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Vector Inversion Generators with superconducting tapes 2
1. Introduction

Generating high-voltage pulses ranging from a few kilovolts to several hundreds of
kilovolts is of interest in a wide range of industrial applications, such as rock fractur-
ing [1] or food sterilisation [2]. Several topologies exist to generate such pulses, stich as
Marx generators [3], Tesla transformers [4], or Vector Inversion Generators (VIGs) [5],
which are the kind of generators studied in this work. This topology of pulse gen-
erators is well-known for its compactness. Basically, a Vector Inversion Generator
consists of a capacitor (two conducting layers) wound as a spiral of N turns. Each
conducting layer is separated from the neighbouring ones by dielectri¢ layers: A sin-
gle switch, hereafter called the “input switch”, connects the two conducting layers at
the input of the spiral. A schematic view of such a pulse generator is shown in Figure 1.

conducting
layers

dielectric
layers

uout

UOT

Figure 1. Schematic view of the working principle of Vector Inversion Generators.

Prior to, the generation of the output high-voltage pulse, the capacitor is fully
charged,with a DC voltage ug. As a consequence, the electric field vectors of adjacent
turns point towards opposite directions, resulting in a zero output voltage. At ¢t = 0,
the input switch closes, causing an electromagnetic wave to propagate inside the spi-
ral., This electromagnetic wave is reflected at the inner open extremity of the spiral. It
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takes a period T for the wave to travel back and forth inside the spiral. So, at t =T,
the wave returns to the location of the switch and all electric field vectors are aligned;
and the output voltage reaches, in theory, —2Nwug [6]. The electromagnetic ‘wave is
then reflected at the outer extremity of the spiral (i.e., at the location of the switeh)
and continues to travel back and forth in the spiral, resulting in a triangular output
voltage that should oscillate between g, = 0 and uyt = —2Nwug, as illustrated in the
green curve of figure 2 which provides typical schematics of the ideal and.real input
and output voltage waveforms. In practice, there are several non-idealities; such as the
finite fall time of the switch, ohmic losses, or undesired secondary wave propagations,
which cause the output waveform to not be triangular. The outputvoltage actually
oscillates between extrema of different peak amplitudes that are lower than 2Nug, as
illustrated by the red curve of figure 2. In some cases, the amplitude of the/second
peak exceeds that of the first one [7,8], but the following peaks areyusually smaller
than the first two. Therefore, the first two peaks are those of interest in'practice. To
take into account the non-idealities of the generator, two voltage division efficiencies
[1 <1 and B3 <1 are introduced such that the amplitudes of'the twofirst first peaks

are expressed as Uout,1 = —2NS1up and Uous,2 = 2N Baug. The output voltage can
also be expressed by introducing two voltage multiplication coefficients K; and Ko
such that ueut,1 = —Kiug and ueus,2 = Koug.
. 4
UinA
t=0
uo_i
| >t
uoutl\ é
K3uq :

=Kug

=2Nug [-----===-Fm e m et

Figure 2. Schematic view of typical ideal and real output voltage waveforms.

Several factors affect the voltage multiplication efficiency £ [9], one of them be-
ing resistivedosses in the conductors as the electromagnetic wave travels the spiral.
This factor is responsible for a reduction of about 10% of the voltage multiplication
efficieney. For this reason, it is of interest to replace copper that is traditionally used
for winding vector inversion generators with high-temperature superconducting (HTS)
coated /conductors tapes in view of increasing the voltage multiplication efficiencies.
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HTS coated conductors are already commonly used to replace copper in wide range of
applications, such as energy and transport [10, 11], magnetic energy storage [12, 13]
rotating machines [14-16], current transport [17, 18], high-field magnets [19<21], or
thermonuclear fusion reactors [22].

The goal of this paper is to explore how to improve the performance of Vector
Inversion Generators (VIG) by using high-temperature superconducting tapesy To do
so, our previously established semi-analytical model of VIGs [7] is updated to account
for AC losses of HTS tapes. It is then confronted with experimental data to validate
that it can be used to predict the benefits of using HTS tapes for VIGs Wi& larger
geometries. These measurements also enable a direct comparison between VIGs wound
with HTS tapes and an equivalent copper-wound design, confirming the performance
gains offered by superconducting configurations. Additionally, protetypesswith and
without a ferromagnetic substrate are tested to evaluate how substrate properties
influence the output voltage.

