heater cur-
rent of several Ampere is required to drive the needed power
to the cavity. To minimize the stray impact of the magnetic
flux related to this current, the supply lines are conducted as
a twin line and the heaters are mounted with a large distance
to the cavity cell next to the cavity flanges. Both heaters are
controlled by a PID-loop using two Cryotronics CERNOX
CX1030 thermocouples (Temp 1 and Temp 3) located at
the upper- and lower iris as reference. The loop parameters
were manually adjusted until satisfactory results could be
achieved.

Indeed, divergent to initial expectations an inclined Tc
transition was noticed by an evaluation of the flux density
snapshots as a function of the time. One is exemplary shown
in Fig. 2. This inclined Tc transition is likely caused by
an inhomogeneous helium gas flow due to asymmetrical
steel plates below the experimental setup partly visible at
the bottom of Fig. 1. The given numbers next to some of the
shown vector arrows indicate the expulsion ratio |𝐵𝑠𝑐/𝐵𝑛𝑐|.
A ratio |𝐵𝑠𝑐/𝐵𝑛𝑐| < 1 is caused by a partial shielding of
magnetic flux due to nearby superconducting material.

Figure 2: Magnetic flux distribution snapshot of the cavity
1DE26 recorded before mid-T heat treatment in supercon-
ducting state for a cool down velocity of −5 K/h and a spatial
temperature gradient of 4 ΔK/Δ𝑙. The given numbers indi-
cate the expulsion ratio |𝐵𝑠𝑐/𝐵𝑛𝑐|. An inclined Tc transition
led to an asymmetrical magnetic flux expulsion. The re-
versed orientation of the Group 1 vector arrows was caused
by the heater current.

To independently investigate the impact of the cool down
velocity and the spatial temperature gradient on the flux
expulsion behavior, the related test series were carried out
under the following conditions. For the cool down dynamics

assumed technical extrema of −5 K/h and −20 K/h for the
cool down velocity as well as 0 ΔK/Δ𝑙 and 4 ΔK/Δ𝑙 (where
Δ𝑙 represents the distance between Temp 1 and Temp 3 along
the cavity surface of about 225 mm) for the spatial temper-
ature gradient were chosen to maximize the likelihood of
significant measurement results. During each measurement
series a separate cool down for each possible combination
of these assumed technical extrema was performed. For
all controlled cool downs presented in this contribution a
defined magnetic stray field of 10 µT was applied in vertical
direction by the respective Helmholtz coil. Every cool down
was followed by at least two vertical performance tests at 2 K
to evaluate the surface resistance Rs and hence the sensitivity
to trapped magnetic flux S.

RESULTS
The polar distribution of the ratio |𝐵𝑠𝑐/𝐵𝑛𝑐| is shown in

Fig. 3 separately for each sensor group as a function of the
cool down dynamics for all cool downs of the 1DE26 and
1DE09 test series to illustrate the magnetic flux expulsion be-
havior. Except for the 1DE26 dataset recorded before mid-T
heat treatment at −20 K/h and 0 ΔK/Δ𝑙, no significant dif-
ferences in the flux expulsion behavior could be observed
for the two chosen cool down velocities. Furthermore, no
additional changes of the flux expulsion potentially linked
to the mid-T heat treatment could be measured. The low
flux expulsion of this dataset was likely caused by a different
initial liquid helium level in the cryostat and a consequently
lower real temperature gradient in between the two refer-
ence thermocouples Temp 1 and Temp 3. Indeed, a large
dependence of the used spatial temperature gradient could
be observed. The best mean expulsion ratios of 1.45 in case
of 1DE26 and 1.22 for 1DE09 could be achieved for the high
temperature gradient of 4 ΔK/Δ𝑙. Divergent to the fraction
of trapped magnetic flux, the surface resistance Rs shown in
Fig. 4 as a function of the effective accelerating gradient Eacc
increased in all cases after the mid-T heat treatment except
for the baseline measurements. The resulting sensitivity
to trapped magnetic flux increased by a factor of five from
3.1 nΩ/μT to 15.7 nΩ/μT in case of the higher temperature
gradient and from 3.5 nΩ/μT to 17.7 nΩ/μT for the lower
temperature gradient after mid-T heat treatment.

