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Flex-PCB quench antenna developments at FNAL

Stoyan Stoynev' and Joe DiMarco!

Abstract—Flexible printed-circuit-board-based quench antenna
arrays have been developed at FNAL since 2017. They proved to be
low-noise, low-cost, sensitive, and non-invasive sensors for quench
characterization in superconducting magnets, having the potential
to extend even to quench detection. Starting with applications of
small area sensors of this type, we have explored feasibility for op-
erations at high pressure, and have invested in multi-channel
quench antenna arrays covering the complete area of the innermost
magnet layer of the conductor. We’ve also tested and optimized sen-
sor geometry and relative orientations to increase sensitivity and
spatial resolution. Beyond developments of warm and cold bore an-
tennas, we’ve progressed to concepts which attach quench antennas
to the conductor surfaces of accelerator magnets. Multiple pro-
grams and projects at FNAL and collaborating institutions bene-
fited from this work already and our plans target further extensions
of capabilities and applicability of these devices. In this paper we
present the logic behind the development steps taken so far, status
of our work and direction of near-term research on quench anten-
nas at Fermilab.

Index Terms—Accelerator magnets, electro-magnetic measure-
ments, flexible printed circuits, superconducting magnets.

[. INTRODUCTION

UPERCONDUCTING accelerator magnets need reliable protec-

tion while in operation and much performance assessment
during development phases. The “gold standard” for getting in-
formation to support those tasks is still voltage measurements
on carefully chosen coil/cable locations. This is an “invasive”
method in the sense that it requires access to the conductor - a
risky step. There are also “non-invasive” techniques to gather
relevant information that are used world-wide like acoustics
measurements, quench antennas (QA), fiber-optics, etc. How-
ever, they are still not competitive with voltage-based measure-
ments in both reliability and precision. Quench antennas in par-
ticular have long been used for characterization of quenches but
those are typically limited number of channels covering
coarsely part of the conductor. QA are, in essence, pick-up coils
that are sensitive to changes in magnetic flux. This, for instance,
is the case when current redistribution in a multi-filament multi-
strand cable (typically Rutherford cable) takes place during a
quench in the coil. In practice, the only sensitive area where a
QA can be used is, so far, the bore of the magnet — due to sus-
pected screening from the conductor, only the immediate con-
ductor surface near a QA element affects the sensor readout.
While it is interesting to know how exactly screening affects
QA sensitivity, we are currently exploring sensor geometry and
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configurations in a quest to deliver a better optimized system
for quench characterization and, possibly, detection. In this pa-
per, we describe the development of flexible Printed-Circuit-
Board (PCB) QA, ak.a. flex-QA, at Fermilab following the
path taken from the start of these activities to the near-term
goals.

II. FLEX-PCB QUENCH ANTENNAS AT FNAL
A. Quench antennas at FNAL

Some typical quench antennas in past, including ones devel-
oped or used at FNAL, were simple coils, often wound with a
minimal number of turns because of complex multipolar geom-
etry [1], [2]. Flexible panels were used with similar geometry,
and were, for example, wrapped on the anti-cryostat tube used
for magnetic measurements to detect quenches in the LQX se-
ries magnet tests [3],[4]. As dipole and quadrupole bucked
PCBs were later developed with compact geometries and high
sensitivities, those were used in various model tests [5]. These
were fairly short QA coils, of the order of 10 cm length and few
cm width, spaced coarsely to cover a magnet length. Such QAs
can be considered rigid and somewhat bulky objects with no
ability to be placed directly on a quenching coil. The multipolar
type coils and rigid PCB coils rejected low order harmonics and
common mode noise. In fact, they were primarily a by-product
of magnetic measurement probe development. As QAs they had
to be placed in the bore and performed adequately, but given
geometry, improvements were difficult. In discussing these cir-
cuits below, we define a track on the QA as a single circuit,
usually with multiple loops, and a QA sensor as the combina-
tion of tracks that constitute the full circuit of a single element
(although sometimes circuits are configurable).