2. Theory

2.1. Replacing Cu by HTS with AC-losses

In our previous work [7], we have established an updated transfe? function allowing one
to predict analytically the Laplace transform of the output voltage of Vector Inversion
Generators based on a set of dimensionless parameters. Appendix A provides a brief
explanation of our model as well as the complete,set of dimensionless parameters.
Among this set of parameters used in the analytical model, two account for losses in
the conductive layers. The first one; denéted. pg is'used to express the losses of the two
waveguides formed by the conductors wound as a spiral. The active waveguide consists
of the main spiral capacitor, i.e. two conducting layers separated by a dielectric layer
that are connected to the input'switch, whereas the passive waveguide consists of the
conducting layers separated by.therdielectric layer used to insulate the turns of the
capacitor wound as a spiral./ The second parameter, p, is used to account for the
resistance of the outer turn of the spiral as well as the non-zero resistance of the input
switch. The two dimensionless paraméters accounting for the losses in the generator
are expressed as:

RIT Rs + Rturn Rs + R/ﬂ'Dout

po = L/ a,nd pp = =

Z Z (1)

where R', L', and O are respectively the resistance, inductance, and capacitance
per unit length of the ‘waveguides, Ry is the resistance of the input switch, and
Zy = (L' /¢! )1/ ®Yis_the/characteristic impedance of the waveguides, assumed to be
identical for both active and passive waveguides. The parameter T is the time required
for the electromagnetic wave to travel back and forth in the spiral. Ry, is the
resistance of the outer turn of the spiral, and can be expressed as Ryyrn = R'7D oy,
with D,,; the diameter of the outer turn of the spiral. In this work, R’ is the parameter
of interest as it is directly linked to the conductivity ¢ of the material, which is the
physical.parameter that will vary according to the nature of the conducting tape. For
an ohmic (1.e. linear) conducting layer, R’ is dictated by the skin effect:

R = (ohs)™", (2)
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1

where h is the width of the conducting layers, and § = (wfoug)” 2 is the skin depth

which is a function of o, the frequency f, and the magnetic permeability pg of the

conducting layer, which is supposed to be non-magnetic. Replacing with the expression

of §, one obtains:

VT o f

R = —/—. 3

A\ (3)

Contrary to ohmic conducting layers, HTS tapes exhibit non-linear lossy

behaviour, meaning that the losses directly depend on the current flowing in the

tape. As the model used in this paper to predict the output voltage of - VIGsis linear,

the model can be used provided that the current I that will flow inside the HES tapes
can be approximated. The resistance per unit length R’ is then given by:

P/
R = T2’ (4)

where P’ is the losses per unit length in the HT'S tapes. Thi§ quantity,can be estimated
using the Norris relation for losses in HT'S tapes with a rectangular cross section [23]:

/.LofIQ . . o . .
P’:Tc[(1—z)ln(l—z)—l—(1+2)1n(1+z)~—z2], (5)
in which ¢ = I/I., with I, the critical current, ranging from hundreds to thousands
of amperes for the HTS tapes used in this woerk, as ‘will'be explained in section 3.
Using Eq. 5, the resistance per unit length Rh\used.for HTS tapes given by equation 4
rewrites as:

, pof (L—d) Il —4) + (B4 4) In (1 + i) — 42
R =— o . (6)
0 i

Including this frequency dependant expression of R’ in the Laplace domain was
performed following the procédure presented’in [24], in which transient losses in
transmission lines are studied. The remaining step to estimate losses in the waveguide
is to find a value for the current I. When the capacitor connected to the input switch
is charged initially with a D@ voltage ug, a very good approximation for the current
flowing in the waveguidesis giyen by I = ;—g [25]. The characteristic impedance
of the waveguides Z; cam be calculated from their geometric characteristics and the
permittivity of the dielectric layer. The order of magnitude of this characteristic
impedance of a VIG is about.afew ohms, corresponding to currents in the order of

hundreds of amperes.

2.2. Magnetic diffusion towards the superconducting layer

In conventienal VIGs, the conductors of the waveguide consist of copper directly in
contact with the dielectric layer. In the superconducting VIGs investigated in this
work, one important difference is that the superconducting layer of a coated conductor
is onlysa,small portion of the cross-sectional view of the conductor and is sandwiched
between normal conductors [26]. Some coated conductors, such as the ones that will be
used.in the experimental part of this work, contain a copper stabilising layer on each
side. Currents appear in the conducting layers because of the varying magnetic field in
the dielectric medium of the waveguides. As a consequence, the currents therefore first
establish at the outside extremities of the tape, and only flows in the superconducting
layer once the magnetic field has diffused towards the superconducting layer. This
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paper concerns generators of pulses having a rise time in the order of tens to hundreds
of nanoseconds, which are characteristic times comparable to the time constants of
magnetic diffusion inside the normal conductors of the tape. So, when using“coated
conductors to wind a vector inversion generator, an important question that arises
is whether there is enough time for the current to establish in the superconducting
layer before the pulse is fully erected. To answer this question, the time needed by
the magnetic field to diffuse in the normal conductor should be estimated by solving
the 1D magnetic diffusion equation as follows [27]:

