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Scope of the Lesson

 AC losses – general classification 
1. Hysteresis losses 
2. Coupling and eddy current losses 
3. Self-field losses 

– Role of transport current in loss terms 
– Impact of AC losses on cryogenics 
– Specifying conductors based on the application 

Following closely the presentation of Wilson “Superconducting magnets” 

Also thanks to: 
Mess, Schmueser, Wolff, “Superconducting Accelerator Magnets” 
 Marijn Oomen Thesis “AC Loss in Superconducting Tapes and Cables” 
M.N. Wilson / Cryogenics 48 (2008) 381–395 
T. M. Mower and Y. Iwasa, Cryogenics, vol. 26, no. 5, pp. 281–292, May 1986.  
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Introduction

Superconductors subjected to varying magnetic fields see 
multiple heat sources that can impact conductor 
performance and stability 
All of the energy loss terms can be understood as emanating 
from the voltage induced in the conductor:  

The hysteretic nature of magnetization in type II superconductors, i.e. 
flux flow combined with flux pinning, results in a net energy loss 
when subjected to a field cycle 
The combination of individual superconducting filaments and a 
separating normal-metal matrix results in a coupling Joule loss 
Similarly, the normal-metal stabilizer sees traditional eddy currents
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Magnetization losses

The superconductor B-H cycle defines losses associated with 
magnetization: the area enclosed in a loop is lost as heat
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Hysteresis losses – basic model

Hysteresis loss is 

Problem: how do we quantify this? 
-Note that magnetic moment generated by a current 
loop I enclosing an area A is defined as 

The magnetization M is the sum of the magnetic 
moments/volume. 
Assume j=jc in the region of flux penetration in the 
superconductor (Bean Model), then  
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• Below Hc1 the superconductor is in the Meissner state and the 
magnetization from dH/dt corresponds to pure energy storage, 
i.e. there is no energy lost in heat;  
• Beyond Hc1 flux pinning generates hysteretic B(H) behavior; 
the area enclosed by the B(H) curve through a dB/dt cycle 
represents thermal loss
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Calculating hysteresis losses

By

x

y
Some basic definitions:
Bp = Penetration field (to center)

Bm = Field modulation

Bm = 2µ0Jc p for p< a,  p is the field penetration distance

The power generated by the penetrating field is

P = E!Jc = Jc
∂φ
∂t
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Calculating hysteresis losses

The total heat generated for a half-cycle is then 

Note that this calculation assumed p<a; a similar 
analysis can be applied for the more generally case in 
which the sample is fully penetrated.
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Understanding AC losses via magnetization

•The screening currents are bound 
currents that correspond to sample 
magnetization. 

•Integration of the hysteresis 
loop quantifies the energy loss 
per cycle 

=> Will result in the same loss as 
calculated using  E!Jc
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Hysteresis losses - general

The hysteresis model can be developed in terms of: 
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The total cycle loss (for the whole slab) is then:
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To reduce losses, we want  
β<<1 (little field penetration, so 
loss/volume is small) or 
β>>1 ( full flux penetration, but 
little overall flux movement) 
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Hysteresis losses

The addition of transport current enhances the losses; this can be 
viewed as stemming from power supply voltage compensating the 
system inductance voltage generated by the varying background field.
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Coupling losses

A multifilamentary wire subjected to a transverse varying field will see 
an electric field generated between filaments of amplitude: 

The metal matrix then sees a current (parallel to the applied field) of 
amplitude: 

Similarly, the filaments couple via the periphery to yield a current: 

There are also eddy currents of amplitude:

E =
!BL
2π

;  L is the twist-pitch of the filaments

J =
!BL
2πρt

Jp(θ ) =
!BLcos(θ )
2πρm

Je(θ ) =
!Bacos(θ )
ρm



USPAS June 2015, Rutgers University              Superconducting accelerator magnets AC Losses in Superconductors 4.11

Coupling losses – time constant

The combined Cos(θ) coupling current distribution leads to a natural 
time constant (coupling time constant): 

The time constant τ corresponds to the natural decay time of the eddy 
currents when the varying field becomes stationary.  
The losses associated with these currents (per unit volume) are: 

Here Bm is the maximum field during the cycle.
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heat transfer to the liquid helium can have a substantial stabilizing
effect, although the surface heat fluxes are much higher than
would be effective for cryostatic stabilization. It is therefore usual
to leave a slight gap between turns of the insulating wrap to allow
some permeation of the liquid.

