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Abstract

A magnetic flux expulsion lens (MFEL) has been designed
and built at CERN. This device uses closed topology conduc-
- tion cooling of samples to quantify magnetic flux expulsion
of superconductors, and allows for systematic measurements
of the cooling dynamics and the magnetic response during
the superconducting transition. Measurements for bulk Nb,
cold worked Nb, sputtered Nb on Cu, and SIS multilayer
structures are given. Preliminary results for both sample
characterisation of expulsion dynamics, and observation of
an enhanced flux expulsion in SIS samples are also reported.

INTRODUCTION

During the transition from the normal conducting (NC)
state to the superconducting (SC) state, a perfect SC will
expel all ambient magnetic field (B,) from its volume, i.e.
no B field is present within the volume of a SC whilst in the
Meissner state. However, for imperfect SC’s, impurities and
defects within the sample impede flux expulsion, leaving
magnetic flux trapped within the SC as vortices. For SRF
cavities, the trapped vortices can result in localised heating
on the RF surface, which then contributes to the surface
resistance (R;) and reduces the maximum Q) of the cavity.

It is well documented that cavity performance is affected
by the cooling dynamics, with both the temperature gradient
(dT) and the cooling rate as the SC transitions into the Meiss-
ner state at T, [1] correlating with expelled magnetic flux.
Within the literature, cool down versus cavity performance
improvements have been detailed for slow cooling rates for
cavities in a horizontal orientation [2, 3], and fast cooling
(high dT) for cavities in a vertical orientation [4-6]. Inter-
preting flux expulsion efficiency of SRF cavities in terms of
flux pinning dynamics is not necessarily straightforward, as
an increased spatial thermal gradient (dT/dx) increases the
de-pinning force on the flux line, and decreases the proba-
bility of a flux line interacting with a pinning site.

In order to establish an assessment of magnetic flux expul-
sion in materials used for SRF cavities, without the compli-
cations of cavity geometry and orientation on flux dynamics
during the SC transition, a dedicated flux expulsion mea-
surement system has been developed at CERN. This system,
known as the Magnetic Flux Expulsion Lens or MFEL, mea-
sures the magnetic flux expulsion of macroscopic samples
under controlled thermo-magnetic conditions.
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MAGNETIC FLUX EXPULSION LENS

The MFEL, designed and built at CERN, is a simple labo-
ratory device to quantify magnetic flux trapping in samples
considered for SRF materials. The MFEL works by apply-
ing heat pulses to the sample such that it transitions out of
and back to the Meissner state, with the key to the MFEL
being the sample geometry, which is a flat annulus geom-
etry (90 mm outer diameter with a 6 mm inner aperture).
For this geometry, the outer edge of the sample is in con-
tact with an isothermal cold source, whilst the heat pulse
is applied at the inner radius of the annulus. This causes
the sample to transition from the SC to the NC state, with
the transition propagating radially through the sample. At
the end of the heat pulse, the Meissner transition front is
driven from the outer radius by the cold source to the centre
aperture by the thermal gradient. The extent to which the
magnetic flux is driven into the central aperture provides a
quantitative measure of the associated flux pinning within
the sample. Further, variation of deposited energy from the
heat pulse permits measurement of flux expulsion efficiency
as a function of thermal gradient, while the time structure
of the observed magnetic response offers insight into the
thermo-electric dynamics of the transition. The concept of
the MFEL flux dynamics is shown in Figs. 1b-1e with the
corresponding measurement observables given in Fig. 1a.

Realisation

The MFEL is an axially symmetric device based on an
annulus sample that undergoes pulsed heating at the inner
radius, while maintaining a thermal connection to a cold
source at the outer radius. The magnetic response of the
MFEL is measured by a flux gate (Bartington Mag-O1H
probe) positioned on axis, normal to the sample surface, such
that it is sensitive to the flux density traversing the annulus
aperture. In addition, thermometry (calibrated CERNOX
CX-1050-SD-HT-1.4L with standard Lakeshore acquisition
system) is installed at inner and outer edges of the sample
and the cold source. Both the magnetic field probe and the
temperature (T) sensor are read throughout the heat pulse
cycle, with readout rates of 20 Hz and 10 Hz respectively.
This readout rate is sufficient for accurate digitising of the
thermo-magnetic transition. The heat pulse is provided by a
pulsed resistor connected to the sample by a Cu nose cone. A
labelled cross section is shown in Fig. 2, which also portrays
the heat path through the facility.