OH 1 0°H

. - a5 Y% ~

or 8;/,140 37‘2 (7)
= o

where H is the magnetic field, J the current density, and z4= 0 is the interface be-
tween the dielectric medium and the HTS tape, as shown in figure 3. The magnetic
diffusion equation is established by combining the Maxwell equations with the consti-
tutive law J = o F. The displacement current can be dropped in the, Ampere-Maxwell
law because the problem is solved only for the conducting layer, which is still in the
conducting region for the time scales of interest [28]4The conducting layer is supposed
to be non magnetic, hence the use of pig for the magnetic pernfeability.

The characteristic time associated with the magnetie/diffusion over a character-
istic length £ is given by 7q = ouof?. In liquid mitrogen, copper has a conductivity
of about 7.4-10% S/m [29], which is about twe orders,of magnitude higher than that
of Hastelloy, which is about 8.3-1054S/m.[30]. The thickness of the copper stabilising
layer can range from a few microns up'to aboeutsl00 nm [31,32] while the thickness of
the substrate is usually between 50 pm and, 100 pm [33]. This corresponds to charac-
teristic diffusion times in thefrange of hundreds, of nanoseconds for copper, compared
to tens of nanoseconds for the substrate layer. For this reason, it is assumed that the
most critical part of the magnétic diffusion is in the copper stabilising layer, and the
magnetic diffusion problem given by equation 7 is solved for copper only. Figure 3
shows a schematic illustration Qﬁthe problem that is solved: a magnetic field stimulus
H,pp(t) associated with the wave propagating in the spiral is applied at the boundary
between the dielectric material and the copper layer, at » = 0. This stimulus generates
a magnetic field H(z{t) and a current density J(r,t) which diffuses in the conducting
layer in the r direction.

The input/ stimulus, Happ(t) is assumed to follow an exponential rise, with a
characteristi¢'time 7, corresponding to the fall time of the input switch, which is
typically 10ms:

Happ(t) = Hy (1 - e_t/TS) (8)

The diffusion/problem consists of solving the set of equations 7 using equation 8
as & boundary eondition. Figure 4 shows the results of the diffusion problem over a
time range of 150 ns and for different depths r inside the copper layer. Figure 4a is
agplothof the normalised magnetic field H(r,t)/Hy for different times ranging from
10 ns to 150 ns. Figure 4b contains a similar set of curves for the normalised current
density J(r,t)/Jo, where Jy is defined as Hp/d* where §* is a characteristic length

defined as &* = [TS/(a,uo)]l/z. Considering an arbitrary threshold of J(r,t)/Jy of
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wave
propagation

Figure 3. Schematic view of the magnetic diffusion problem at the%undary
between the dielectric layer and the copper layer of the HT'S tape. The applied
stimulus is Happ and the computed variables are H(r,t)4@nd J(r,t).

10~* as a criterion for which the current density is high enoughto be considered non-
negligible, it can be seen in the graph that less than 20 ns@areéwrequireddfor the current
to establish over copper widths below 25 pm. For a copper width of 50 pm, about
85 ns are required for the current to diffuse, and for a éopper width'of 70 pm, it takes
more than 150 ns for the current to establish. Theésults of the magnetic diffusion
problem show that for HTS tapes having a copper stabilising layer, a certain amount
of time, referred to as Tyi in the remainder of the diScussion, is required before the
current flows in the superconducting region. 'For a VIG with HT'S tapes to be efficient,
it is important that the current can reach the superconducting layer of the HTS tape
in the entire spiral before the vector inversion process terminates. For this reason,
Taig must be much smaller than the.time T required for the wave to travel back and
forth inside the spiral. This can be expressedrsmathematically as:

2N7®D ean
o/ VE

where Dipean is the mean diaméter of the spiral, ¢ the speed of light in free space and
e, the relative permittivity of the dielectric layer. Taking into account the small but
finite thickness of the stabilising:layer, the practical conclusion to be drawn from the
above study is that a minimum length of coated conductor is needed for the HTS tapes
to be of interest for the ¢condueting layers of a VIG, and this minimum length increases
strongly with thegthickness of the copper stabilising layer. For example, considering
a VIG wound with amean diameter D ean 0f 50 mm, one can find that N must be
respectively N >2, N'311sand N > 43 for copper stabilising layers of 10, 25, and
50 pm. These fresults were obtained by solving equation 9 for values of Ty;¢ found
via the magnetic diffusion problem introduced in the set of equations 7. The value
ey = 3.4 waspusedy considering polyimide as dielectric medium, as will be used in the
experimental part of this work.