CONCLUSION
The impact of the cool down velocity and the spatial tem-

perature gradient on the flux expulsion behavior of 1.3 GHz
TESLA-Type single-cell SRF cavities was separately investi-
gated by a magnetometric mapping system. To maximize the
likelihood of significant measurement results, assumed tech-
nical extrema of −5 K/h and −20 K/h for the cool down ve-
locity as well as 0 ΔK/Δ𝑙 and 4 ΔK/Δ𝑙 (where Δ𝑙 describes
the distance between two reference thermocouples mounted
at the upper- and lower iris of about 225 mm) for the spatial
temperature gradient were used. The magnetic flux expul-
sion behavior during the Tc transition was measured for each
possible combination of these technical extrema. A respec-
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Figure 3: Polar distribution of the ratio |𝐵𝑠𝑐/𝐵𝑛𝑐| separately for each sensor group shown in Fig. 1 as a function of the cool
down velocity and the temperature gradient at an ambient field of 10 µT in vertical direction before- and after mid-T heat
treatment (mid-T ht) to illustrate the magnetic flux expulsion behavior of the large-grain cavity 1DE26. The results of the
fine-grain cavity 1DE09 after mid-T heat treatment are shown for comparison to distinguish between asymmetries of the
flux expulsion behavior related to the large-grain material and potential anomalies caused by an inhomogeneous helium
flow. The 𝜃-labels indicate the card identifier of each sensor board (01-47).

tive cool down series was carried out for the large-grain
cavity 1DE26 before- and after mid-T heat treatment. Each
cool down was followed by a vertical performance test at 2 K
to evaluate the impact on the surface resistance and hence
the sensitivity to trapped magnetic flux. One complete test
series was repeated with the fine-grain cavity 1DE09 after
mid-T heat treatment to distinguish between asymmetries
of the flux expulsion behavior related to the large-grain ma-
terial and potential anomalies caused by a inhomogeneous
helium flow during the cool down.

Except for the 1DE26 dataset recorded before mid-T heat
treatment at a cool down velocity of −20 K/h and a spatial
temperature gradient of 0 ΔK/Δ𝑙 no significant changes in
the flux expulsion behavior related to the cool down velocity
or the mid-T heat treatment could be measured. The de-
viant behavior of this dataset was likely caused by a different
initial liquid helium level before the start of the respective
cool down and a consequently lower real temperature gra-
dient between the two reference thermocouples. However,
an extensive dependence of the used spatial temperature
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1DE26 after mid-T ht:
baseline; Rs: 7.1 n
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Figure 4: Surface resistance Rs as a function of the acceler-
ating gradient Eacc of cavity 1DE26 before- and after mid-T
heat treatment (mid-T ht) recorded at 2 K with an applied
magnetic stray flux density of 10 µT. The surface resistance
Rs given in the legend was obtained by cubic interpolation
for an accelerating gradient Eacc of 4 MV/m. Both baseline
curves were recorded according to the common test proce-
dure without an applied magnetic stray field.

gradient on the flux expulsion behavior of both test cavities
could be observed. Here, a higher temperature gradient was
linked to an improved expulsion of magnetic flux in all cases.
By taking the characteristics of the experimental setup like
the comparatively high ohmic loop resistance of the cavity
support structure and the applied magnetic stray field into
account, these results are in good agreement with the former
studies. The sensitivity to trapped magnetic flux increased
by a factor of five from 3.1 nΩ/μT to 15.7 nΩ/μT in case
of the higher temperature gradient and from 3.5 nΩ/μT to
17.7 nΩ/μT for the lower temperature gradient after mid-T
heat treatment. Consequently, only the sensitivity to trapped
magnetic flux increases due to the heat treatment and the
flux expulsion behavior remains likely unaffected.
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