For operation, the MFEL is mounted in a vacuum chamber
with a Cu base plate that serves as the cooling interface
between cold source and MFEL. The vacuum chamber is
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Figure 1: A simple pulse and the corresponding flux dynam-
ics at each stage.

connected to a cold source, such that the MFEL (and sample)
is conduction cooled via the interface. This design allows the
cold source to be either a standard LHe bath in a conventional
cryostat, or a cryocooler installation: both have been used
and validated at CERN.

Heat pulses are produced by a pulsing a 50 Q resistive
heater connected via the conductive nose cone to the sample.
All contact points for both thermal transfer and T measure-
ment are put under spring loaded compression to ensure
minimal thermal contact resistance, and Indium gaskets are
used to increase the contact surfaces to the sample.

Operation

With the MFEL inserted into the cryostat, the standard
measurement setup adopted at CERN is a simple cool down
in a liquid helium (LHe) cryostat, such that the vacuum
chamber is fully immersed in the LHe bath with 1 bar vapour
pressure. After initial measurements at this cryostat pressure,
the cryostat bath T is lowered by regulated pumping of the
cryostat vapour pressure. For the MFEL, lower LHe bath
T corresponds to an increased achievable thermal gradient
across the sample. For a given cryostat pressure, the heat
pulse duration is set such that the sample transitions above
the critical temperature T, of the sample material, and that
the transition to the NC state extends across the full sample.
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Figure 2: A cross section of the magnetic flux expulsion
lens.

The sample is initially in the SC state, and all unpinned
magnetic flux has been constrained into the aperture as
shown in Fig. 1b. On application of a heat pulse the sam-
ple is heated and transitions to the NC state with the flux
lines redistributed over the full sample area, with the SC/NC
boundary expanding radially outwards over the duration of
the heating, as shown in Fig. 1c. This results in a reduced
flux density at the probe, and hence a reduced B field read-
ing. With the sample in the NC state the B field is that of
B,, as shown in Fig. 1d. Once the heater is switched off,
the sample re-cools from the outside such that the NC/SC
boundary moves towards the aperture as shown in Fig. le,
again constraining the flux lines to the central aperture, pro-
ducing an increased B field reading. Before repeating this
measurement cycle, the system is left to fully thermalise.

Variation of heat pulse duration coupled with measure-
ments taken at different cold bath T constitute the data set
taken for each sample, with each data set consisting of over
1000 heat pulse cycles.

Analysis

The transition to/from the SC state is analysed for each
heat pulse cycle, in order to assess both the level of mag-
netic flux expulsion, and the characteristics of the transition
dynamics. An example of the analysis is shown in Fig. 3.

Due to limitations in the acquisition readout, it can be seen
that the time series T data is an over-sampled measurement,
due to an acquisition rate that is half that of the B-field probe.
Given that the T data does not rapidly vary on time scales
of the B field transition, this oversampling can be corrected
by averaging over every second point (as seen by processed
T data in Fig. 3).
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Figure 3: An example transition in the B field and T as the
sample transitions into the superconducting state.

In order to compare between different samples, and to
systematically evaluate the B field transition duration, the
B field data is normalised by taking B — Byc/Bsc — By ¢
this implies that the normalised value is 0 when the sample
is NC, and 1 when it is at a stable SC state (taken at the end
of the heat pulse cycle). Given that no specific dynamics
modelling is prescribed to the transition, both the B field and
the T are simply interpolated using a 20-point cubic-spline
on each discrete time series data.