B. Flex-QA sensors

More recently, we turned to flexible PCB circuits for inno-
vating design and improving proximity/sensitivity — such QAs
can be directly attached to the coil surface or between layers if
necessary. Development started with a magnetic measurement
probe that has cancelations features (planar “bucking” of low-
order harmonics) built in. Our first QA sensor of this type was
a direct copy of an existing PCB magnetic measurement probe
fabricated as a flex-PCB object, Fig. 1 (left). It was tested in a
short prototype magnet, MQXFS1d/e [6], and showed excellent
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sensitivity, Fig. 1 (right). The flex-QA were wrapped around
the outer surface of the warm bore tube and thus immersed in
liquid helium during magnet operation. However, we quickly
discovered that wiring of those flex-PCB objects was difficult,
we destroyed multiple of them during instrumentation prepara-
tions — specifically during lead soldering. Thus, a new version
was fabricated, which also featured longer two-sided copper
pads connected electrically/thermally with multiple small vias,
Fig. 1 (left). The two-sided flex-QA was made thicker as well.
It was successfully employed in MDPCTT1 tests [7] without the
earlier problems.
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Fig. 1. Quench antennas. Left: at the bottom (in green) is the rigid PCB ver-
sion, above it is the flex-QA copy, at the top is the improved flex-QA modifi-
cation (version two). Right: measurements taken with the first flex-QA; all QA
channels produced prompt signal.

The available data prompted us to try optimizing geometry
and canceling features in our QAs. Simplistic models were de-
veloped where current redistribution is represented as a single
current line or two opposite direction symmetric current lines
with characteristics taken from previous experiments on strands
[8]. The idea behind those simulations using effective time-var-
ying magnetic flux densities surrounding the current lines was
described in [9]. A quench antenna response is simulated by
summing flux density changes through areas of the QA traces.
Bucking effects are also simulated by taking the proper sign of
flux changes. Simulations tried to reproduce the conditions in
one of the first QA tests with the first flex-QA version where
we had two orthogonal QA orientations, Fig. 2, and read sim-
ultaneously multiple signals — bucked and unbucked. Simula-
tions did support the observation that orientation plays signifi-
cant role for sensitivity and approximately agreed with ob-
served amplitudes. However, we were not able to reproduce all
relations between bucked and unbacked signal amplitudes sug-
gesting we needed better simulations. The simulations also
hinted that area is more important than bucking when noise,
which is not simulated, is neglected. On the other hand, buck-
ing, using twice or four times larger surface than unbucked sig-
nal, did produce excellent experimental results, despite the
curved surface of the small boards. Experimental results sug-
gested that a QA sensor is only sensitive to quenches in very
close proximity to the sensor, essentially when the quench (or
rather current redistribution) is happening just below it. More-
over, the flex-QA with the short side of traces along the pole,
Fig. 2, did not register the quench. Simulations showed that
there could be “dead zones” for QA depending on its geometry,
placement, orientation and relative quench location and devel-
opment. In later test with QA we placed the flex-PCB (sensors)
at an angle with respect to the bore axis, Fig. 3, to avoid or min-
imize inefficiencies due to dead zones. Our next step was to de-
velop grid-like QA sensor sets/arrays where we could locate a
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Fig. 2. Left: sketch of the experimental set up with relative QA positions
with respect to the coil. A known and repeatable quench location was on one
side of the pole where flex-QA (the first version as on Fig. 1) were placed, the
other pole side was also covered for comparison purposes. Only the QA with
the long side of traces along the pole produced a visible signal in multiple tests,
including re-installation and swapping channels. Right: simulations helped to
visualize expected signals depending on position and orientation; an example
QA signal response to simulated quench is shown for quench location at vari-
ous symmetry angular positions with respect to the QA. As can be seen, re-
sponse strongly depends on QA placing with respect to the quench and could
be non-existent ("dead-zone").
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Fig. 3. Quench antenna elements seen wrapped and fixed on the outer sur-
face of a warm bore tube before inserting to MDPCT1. Inclinations were de-
liberate.

quench solely by identifying two crossing sensors. However,
the arrays had to be properly designed. By following time de-
velopment of the quench in those two dimensions we speculated
the precision could be improved further.