T > Tayg & > Taig, (9)

3. Experimental methods

To' evaluate 'experimentally the benefits of using HTS tapes in Vector Inversion
Generators,/several prototypes are built, each with the same inner diameter D;, =
50 mm_and number of turns N = 20. All prototypes use Kapton® for the dielectric
medium between conducting layers. Their main differences are summarized in Table 1.
The_first prototype, referred to as SC-6-NF, is wound with a 6-mm-wide coated
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Figure 4. Solution of the magnetic diffusion problem for copper for different
depths of copper. (a) Normalised magnetic field H(r,t)/Ho. (b) Normalised
current density J(r,t)/Jo.

conductor from the TPL4000 series.from Theva GmbH). The substrate is non-
magnetic (Hastelloy® C-276), 50 nm-thick, ‘and. the average self-field critical current
at 77 K provided by the manufacturer is, 340+£20 A. The second superconducting
prototype, named SC-40-F, uses 40-mm-wide ¢eated conductor N4311856 by Deutsche
Nanoschicht GmbH. The substrate,(Ni5W) is ferromagnetic, and the average self-field
critical current at 77 K specified by the.manufacturer is 1350+67 A. For reference, two
copper-based VIGs are also wound: Cu-6y for comparison with SC-6-NF, and Cu-40,
serving as the benchmark for SQ—ZLO—F.

VIG height h | total tape thickness | Cu layer 7 | magnetic substrate ?
SC-6-NF 6 mm 60 pm v X

Cu-6 6 mm 50 pm
SC-40-F | 40mm 65 nm X v

Cu-40 40 mm 50 pm

Table 1. Comparison between the different VIG that were wound to
experimentally compare VIGs with copper tapes with VIGs with HT'S tapes.

Figure 5. is a/photograph of the experimental setup used for the measurement
of the output voltage. The tested VIG is placed inside a polystyrene container that
can be filled with liquid nitrogen. The input switch consists of a Gas Discharge Tube
(GDT)y.which self-triggers at a given threshold voltage that depends on the nature
of the gas.” Several GDTs are used to cover a wide range of input voltages, namely
the 2049 series from Bourns® for voltages below 300 V, or model A71H10X from
TDK Flectronics for a trigger voltage of 1 kV. It should be noted that, while it is not
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explicitly mentioned in the datasheets, the experimental tests performed in this work
also showed that GDTs are able to operate in liquid nitrogen with almost no variation
of trigger voltage. It should also be noted that the DC input voltage is applied across
the Kapton® layer between two superconducting tapes, which differs from the geom-=
etry used for electrical breakdown tests using coated conductors [34,35]. Thelinput
voltage is monitored using a CT4079 differential probe from FElditest, and theé output
voltage is measured using a P6015A probe from Tektroniz®. The probe outputs dre
connected to a TDS2204B oscilloscope from Tektroniz®.

Ugut ground

n HTS kapton®

Figure 5. Photograph of the experimental setup.

4. Results and discussion
N

4.1. Experimental results

This section provides,the experimental results associated with the measurements of
the output voltage of.the VIGs presented in Section 3. First, in Section 4.1.1, the
measurement of the output veltage of SC-6-NF in liquid nitrogen is compared with a
prediction of our semi-analytical model to validate it. Second, in Section 4.1.2, each
VIG wound with HTS tapes is compared to its reference copper VIG, both at room
temperature-(293:K) and at cryogenic temperature (77 K).

4.1.1. Modelwalidation: This section aims at providing an experimental validation of
the waysour model has been updated to account for AC losses in HTS tapes. Figure 6
shows a comparison between the dimensionless output voltage uout/ug predicted by
the updated wersion of our previously established model and a measurement carried
out in liquid/nitrogen using the superconducting VIG SC-6-NF. As can be seen in the
figure, there is a good agreement between the experimental data and the prediction
of the model, especially for the first two peaks, which are usually the ones used to
characterise VIG behaviours. As a matter of fact, in engineering applications, VIGs
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are often connected to highly non-linear loads such as X-ray tubes [36], causing the
output voltage waveform to return to zero typically after the first or the second peak!
That is the reason why the discrepancy that can be observed in figure 6 for the
third peak of the output voltage has usually no consequence in practical applications
in which the VIG is connected to a non-linear load. The first peak appears(to be
somewhat underestimated, and the model slightly underestimates the period of the
output oscillations and begins to slowly diverge after the first two peaks. This slight
underestimation of the oscillation period was also observed for non-superconducting
VIGs, as shown in [7] when the results of the model are compared to experimental
output voltage results using VIGS made with copper tapes. The small oscillations
that are visible in the experimental trace are attributed to noise picked up dlEing the
measurement and are not related to the physics of vector inversion generators. The
results plotted in figure 6 provide an experimental validation of the, wayswe model
VIG with superconducting materials.