To determine a reliable measure of the B field transition
duration, thresholds (typically 10-90%) are applied to the the
interpolated normalised B field data to determine the start
and end times of the transition, (t; and t, respectively). The
associated transition duration is shown in Fig. 3 as the dark
grey area. However, in order to remove the influence of the
user defined thresholds, the transition duration is corrected
by linear extrapolation to a transition time given by (¢, —
t1)/(0.9 — 0.1). The corrected transition duration and the
associated start and end times (t’; and t’,), shown by the
light grey area in Fig. 3. This method is used as it minimises
the influence of the gradual roll-on/roll-off effects in the B
field measurement at the start/end of the transition, and thus
improves the time resolution of the transition.

The T’s at t’; and t’, are used to determine the change in
transition T, and is defined as dT = T'(r]) — T (t})), which
then permits an estimate of the spatial thermal gradient VT.
Assuming a constant thermal gradient across the sample,
VT can be approximated as:

dT arT dT
VT = — = =
dx Touter — raperture 0.042

[K/m] (1)

The flux expulsion of a sample can be evaluated in terms
of the effective B field: B,sr = Bgc/Byc as a function of
VT.
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RESULTS

The MFEL has been used to test a wide variety of SRF
related samples, with all recent measurements done at the
CERN Cryolab Facility in a standard LHe cryostat. To es-
tablish a baseline, bulk Niobium samples were initially con-
sidered, and as experience with the MFEL increased, mea-
surements moved to both thin film Nb on Copper and SIS
multilayer samples on Nb substrates.

Bulk Nb

Initially, 3 mm thick bulk high RRR Niobium samples
have been tested as baseline, as a comparison to other mate-
rials. All bulk Niobium samples were taken from the same
RRR=300 Niobium sheet as delivered from the supplier with
no additional surface treatments performed. From Fig. 4
the baseline bulk Nb had a sharp, linear increase in B4 as
a function of VT, with a maximum expulsion of 2.4 times
that of B, (= 90 uT).

Cold Rolled Nb

Taken from the baseline sample set, several samples were
cold worked by cross-directional cold rolling to induce me-
chanical defects. The degree of cold rolling is defined by the
reduction in sample thickness, and is representative of the
induced plastic strain, giving enhanced crystalline defects
in the surface that act as pinning sites within the supercon-
ductor. As such, the un-annealed cold-worked samples were
expected to exhibit increased flux trapping.

Measurements show that reduction of the bulk niobium
sample thickness by 20 or 30% produce a similar B (T) with
a linear trend that is again linear in VT, but is significantly
reduced in comparison with the un-worked bulk Niobium
sample. Similarly the 50% reduction sample has an even
further reduction in B4, and exhibits almost complete flux
trapping independent of VT.

This observed substantial decrease in B.g(T) due to cold-
working is in line with flux becoming trapped due to the
increased number of pinning sites. This will be confirmed
by measurement of these samples after high T annealing
(=600 °C - 1000 °C) - at present ongoing.
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Figure 4: Flux expulsion as a function of VT for Nb samples.
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Sputtered Niobium on Copper

For Nb on Cu micron thick films, three samples have been
prepared and measured, each with a niobium layer on the
order of microns thick. The samples have been prepared
by the CERN Vacuum Coatings section using the HIPIMS
process [7]. Samples were prepared with different coat-
ing process parameters in an effort to optimise the coating
process. Initial results show that the Cu substrate can play
a non-negligible role in the flux expulsion process, with
thermo-electric currents on the Cu contributing to the dy-
namics.

As can be seen from Fig. 4 the HIPIMS sample response
can be compared to the other Nb samples. For the same
experimental setup, the HIPIMS sample has a reduced VT
range due to the thermal path provided by the Cu substrate
(due to its higher thermal conductivity); this alternative heat
path limits the thermal gradient in the SC layer.

This limitation in maximum VT for HIPIMS samples
means that the expulsion at 5 K m™! is difficult to measure,
making direct comparison with Nb samples more indirect.
Still, at VT = 3K m™!, the expulsion is = 10%, implying
that the expulsion is weak, but above the level of the cold
worked samples. The degree of expulsion is undergoing
further study, as it is suspected that the grain boundaries in
the thin film growth contribute to the number pinning sites
in the sample, and plays a role in the significant flux trapping
observed, despite the limited volume of the SC layer.