In the long term we envision the use of flex-PCB QA be-
tween coils or coils and magnet structure, possibly impregnated
as part of the coil. This kind of technology is already used at
large scale in magnets for the purpose of connecting voltage
taps to outside connectors or implementing protection heaters
[10]. Pressure on the flexible boards can reach ~ 200 MPa lim-
ited by coil performance considerations. In November 2019 we
tested version two of our short flex-QAs in a pressure reaching
~220 MPa, as calculated by machine parameters and surface
area subjected to the pressure. We were reading the resistance
of its four circuits during slow step-like increase of pressure
which we also monitored. Fuji paper was employed to read peak
values achieved and Fig. 4 and Fig. 5 show pictures taken dur-
ing and after pressure testing. Resistance values did change un-
der pressure within four per-cent, recovering later, but the QA
circuits remained intact under this significant pressure. Re-
sistance and inductance measurements after tests also con-
firmed there were no damages caused to the circuits. Thus, as-
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Fig. 4. Pressure test of the QA. Left: pressure applied to the QA. Right:
Different size blocks were used to assess the pressure tolerance of flex-QA; the
smaller blocks were used for reaching higher pressure on the flex-QA.



Fig. 5.
formed, and Fuji paper information extracted. Bottom: Flex-QA after the test
with the highest pressure. The Fuji paper had an upper limit of 130 MPa read-
ing. We did calibrate pressure readings with multiple tests at lower pressures
and calculated we reached maximum of ~220 MPa.

Pressure test results. Top: Systematic pressure tests were per-

is flex-PCB QA technology appears to be ready for use in high
pressure environment.

The fact that all small flex-QA were efficient in detecting
quenches in all our tests made us strongly suggest and develop,
with AUP support, a full coverage QA for the 4.2 m long AUP
magnets [11]. For axial precision, we relied on flex-QA tech-
nology while for azimuthal precision we chose an alternative
approach. While results of those tests are presented elsewhere
[9] they showed again the exceptional suitability of flex-QA
technology to deliver high sensitivity measurements in a
straightforward manner. The AUP flex-QA were much larger
than the initial ones, each single track was 10 x 5 cm, and we
used 6-fold bucking along the azimuthal direction to suppress
contributions from the main quadrupole field component.
Measurements were used not only for quench location purposes
but also for time-development of electromagnetic features
along the full length of the magnet which were observed for the
first time with this resolution during magnet current ramping
[9]. All quenches were seen by the QA.

Quenches happen in a given magnet layer and along the cable
length (heat propagation can cause quench propagation in other
layers too but for low temperature superconductors the time
scales of the two processes are much different). Moreover, the
Rutherford type of cable typically used in superconducting ac-
celerator magnets has strands pattern that goes towards and
away from the QA surface (narrow side of the cable) in a regu-
lar pattern. We do not simulate EM-development during quench
well at this point. However, most quenches are believed to be
happening on the interface with the pole. Even if they do hap-
pen on the interface with the other coil layer, it takes at most
few milli-seconds for the quench to propagate to the other nar-
row side of the cable — typically the half-pitch length is of the
order of 10 cm.

C. Novel QA circuits and flex-QA arrays

The typical rectangular circuits we use for measurement
probes and QA so far could have dead zones, as shown by sim-
ulations and experiment. Current changes along some sym-
metry lines are virtually invisible for such QAs, with or without

bucking of signals. This issue is easily avoided if the paradigm
of rectangular windings inherited from the magnetic measure-
ments is set aside and non-symmetric shapes are explored. The
simplest and spatially most optimal one is the triangle. Fig. 6
shows the design and implementation of asymmetric triangular
flex-QA tracks. Two of those triangular shapes, oppositely
placed, are bucked forming a rectangular sensor. This design of
a multi-track double-sided sensor is intrinsically sensitive to
any local variation of flux, that is — when the flux change spatial
scale is smaller than the sensor scale. Current redistribution
from the quench fronts is expected to produce sharp variations
in flux.
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Fig. 6. Quench antenna designs. Top:ciuit tracks for thé“‘asymmetric”
design; in vertical direction multiple bucked circuits are connected in series
forming a long sensor. Ten of those are placed close by. Bottom: fabricated QA
with the shown design; just below it is another “symmetric” version with the
same sizes where tracks are inclined (with respect to coil windings) to avoid
forming of “dead zones”; this latter version was installed in a magnet and is
awaiting “cold” testing.

The same logic was applied to design “pixelized” versions
of the flex-QA, an array of ~ 1 cm x 2 cm sensors arranged in a
5 x 5 matrix, Fig. 7. Once fabricated, we can probe sensitivity
and practicality of centimeter scale sensors as part of an array.
With this approach the number of channels needed to cover a
coil surface increases drastically. If this is to succeed in real
magnets in cold environment, a solution to bring hundreds of
channels to room temperature with adequate precision is
needed. Advances in cryo-electronics are already at the stage to

Fig. 7.
cured panel (bottom). It may provide the most precise and reliable measure-
ment, but the number of channels can also quickly increase without pre-pro-
cessing of data. New solutions for data processing and distribution are needed
in any case.