15

—— Model

101 — Experiment

Uout(t)/ug [-]
o

0 50 100 150 200
Time [ns]

Figure 6. Comparison between the prediction of the model and an experimental
waveform for VIG SC-6-NF at cryogenic temperature.

4.1.2. Comparison with copper VIGs This section presents the experimental perfor-
mance of VIGs wound with HTS tapes, both with and without ferromagnetic sub-
strates. The analysis compares these devices with their respective copper reference
VIGs, focusing on, the voltage amplitudes of the first two peaks of the output voltage
at both room temperature (293 K) and cryogenic temperature (77 K). The comparison
is expressed using_the values of the multiplication coefficients K7 and K.

Figure 7sshows histograms of the values of K; and K5. Figure 7a shows the
results for the VIG wound with an HTS tape without ferromagnetic substrate (SC-
6-NF) compared to the copper reference Cu-6, and figure 7b contains the results for
the VIG wound with annHTS tape containing a ferromagnetic substrate (SC-40-F)
compared to the copper reference Cu-40.

Focusing first on figure 7a, it can first be seen that, at room temperature (red
histograms),/the multiplication coefficients of VIGs wound with HT'S tapes are slightly
lower than the reference VIG with copper. This result is particularly visible for the
multiplication coefficient of the second peak K. This is most likely explained by the
fact that, at room temperature, the current of the VIG SC-6-NF flows through the

Page 10 of 20
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(a) HTS with non-ferromagnetic (b) HTS with ferromagnetic
substrate VS copper substrate VS copper 4,
10 15
X'5
0
Cu-6 SC-6-NF
15
10
¥(\l
5
0
Cu-6 SC-6-NF
B 293K
Figure 7. Histograms of the ex i
of the first two peaks of uout for totypes at both room and cryogenic
temperatures. (a) Non ferromagne e. (b) Ferromagnetic substrate
substrate and the copper stabilising lay t room temperature, the substrate has
a conductivity that is about itude below that of copper, and the
copper stabilising layer has a th ess of 10 pm, while the copper tape used for the
VIG Cu-6 has a thickness of 50 s results in a higher electrical resistance of the

waveguides for the VIG SC-
quence, a lower multiplicati

with the value of K, fo %

the first peak is less affected by ohmic losses, the effect of the small geometric d1f—
ferences between
electrical resistances of the conductors at room temperature. Second, it can be ob-
served that, a ogenic temperature, both VIGs made of Cu and HTS tapes exhibit

f nd K> than at room temperature, but SC-6-NF exhibits better
s than its reference copper VIG. This result was expected as,

he current mainly flows through the superconducting layer
ce the diffusion process is established. This results in reduced

'd to the VIG Cu-6, and, as a direct conse-
. This observation is not entirely consistent
values are almost identical for the reference VIG
This can be explained by a manufacturing error

the boost of K;. This observation can probably be explained by the
C sion inside the conducting tapes, according to the results found in the
ction. The tapes used to wind SC-6-NF have a 10 pm copper stabilising layer.
own in Section 2.2 that N > 2 is required, considering that a factor x10 is
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required, N = 20 should be sufficient. But it must be remembered that the underly-
ing assumption when establishing the magnetic diffusion theory was that the diffusion
only occurs in the copper layer. Nevertheless, for this thickness of copper, which'is the
smallest of the ones studied in the theory section, the characteristic magnetic diffusion
time inside the copper stabilising layer is 93 ns the characteristic magnetic diffusion
time inside the substrate layer is 26 ns. While the characteristic time associated with
the substrate layer is indeed smaller, it is not negligible compared to the.character-
istic time associated with that thickness of copper. This means that a ngn-negligible
fraction of T is required for the current to fully establish in the superconducting layer,
but the current is fully established in the superconducting layer for the secon\d peak.