5.2. Contact resistance in Rutherford cables

Some early accelerator magnets used cable in which the wires
were fully insulated. They performed dismally, reaching only a
fraction of the short sample critical current before quenching. It
seemed that the current was not dividing equally between wires,
despite the cable being fully transposed: probably due to field var-
iation at the coil ends or resistance differences in the joints. For this
reason, the wires in Rutherford cables are not insulated, but in-
stead given a resistive coating. This connection between wires
means that changing fields will induce coupling currents, which
produce losses. These currents are very much like the coupling cur-
rent between filaments within the wire and described by Eq. (4)
but, because the geometry is anisotropic, they depend on the field
and current directions. We must therefore distinguish between
field parallel and perpendicular to the broad face of the cable and
also between crossover and adjacent resistance. Fig. 18 illustrates
the two resistance paths, the crossover resistance Rc running be-

tween the top and bottom face of the cable, and the adjacent resis-
tance Ra between two adjacent strands in the same face. For Rc, the
area of contact is defined as the shadow area of the crossover,
although the physical area of contact will be less than this. For Ra

the contact area is taken to be the thickness of the wire ! the
length of the crossover. Both resistances may be measured by a
dc Ohmic method [35].

5.3. Coupling losses in Rutherford cables

In changing field transverse to the broad face of the cable, cou-
pling currents like those shown in Fig. 19 are induced to flow via
the crossover resistance Rc.

As shown in Fig. 19, the changing field induces a series of dia-
mond shaped current loops. Starting at point P, the current flows
along the top face and then downward through the crossover at
Q, after which it flows along the bottom face, over the edge at R
and along the top face to S, where it again descends through the
crossover to flow along the lower face to P. Note that, as in Fig. 2,
the superconducting currents are flowing transverse to the field
and the resistive currents are flowing anti-parallel to it. The loss
may be calculated by a numerical network model [36] or by an
analytic approximation which assumes the cable to be an aniso-
tropic continuum [37] and calculates the loss per unit volume of
cable as:
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where p is the twist pitch, 2c is the cable width, 2b is the cable
thickness and N is the number of strands. The crossover resistance
may be defined either as Rc above or in terms of rc the resistance per
unit shadow area of the crossover. Although the formulation in
terms of Rc is now more common, the rc form has the advantage that
it scales correctly between cables of different size and twist pitch,
which nevertheless have the same interface resistance per unit area
of contact. It is often forgotten that Rc varies between different
cables because the shadow area depends on geometry and twist
pitch. In addition, the rc form shows the expected dependence of
eddy currents on p2. Indeed, these currents are exactly the same
as the filament coupling currents of Eqs. (4) and (5), but with a geo-
metrical distortion.

Currents are also induced to flow via the adjacent resistance Ra

as shown in Fig. 20. Here the currents flow separately on each face
of the cable and there is no linkage between top and bottom face.
The loss is given by:
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Fig. 18. Crossover resistance Rc and adjacent resistance Ra.

Fig. 16. Rutherford cable.

Fig. 17. Insulation of Rutherford cable.
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Coupling losses – Rutherford cables

Coupling currents also form between strands in cables

where h is the ‘slope’ angle between the wires and longitudinal
direction of the cable and ra is the contact resistance per unit adja-
cent area.

Finally, the component of field parallel to the broad face of the
cable induces losses:
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where Bp is the component of field parallel to the broad face. In gen-
eral, parallel field losses are negligible in comparison with trans-
verse field losses.