”Pixelized” flex-QA design: 5 x 5 matrix design (top) and the pro-



bring us a usable multi-channel digitization in a compact form
[12]. Regardless, “warm” bore measurements will likely still be
the most useful ones giving access to innermost coil layer
quenches.

So far, multiple channels were taken to the DAQ systems by
wires but a set of twisted pairs on the same flexible material and
same logic used for the QA is being procured at FNAL as well.
Those are designed to be stackable and once deployed will sim-
plify wiring and technical efforts and allow signals to be ex-
tracted from inter-layer antennas or other sensors.

III. QUENCH ANTENNA SUPPORTS

A. Support for bore flex-QAs

The flex-QAs under development can fall in three categories:
“cold” coil QA, “cold” bore QAs and “warm” bore QAs. The
first type requires matching of the antenna design to coil design
(dimensions) and can be potentially integrated to coil fabrica-
tion. The cold/warm bore antennas, in contrast, cover a certain
cylindrical circumference, with the “cold” ones being attached
to the outer surface of the warm bore tube surface (i.e. typically
wrapped around it). Alternatively, the antenna could be on the
“warm” side of the warm bore tube and then a mechanical fix-
ture or support for the antenna array is needed.

We designed and fabricated a dual-diameter mechanical
structure for use in our two available warm bore tubes, Fig. 8.
Most of the elements were 3D printed in-house. The support
allows for connections to any future QA design to be made, and
wires routed through the bore in an organized manner. It has
channels for warm gas purge, to avoid freezing, and has a
spongy bottom to minimize the impact of dropping accidents in
the vertical warm bore.

Interconnect Coupling for LARGE QA
to Small QA Coupling- (Large QA uses
~—__|same carbon fiber tube as small QA)

Interconnect Coupling
for Small QA

Fig. 8. A dual-diameter wann_lag)}eidA support wa.s developed ailoWing
flex-QA arrays to be positioned precisely and channels neatly taken out of the
bore. Top: Design of the QA support. Bottom: fabricated support.

B. “Warm” test stand

No R&D superconducting magnet testing occurred at FNAL
in 2021 and months approaching it. This showed that we cannot
rely on “cold” testing and simulations alone for QA develop-
ment. We started procurement of a “warm” test stand which can
be used both for QA and magnetic measurement probe

development. Fig. 9 shows a 3D model picture of the test stand
which is expected to be operational by early 2022. A flux
change source (current element) will be placed at the position-
ing rod and can be automatically moved to locations within ap-
proximately ]l mx 1 m x 1 m space. A quench antenna can be
placed flat or around a shaper and tested in a form expected in
a real test. Earlier in the flex-QA developments we tested vari-
ous current elements — from a stretched wire to a wire folded on
itself — and saw, as expected, that we can mimic various condi-
tions getting tens of mV with a pulse generator of up to 10 A.
In near future, we plan to investigate how to achieve better rep-
resentation of different flux change sources.

Fig. 9. A “warm” test stand/positioning system is being procured. It allows
placing a “probe” (current element) at any position within a cube of ~1 mx 1
mx 1 m; thus, any flex-QA geometry can be replicated and tested at room tem-
perature.

IV. CONCLUSION

Flex-QA are proving to be a safe and reliable quench charac-
terization approach. FNAL is developing several versions of
them, some already applied to projects, aiming to find optimal
configurations that can avoid potential deficiencies encountered
or suspected so far. Those QA can be used in the harsh condi-
tions encountered in magnets and have the possibility to cover
all relevant coil surfaces. Their fast response and ability to sup-
press noise can make them a candidate for faster and economic
quench detection. While there are still questions to be answered,
not least related to simulation imperfections or lack of under-
standing of underlying mechanisms, those simple flex-QA de-
vices can become an excellent tool of choice for operating in
both low and high temperature superconducting magnets.

FNAL developed or is finalizing the development of me-
chanical supports for operational and testing conditions and
soon expect to provide strong experimental assessment of mul-
tiple flex-QA array versions available to us.
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