SIS Multilayers

Multilayer samples have been prepared at Universitit
Hamburg by the process of Plasma-enhanced Atomic Layer
Deposition (PEALD) [8], and are composed of thin films
(smaller than the London penetration depth) of SC and insu-
lator (SIS), with the aim to establish an engineered surface
with improved RF performance. In terms of the samples
prepared, the substrate is a 2.8 mm thick Nb substrate, with
a pre-deposition annealing at 800 °C to remove any stress
present within the Nb. The PEALD deposition of the multi-
layer structure then consists of superconducting 60 nm thin
films of NbTiN or NbN, and in some cases have a 15nm
insulating layer of AIN. The samples measured are listed in
Table 1.

Table 1: Samples Produced by DESY

Nb - pre-deposition anneal at 800 °C
Nb/NbTiIN
Nb/AIN/NbTIN
Nb/AIN/NbN

Based on PEALD qualification measurements, the SIS
samples are known to have SC layers with a low T, relative to
what is typically expected from the thin film material, and it
is only with a high T post-deposition anneal that the expected
T, performance is recovered. For example, a Nb/NbTiN layer
without the post-deposition anneal exhibits a T, between
7-8 K, which increases up to =16 K after a post-deposition
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anneal [8]. For the results presented in this section, the
SIS multilayer samples were measured prior to the post-
deposition anneal, and the S-layer T, was both low and
below the T, of the Nb substrate, such that it was expected
that the thin film would not impact the results.
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Figure 5: Magnetic flux expulsion as a function of thermal
gradient for multilayer samples.

The results of the flux expulsion measurements of the
SIS sample prior to their post deposition anneal are given in
Fig. 5, and as seen by the clear common linear relationship
of Bsrasa function of VT, the Nb substrate is dominating
the flux expulsion behaviour. This is to be expected as the
T, of the thin film is lower than that of the substrate. Still,
the consistent linear relationship indicates that B.g does not
change between samples, and varies only with VT. Le.- the
thin films on the surface are not in the SC regime when the
Nb transitions, and as the films are thin with a low T, thus
no further expulsion is observed at the thin films T, as B
is not fully expelled from the film. Further, Fig. 5 indicates
that there is no influence in B4 due to the presence of the
insulating layer, and there is no impact on the VT of the
MFEL due to the insulating layer.

Interestingly, the B.g is much greater than that for Nb
Baseline presented in the previous section. However, this
is due to the Nb substrate, as for the SIS samples a differ-
ent material supplier and preparation of the bulk Nb was
used. Specifically, the SIS substrate material was given pre-
deposition high T annealing step, which is known to remove
a large amount of the pinning sites [9].

Transition Dynamics

Given the variety of samples tested, a direct comparison of
the superconducting transition dynamics is best seen not in
terms of time series data plots, but as a B field as a function
of T. For the samples discussed, Fig. 6 shows such a plot,
where the expelled B field is represented by the normalised
B field (B — Byc/Bsc — Byc)- There are clear differences
in the characteristic curves for the different samples, with
the key differences noted as:

¢ Bulk Nb: A clean roll of measure B field with T corre-
sponding to a uniform material sample.
MOPMB003

59

©



©=2d Content from this work may be used under the terms of the CC BY 4.0 licence (© 2023). Any distribution of this work must maintain attribution to the author(s), title of the work, publisher, and DOI

21" Int. Conf. RF Supercond.

ISBN: 978-3-95450-234-9 ISSN: 2673-5504

12 . *('\‘
/’/ \\
A %

1.0 et O \
E ) \\“\\ ,
08 \\ \‘.\- \‘\
m N ,
o . ‘.‘.\ \
O \ I\ |
Lo6 N \y
© . AN .
1S \ "
5 N \ \
Z 0.41 --o—- Nb - Baseline b

Nb - cold rolled - 30% redution % \
02l Nb on Cu thin film - HIPIMS_125V %, %
" | --e-- Nb_AIN_NDbTiN - Pre-anneal | ‘\;.\ \
W, W N
--#-- Nb_AIN_NbN - Pre-anneal LN
0.0 i
8.6 8.8 9.0 9.2 9.4 9.6

Temperature [K]

Figure 6: The B field as a function of T as the sample cools
from the NC regime to the SC regime.