The behaviour of the VIG wound with HTS tapes containing a ferromagnetic
substrate (SC-40-F) is now considered. As can be observed ‘imyfigure’7b, the
copper reference VIG Cu-40 exhibits better voltage multiplication coefficients than
the superconducting VIG SC-40-F, even at cryogenic temperature. The performance
degradation of the superconducting VIG is attributed to/magnetic losses introduced
by the ferromagnetic substrate: while ohmic losses are reduced through the use of
HTS tapes, the additional magnetic losses outweigh thiese benefits. "This is even more
visible in figure 8, in which oscilloscope traces of the time evolution of the output
voltages are plotted for VIGs SC-6-NF and SC-40-F. These measurement data were
obtained in liquid nitrogen when using GDT's with ‘@ nominal trigger voltage of 1 kV. It
can be observed that the output voltage oscillations aresslowly damped, and there are
still some remaining oscillations 1 ps after the clesing of the switch. On the contrary,
for the VIG with a ferromagnetic substrate, the output voltage oscillations are almost
immediately damped, giving evidenee,that there are additional losses.

4.2. Model prediction for higher numbers of turns

As the comparison with experimental data showed that the updated model is suitable
for predicting the behaviour ofssuperconducting VIGs, it is now possible to predict
the benefit of using HTS tapes to wind VIGs with increasing lengths of tapes, i.e., by
increasing the inner diameter D;, or the number of turns N. To do so, our model is
used to predict the multiplication coefficient K of the first peak of the output voltage
when the number of turns varies ffom N = 25 to N = 200 for a VIG with an inner
diameter D;, = 150 mm. As the only source of losses considered in the model are AC
losses, this study assumes that:the HTS tapes contain a substrate that is not ferro-
magnetic. Such a’study,was not performed for the second voltage peak, associated
with K5, because this,second peak arises from the complex interaction of different
mechanisms and LC resonances [37], causing constructive or destructive interferences.
This leads to highly variable waveforms that preclude systematic analysis, unlike the
first peak K, whichrexhibits clear, monotonic behaviour with increasing number of
turns. In the theory of Vector Inversion Generators, it is known that the value of the
inductanee,of the input switch Lg plays a major role in the amplitude of the output
voltage (8, 9]. For this reason, the predictions are provided for two different values of
the inductance of the switch: Ly = 10 nH and Ly = 50 nH. The results are plotted in
figure 9. Several curves are plotted in this figure. The dashed black lines correspond
to the ideal case, where the conducting tapes exhibit no loss at all. The two curves
with square markers represent the results for copper: the red markers correspond to
the data at room temperature (293 K), and the pink markers at cryogenic tempera-

Page 12 of 20



Page 13 of 20

oNOYTULT D WN =

AUTHOR SUBMITTED MANUSCRIPT - SUST-107090.R1

Vector Inversion Generators with superconducting tapes 13

(a) non-ferromagnetic substrate
15— : : : — 1.5

10

-

3
o
&)

o
'
o
o

-
o
N

Output voltage (kV)
Input voltage (kV)

N
o
N
(3}

0 0.25 0.75 1

05
time (us)

(b) ferromagnetic substrate

-

o

- "N
o

3
o
&)

n
.
o
)

Output voltage (kV)
Input voleage (k\4

N
(é)]

0 025 05 075 1
time(us)

Figure 8. Experimental waveforms of the input and output voltages of Vector
Inversion Generatorsiat cryogenic temperature. (a) Without magnetic substrate.
(b) With ferromagnetic substrate.

ture (77 K). Finally, the blue cusves with round markers represent the results for HT'S
tapes at 77 K for several valués ofthe ratio i = Iax /1.

A first global observationsthat can be done is that all the values of K of figure 9b
exceed the values of their equivalent curves of figure 9a. This shows that, while this
paper mainly focusesion the'benefits obtained by reducing ohmic losses, parameters
related to other parts ofithe VIG (here, the switch) also have an influence on VIG
performances.

A second global observation is that the voltage multiplication coefficient increases
when the number of turns increases, but not in a linear fashion. As the multiplication
coefficient of thedfirst peak is expressed as K1 = 2N 3, the curvature of K;(N) shows
that B decréases as N increases. In both figures 9a and 9b, the gap between the
black.curve (no loss) and the red curve (copper at 293 K) increases as N increases,
showing that the reduction of 5 caused by ohmic losses increases as N increases. The
practical conclusion to take from this observation is that the benefits of investigating
superconducting VIGs are more pronounced when the number of turns increases.



oNOYTULT D WN =

AUTHOR SUBMITTED MANUSCRIPT - SUST-107090.R1

Vector Inversion Generators with superconducting tapes 14

(a) L,=50nH (b) L,=10nH
30 30

N
w

N
o

K, prediction
K, prediction
\

=
o

"ap

5]/ === No loss o /1. =0.25 5/--= No loss * paglle=0.25
Copper (77 K) * /1. =0.50 Copper (77 K) o sy /1. = 0.50
Copper (293 K) lnax /1. = 0.75 = Copper (293 K) ¢ /1= 075

j

%5 50 75 100 125 150 175 200 %5 50 75 100 125 150 175 200

Number of turns N (-) Number. of turns N'(-)

Figure 9. Model predictions for the multiplication coefficient K7 of the first
peak of uout with an VIG diameter of 150pmm and two walues of the input
switch inductance. As the model only accounts for, AC losses, HT'S tapes without
ferromagnetic substrates are considered here. Each configuration is investigated
for different scenarios of the ohmic losses: lossless tapesy(ideal case), copper tapes
at 293 K, copper tapes at 77 K, and HTS tapeés with different values of the current
ratio i = Imax/Ic.