It should be pointed out that Eqs. (23)–(25) and also (4) and (5)
are only valid in situations far removed from saturation, that is
when the superconducting parts of the coupling current paths
are well below their critical current density. In practice this is
not a serious limitation because the losses of a saturated conductor
would be so high that they would have to be reduced by redesign-
ing the transverse resistance, twist pitch etc.

Twist pitch is usually fixed by the mechanics of cable making, so
the only parameters available for controlling loss are the inter-
strand resistances Rc and Ra. If there is good metallic contact be-
tween wires, for example in a soldered cable, these resistances
are very low. For all ramp times of less than a few minutes it is nec-
essary to rely on surface effects to increase the contact resistance.
The natural oxide layer on copper produces a resistance Rc $ hun-
dreds of lX, which is adequate for ramp times down to$ a minute.
Unfortunately, this natural layer is unpredictable and is greatly re-
duced by the usual processes of magnet fabrication, which involve
heating the coil under pressure to consolidate it and activate the
adhesive layer on the insulating film. The mechanism of this reduc-
tion is thought to be that the pressure produces a seal around the
contact area, preventing the ingress of oxygen, and that the heating

causes the existing oxide layer to dissolve into the copper. The re-
sult is a good metallic contact at some points over the contact area,
which can reduce Rc to less than 1 lX. To produce a layer which is
less sensitive to the pressing/heating process, the wire must be gi-
ven a surface coating. For LHC, the coating chosen is a silver tin al-
loy, which is also given an oxidation pre-heat treatment [38]
producing an Rc $ 10 lX. This resistance, which is not strongly af-
fected by the coil heat treatment process, is adequate for the LHC
ramp time of 20 min, where in fact the main problem is not ac loss
but field distortion caused by the coupling currents. If higher resis-
tance is required, a coating of nickel has been found to produce Rc

$ 100 lX.
For faster ramp rates, for example the 1 T/s planned for SIS300

ring at FAIR (Facility for Antiproton and Ion Research) [39] even
higher resistances are needed. While it is no doubt possible to cre-
ate such resistances by surface heat treatments, there are concerns
that such cables may suffer from current sharing problems when
subjected to high ramp rates in magnets. For this reason, it seems
wise not to increase the interstrand resistance any more than abso-
lutely necessary for the control of losses. Here, it is useful to look at
the anisotropic nature of losses in Rutherford cables. Taking the ra-
tio of losses in Eqs. (23) and (24) we find:

_Q tc
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20
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Cables typically contain 30–40 wires so that the numerical factor in
Eq. (26) is $40–80. Losses are thus much more sensitive to Rc than
to Ra and we can take advantage of this anisotropy by making Rc

high for losses but keeping Ra low for current sharing. Unfortunately
this situation does not occur naturally in cables, where Rc can be up
to an order of magnitude less than Ra because of the heavy rolling
which is applied to the broad face. To get a preferentially high Rc

it is therefore necessary to introduce a resistive core foil as shown
in Fig. 21. Using a 25 lm thick stainless steel core foil, cables have
been produced for the FAIR project with Rc $ 5 mX to control losses
and Ra $ 100 lX [40] to facilitate current sharing.

The high Rc of cored cables makes it difficult to measure using
the methods of [35] and special techniques have had to be devised
[41]. However, the high Rc has made it possible to measure more
detail in Ra than previously and it has been found that Ra varies
strongly across the cable, being much lower at the edges than in
the centre. Presumably this difference is brought about by greater
distortion at the edges during the rolling process. Unfortunately, it
has the effect of increasing loss; for example in the extreme case of
all the adjacent contact being concentrated at the edges, the losses
in Eq. (24) are increased by a factor 3.

5.4. Interstrand resistance and stability

Although it seems intuitively obvious that cables with a low
resistance between wires should be more stable than those with
a high resistance, it has not been obvious how this might be quan-
tified. One helpful approach has been again to consider the mini-
mum quench energy (MQE), which is here measured by a short

Fig. 19. Coupling currents flowing via crossover resistance Rc in transverse field (upper wires shown light grey).