* Cold worked Nb: A distinct two step expulsion pattern
consistent with a non-negligible surface damage layer.

* HiPIMS micron thick Nb on Cu: clear indications of
thermo-electric current generated B field as the sample
transitions in/out of the fully SC state.

* SIS Multilayers: Small scale B field enhancement as
the sample transitions in/out of the fully SC state. This
effect is noticeably weaker than the enhancement seen
on HiPIMS samples, and given the SIS structure, is
suspected to be of screening current origin rather than
the thermo-electric current generated.

Flux Pumping

At time of submission, a single SIS multilayer sample had
undergone post deposition annealing and was measured in
the MFEL. The sample in question was the SIS multilayer
with a Nb/AIN/NDbLTiIN structure, and was post deposition
annealed at T = 900 °C for 1h to increase the T, of the
NbTiN layer [8]. On measurement in the MFEL, the sample
displayed a S-layer T, for the NbTiN in excess of 15K, and
as a result, only partial flux reentry into the sample was
observed when heated to a T in the T xp<T<T, npriN Tange.

However, what was not expected was that the expelled flux
(as measured by Bg at the end of each measurement cycle)
increased with successive heat pulse cycles. The effect is
clearly shown in Fig. 7, where each data point corresponds
to a separate heat pulse cycle. This incremental change in
BC with successive thermal pulsing appears to eventually
saturate. Further, only upon increasing the heat pulse power
such that the maximum T of the sample exceeded T, NpTiN:
was the SIS structure fully converted to the normal conduct-
ing state, and on re-cooling, the subsequent B¢C reset back
to its initial level.

This reproducible observation is consistent with a novel
form of flux pumping, where trapped flux is progressively
‘ratcheted’ out of the superconductor by successive thermal
cycles. This ’ratcheting’ phenomenon occurs due to the pres-
ence of two different superconducting layers with different
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T., suggesting that the high T, film prevents flux relaxation
over repeated transitioning of the Nb substrate. With suf-
ficient iterations, the expulsion that is significantly higher
than the pre-annealed level.

600 1 Expelled B Field Max Sample Temperature

i:‘ Pre-Anneal B Pulse Avyg  —-- Pre-Anneal T Pulse Avg 22,5
3 g d —
=500 00D
o —— —-
o 400 ° / 175 @
S . =1
(] . =
= 15.0 E
v 300 2 o}
= ! 125 Q
2 0ld :
0200 e iy~ 100 @
© .
= ¢ L7.5

T T T T 5.0

0 100 200 300

Expulsion Pulse ID

Figure 7: Expelled B field (Bgc) verses heat pulse cycle for
the post-deposition annealed Nb/AIN/NbTiN sample.

SUMMARY

The magnetic flux expulsion lens has been designed, built,
and is fully operating at CERN, and is able to reproducibly
measure flux expulsion signatures on bulk Nb, cold worked
Nb, micron thick Nb on Cu and SIS multilayer samples.
Measurements show the expected correlation between flux
expulsion and applied spatial thermal gradient, and that al-
most any degree of cold working induces significant flux
trapping, confirming the necessity for post cold work anneal-
ing.

With the measurement of micron thick Nb on Cu, there is
clear observational evidence that the substrate plays a signifi-
cant role, with thermo-electric currents directly contributing
to the expulsion dynamics.

Finally, while SIS multilayer measurements for samples
without post-deposition annealing have flux expulsion dom-
inated by the substrate, the post-deposition annealed sample
exhibits enhanced flux expulsion through controlled heat
pulsing. Due to the SIS structure with differing T, mag-
netic flux is recursively ratcheted out of the sample,in a
process akin to magnetic flux pumping. Such a mechanism
has to potential to significantly reduce trapped flux in SRF
cavities, independent of the cavity orientation, and may offer
a novel means to improve RF performance.
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