A third important observationds.that VIGs, with' HT'S tapes suffer from a limi-
tation caused by AC losses of supereconductingstapes. It can be seen in the different
sets of curves that the ratio ¢ = Iy /T sets the limits of the improvement of VIG
performances when using HTS, tapes. To outperform the results of copper at 77 K,
the value of ¢ should be kept below 0.25. As a VIG consists of waveguides, the value
of Inax can be estimated as ug/Zo, where Z; is the characteristic impedance of the
waveguides constituting the spiral. For & VIG with a given geometry, this sets the
maximum input voltage abeve which using HTS tapes is no longer beneficial, as the
losses would exceed those of traditional copper tapes. As the output voltage is pro-
portional to the input voltage, this limitation inherently sets a maximum achievable
output voltage that ean be'reached by VIGs wound with HTS tapes.

It is relevant.to _compare,the benefits of reduced ohmic losses with the benefits
resulting from a reduced, input switch inductance. To do so, the relative improvement
obtained compared to the reference case of copper at 293 K is discussed for both
changes in the inductances and in the losses. On the one hand, for a small number of
turns, for‘example, focusing on the results for N = 25, the value of K is improved by
11% when thé inductanceyof the switch is reduced from 50 nH to 10 nH. In terms of
ohmiclesses, K is improved by 3.8% for copper tapes at 77 K and by 5.4% for HTS
tapés at 77 K'with ¢ = 0.25. On the other hand, for VIGs with long tape lengths,
considering the results for V = 200, the relative improvement obtained with a bet-
ter, input switch inductance is 3.5% while the relative improvements resulting from
reduced ohmic losses are 9% for copper at 77 K, and 13 % for HTS at 77 K with
i = 0.25. First, these results show that for longer VIG lengths, reducing the ohmic
losses ds more effective than reducing the inductance of the input switch. Second,
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these results show that HTS tapes, provided that they work in a regime with a small
value of 4, are able to provide a significant improvement of the voltage multiplication
coeflicient.

The theoretical predictions suggest a limitation around ¢ ~ 0.25. However,
experimental measurements on the VIG SC-6-NF with a GTD switch at ug‘= 1 kV
show that the superconducting VIG still exhibited multiplication coefficientsrhigher
than those of the copper reference VIG at 77 K. In these experimental conditions,
the VIG operated at i >~ 0.6 as the VIG has a characteristic impedanceZ, ~ 4.5}
corresponding to Inmax =~ 220 A and the tape has an average critical Cwent of
I. ~ 340 A. This indicates that the updated model underestimates«the output
voltage, at least for the first peak. This is consistent with the observation made
when comparing the updated model to experimental traces in Section.4.1:4'in which
it was observed that the amplitude of the first peak predicted by the,model was
underestimated. Therefore, although AC losses will ultimately. impose a limit on
the current ratio ¢ (and thus on wg and eyt ), this limitatiomlikelyroéeurs at higher
1 values than predicted. This inherent limit of superconducting VIGs caused by
losses underline that using HTS tapes in this topolegy, of generators will benefit
from the studies of how coated conductors behaveinder pulsed currents [38-41] as
well as methods to reduce AC losses in coated jconductors, By filamentisation and
striation [42-46].

5. Conclusions

In this paper, the use of superconducting materials was investigated to replace tra-
ditional copper tapes in Vector Inversion Generators to mitigate ohmic losses. The
reason is that these losses play an important role in the limitation of the voltage mul-
tiplication efficiency of such generators when the total length of the generator is large,
either with a large number of turhs or a large inner diameter.

A first theoretical study shows that, in the presence of a copper stabilising layer,
it is crucial to consider the.magnetic diffusion of the current inside the layers of the
HTS tape. The diffusion time required for the current density J to establish in the
superconducting layer must be much smaller than the rise time of the pulse, which is
dictated by the totaldength of the spiral. It shows that a certain length of conductors
is required for superconducting VIGs to be efficient, meaning that superconducting
VIGs are better for,larger, diameters and larger numbers of turns. This result is well
aligned with the fact that ohmic losses are more pronounced for VIGs with a larger
total length.