Fig. 20. Coupling currents flowing via adjacent resistance Ra in transverse field.
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where h is the ‘slope’ angle between the wires and longitudinal
direction of the cable and ra is the contact resistance per unit adja-
cent area.

Finally, the component of field parallel to the broad face of the
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where Bp is the component of field parallel to the broad face. In gen-
eral, parallel field losses are negligible in comparison with trans-
verse field losses.

It should be pointed out that Eqs. (23)–(25) and also (4) and (5)
are only valid in situations far removed from saturation, that is
when the superconducting parts of the coupling current paths
are well below their critical current density. In practice this is
not a serious limitation because the losses of a saturated conductor
would be so high that they would have to be reduced by redesign-
ing the transverse resistance, twist pitch etc.

Twist pitch is usually fixed by the mechanics of cable making, so
the only parameters available for controlling loss are the inter-
strand resistances Rc and Ra. If there is good metallic contact be-
tween wires, for example in a soldered cable, these resistances
are very low. For all ramp times of less than a few minutes it is nec-
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duced by the usual processes of magnet fabrication, which involve
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which can reduce Rc to less than 1 lX. To produce a layer which is
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to an order of magnitude less than Ra because of the heavy rolling
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and Ra $ 100 lX [40] to facilitate current sharing.
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Although it seems intuitively obvious that cables with a low
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a high resistance, it has not been obvious how this might be quan-
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Fig. 19. Coupling currents flowing via crossover resistance Rc in transverse field (upper wires shown light grey).

Fig. 20. Coupling currents flowing via adjacent resistance Ra in transverse field.
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where h is the ‘slope’ angle between the wires and longitudinal
direction of the cable and ra is the contact resistance per unit adja-
cent area.

Finally, the component of field parallel to the broad face of the
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where Bp is the component of field parallel to the broad face. In gen-
eral, parallel field losses are negligible in comparison with trans-
verse field losses.

It should be pointed out that Eqs. (23)–(25) and also (4) and (5)
are only valid in situations far removed from saturation, that is
when the superconducting parts of the coupling current paths
are well below their critical current density. In practice this is
not a serious limitation because the losses of a saturated conductor
would be so high that they would have to be reduced by redesign-
ing the transverse resistance, twist pitch etc.

Twist pitch is usually fixed by the mechanics of cable making, so
the only parameters available for controlling loss are the inter-
strand resistances Rc and Ra. If there is good metallic contact be-
tween wires, for example in a soldered cable, these resistances
are very low. For all ramp times of less than a few minutes it is nec-
essary to rely on surface effects to increase the contact resistance.
The natural oxide layer on copper produces a resistance Rc $ hun-
dreds of lX, which is adequate for ramp times down to$ a minute.
Unfortunately, this natural layer is unpredictable and is greatly re-
duced by the usual processes of magnet fabrication, which involve
heating the coil under pressure to consolidate it and activate the
adhesive layer on the insulating film. The mechanism of this reduc-
tion is thought to be that the pressure produces a seal around the
contact area, preventing the ingress of oxygen, and that the heating
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sult is a good metallic contact at some points over the contact area,
which can reduce Rc to less than 1 lX. To produce a layer which is
less sensitive to the pressing/heating process, the wire must be gi-
ven a surface coating. For LHC, the coating chosen is a silver tin al-
loy, which is also given an oxidation pre-heat treatment [38]
producing an Rc $ 10 lX. This resistance, which is not strongly af-
fected by the coil heat treatment process, is adequate for the LHC
ramp time of 20 min, where in fact the main problem is not ac loss
but field distortion caused by the coupling currents. If higher resis-
tance is required, a coating of nickel has been found to produce Rc

$ 100 lX.
For faster ramp rates, for example the 1 T/s planned for SIS300
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higher resistances are needed. While it is no doubt possible to cre-
ate such resistances by surface heat treatments, there are concerns
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wise not to increase the interstrand resistance any more than abso-
lutely necessary for the control of losses. Here, it is useful to look at
the anisotropic nature of losses in Rutherford cables. Taking the ra-
tio of losses in Eqs. (23) and (24) we find:

_Q tc

_Q ta
¼ Ra

Rc

NðN % 1Þ
20

ð26Þ

Cables typically contain 30–40 wires so that the numerical factor in
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The high Rc of cored cables makes it difficult to measure using
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[41]. However, the high Rc has made it possible to measure more
detail in Ra than previously and it has been found that Ra varies
strongly across the cable, being much lower at the edges than in
the centre. Presumably this difference is brought about by greater
distortion at the edges during the rolling process. Unfortunately, it
has the effect of increasing loss; for example in the extreme case of
all the adjacent contact being concentrated at the edges, the losses
in Eq. (24) are increased by a factor 3.

5.4. Interstrand resistance and stability

Although it seems intuitively obvious that cables with a low
resistance between wires should be more stable than those with
a high resistance, it has not been obvious how this might be quan-
tified. One helpful approach has been again to consider the mini-
mum quench energy (MQE), which is here measured by a short

Fig. 19. Coupling currents flowing via crossover resistance Rc in transverse field (upper wires shown light grey).

Fig. 20. Coupling currents flowing via adjacent resistance Ra in transverse field.
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Add core to dramatically reduce transverse coupling, 
while maintaining decent Ra for current sharing
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Other loss terms

In the previous analysis, we assumed the cos(θ) 
longitudinal current flowed on the outer filament 
shell of the conductor. Depending on dB/dt, ρ, 
and L, the outer filaments may saturate (i.e. reach 
Jc), resulting in a larger zone of field penetration.  
The field penetration results in an additional loss 
term: 

Self-field losses: as the transport current is varied, 
the self-field lines change, penetrating and exiting 
the conductor surface. The effect is independent 
of frequency, yielding a hysteresis-like energy 
loss:
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First estimate of AC losses: Hysteresis losses

poloidal coils and plasma current, they are not pulsed. The large
helical device [5] in Toki Japan has two superconducting coil sys-
tems: a set of dc helical coils to confine the plasma and a set of
pulsed poloidal coils to provide the changing fields. The poloidal
coils are made from a large NbTi cable in conduit conductor (CICC)
and have operated without quenching for many years [6]. CICC will
be also used for the pulsed poloidal coils in the new Tokamak reac-
tor project ITER [7].

2. Loss mechanisms in high field superconductors

2.1. Hysteresis

Losses in high field superconductors exposed to changing mag-
netic fields arise from the irreversible nature of flux pinning. As the
field rises (or falls), flux moves into (or out of) the superconductor
which means that the individual vortices must break free of their
pinning centres and move through the material. This movement
is an irreversible dissipative process which generates heat. It gives
rise to an irreversible magnetization curve like the innermost loop
shown in Fig. 1. The energy dissipation around a cycle Q (J m!3) is
given by

Q ¼
Z

loMdH ð1Þ

An alternative ‘dirty hands’ engineering view of the situation is that
the changing magnetic field creates an electric field within the
material which drives the current density locally to a value above
critical, where the resistive voltage drop is equal to the induced
electric field. Although they look different, both views are equiva-
lent but, in practice, the second offers an easier way of calculating
losses.

If we take the simplest case of a semi infinite slab subjected to
an external field changing at a rate _B, at places not to close to the
field reversal points in Fig. 1, the ac loss power (W m!3) _Q is:

_Q ¼ _BM ¼ _BJc
d
4

ð2Þ

where d is the slab width. For a round wire transverse to the field
there is a small numerical change:

_Q ¼ _BM ¼ _BJc
2d
3p ð3Þ

where d is the wire diameter. Given that magnet makers always
want the highest possible Jc, it is this simple relationship that has
driven the quest for fine filaments of NbTi.

In a magnet the conductor is not only subject to a changing
field, but is also carrying a changing transport current It. Here the

above losses are increased by a factor (1 + i2), where i is the ratio
It/Ic [8].