Another study was performed to show how an existing model of such generators
can be updated to|include the losses of HTS tapes in the resistance per unit length
R’ of VIGs, knowing an estimation of the nominal current in the conductor. The
updated model'was compared against experimental data, enabling predictions of the
multiplication coeflicient for larger diameters and an increasing number of turns. The
resultsishow' that two parameters are of importance. First, the total length of the
VIG should be large to benefit from reduced ohmic losses. Second, the limiting fac-
tor comes from the current ratio ¢ = Inax/Ie, which must be as low as possible to
prevent the AC losses of the tapes from overcoming the benefits obtained by using
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superconducting materials. Since reducing the temperature from 293 K to 77 K with
a copper VIG already provides a non-negligible increase in the voltage multiplication
efficiency, increased current ratios can render a copper VIG at cryogenic tempeératures
more efficient than a superconducting VIG. The current ratio ¢ being directly related
to the input voltage ug, this sets a limit on the input voltage that can be used for
superconducting VIGs, and, therefore also dictates a maximum output voltage that
can be obtained.

Finally, experimental tests were performed with two types of HTS ‘tapes: with
and without a ferromagnetic substrate. Results show that it is important to»cheose
an HTS tape without a ferromagnetic substrate because the losses caused\by the
ferromagnetic material counteract the intended benefit of using anHTS tape, resulting
in lower multiplication coefficients than a similar VIG at room temperature wound
with copper tapes.
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Appendix A. Semi-analytical model of the output voltage of a VIG

This section aims to provide a summary of the model we established in our previous
work [7]. The model provides an expression of the normalised output voltage of vector
inversion generators B(p) = uout/(2Nwug) in the Laplace domain, in which p (s the
dimensionless Laplace variable. It is expressed as follows:

_ —pF(p)
Blo) = P+ 1-Gp) (p+wR) (Adl)
In this expression, the functions F(p) and G(p) are expressed as: ~
— A(p) — P(p)
F(p) T 1— (p47'3 + 2p3 74 pa +p2pa) A(p)P(p)’ (AZ)
2
G(p) = AW+ P) +2 (17 + ppo) AWIBE) (A3)

1 — (p*72 4+ 2p3Tupa + P2pa) A@YP(D)

These two expressions themselves contain the functiens A(p) and P(p) which are
expressed as:

¥y -1

A(p) = [pmcoth (g, /1+ %) £0°7a +ppa] : (A4)
-1

P(p) = {pMCoth <§, 1+ %) + 77, + ppp] : (A.5)

This model is expressed by means‘of a setrof.dimensionless parameters that can be
calculated based on the dimensions and the materials used to wind the VIG. Table A1l
contains the list of the dimensionless parameters, as well as their mathematical expres-
sion and their physical meaning.nIn the expressions of the dimensionless parameters,
different parameters related tosthe physics of VIG appear. Some are related to the
input switch: Ly is the inductance of the'switch and Ry is the resistance of the switch.
Then, some are related to the waveguide aspect of VIGs: Zj is the lossless charac-
teristic impedance of the Waveghides, T is the time required for the electromagnetic
wave to travel back and/forthfinside the spiral, and L', C’ and R’ are respectively the
inductances, capacitances and resistances per unit length of the waveguides. Finally,
some parameters are lumped RLC elements: L is the self inductance formed by the
conductor wound in a‘spiral of IV turns, C is the capacitance of the two conducting
layers separated by dielectric layers, Z is the impedance of the load connected to the
VIG, and Lty and Riyem are respectively the inductance and resistance of the outer
turn of the spiral

In this paper,(the parameters of interest are py and p,, which are functions of
the resistanée per unit length R’ of the waveguides. These are the quantities that are
affected by a change a conductivity, which is the purpose of replacing copper tapes
with HTS coated conductors.
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Parameter Expression | Physical meaning
- L Time constant associated with the “RL-like” scircuit
a ZoT formed by the switch and the waveguide.
Time constant associated with the “RL-like” ¢ircuit
Tp % formed by the switch in series with the outef:turn
of the spiral and the waveguide.
Resonance frequency of the LC circuit formed by
, the vector inversion generators which acts
wo LT—C simultaneously as a coil (conductor/wound aswa
spiral) and a capacitor (two conductingdayers
separated by a dielectric layer).
T % Load connected at the output of the VIG.
P0 RL,,T Resistance of the waveguides.
Pa %S) Resistance of the switch.
p Rt Rouen Resistance of the switch\in series with the outer
P

0

turn of the spiral.

&

Table Al. Expression and physical meaning of all the dimensionless parameters
appearing in the Laplace expressions of the semi-analytical model of the output
voltage of vector inversion generators.
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