Note that these simple formulae only apply when the external
field change is large compared with the penetration field Bp of
the superconductor. For example, a 10 lm filament with Jc

= 5000 A mm!2 is fully penetrated when the external field varia-
tion exceeds Bp ¼ loJcd=2 ¼ 30 mT. Losses can be much smaller
when the field change is so small that it does not fully penetrate
the superconductor [8]. In this situation, it does not pay to use fine
filaments, because they increase the volume of superconductor
which is exposed to changing flux. Here it is better to use large fil-
aments so that most of their interior is shielded from the changing
field. For extremely small field changes, there are even situations of
zero loss where the vortices oscillate about a pinning centre with-
out becoming de-pinned. Field penetration may be incomplete in
the windings of a dc magnet which is subjected to a small field rip-
ple coming from elsewhere, but never in a magnet which is ramped
with a substantial field change.

2.2. Coupling

A 10 lm filament might carry 1=4 Amp, whereas magnet conduc-
tors must carry hundreds or thousands of Amps. It is thus neces-
sary to use a lot of filaments in parallel. For this reason, NbTi
wires for ac use are made in the form of filamentary composites
containing thousands of filaments and having critical currents of
hundreds of Amps. For large magnets needing higher operating
currents, cables are made containing tens to hundreds of wires.

For practical manufacture, the filaments are embedded in a ma-
trix of normal metal, which is usually chosen to be copper to pro-
vide stability against local disturbances in the magnet and also to
ensure protection against burnout during a quench. The copper
brings lots of benefits, but it also brings the problem of an en-
hanced eddy current loss caused by coupling between the fila-
ments. In line with the classical way of reducing coupling
between a pair of wires, this eddy current coupling may be reduced
by twisting, which causes the eddy currents to flow as illustrated in
Fig. 2.

It may be seen that screening currents are induced to flow along
the filaments approximately perpendicular to the external field
and then cross over the matrix in a direction anti-parallel to the
external field. The additional component of loss caused by these
additional screening currents is:
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Fig. 1. Magnetization loop for NbTi: inner loop is measured under dc conditions,
outer loops are at 1 T/s and 2 T/s.
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Fig. 2. The flow of coupling currents in a twisted composite wire.
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poloidal coils and plasma current, they are not pulsed. The large
helical device [5] in Toki Japan has two superconducting coil sys-
tems: a set of dc helical coils to confine the plasma and a set of
pulsed poloidal coils to provide the changing fields. The poloidal
coils are made from a large NbTi cable in conduit conductor (CICC)
and have operated without quenching for many years [6]. CICC will
be also used for the pulsed poloidal coils in the new Tokamak reac-
tor project ITER [7].

2. Loss mechanisms in high field superconductors

2.1. Hysteresis

Losses in high field superconductors exposed to changing mag-
netic fields arise from the irreversible nature of flux pinning. As the
field rises (or falls), flux moves into (or out of) the superconductor
which means that the individual vortices must break free of their
pinning centres and move through the material. This movement
is an irreversible dissipative process which generates heat. It gives
rise to an irreversible magnetization curve like the innermost loop
shown in Fig. 1. The energy dissipation around a cycle Q (J m!3) is
given by

Q ¼
Z

loMdH ð1Þ

An alternative ‘dirty hands’ engineering view of the situation is that
the changing magnetic field creates an electric field within the
material which drives the current density locally to a value above
critical, where the resistive voltage drop is equal to the induced
electric field. Although they look different, both views are equiva-
lent but, in practice, the second offers an easier way of calculating
losses.

If we take the simplest case of a semi infinite slab subjected to
an external field changing at a rate _B, at places not to close to the
field reversal points in Fig. 1, the ac loss power (W m!3) _Q is:

_Q ¼ _BM ¼ _BJc
d
4

ð2Þ

where d is the slab width. For a round wire transverse to the field
there is a small numerical change:

_Q ¼ _BM ¼ _BJc
2d
3p ð3Þ

where d is the wire diameter. Given that magnet makers always
want the highest possible Jc, it is this simple relationship that has
driven the quest for fine filaments of NbTi.

In a magnet the conductor is not only subject to a changing
field, but is also carrying a changing transport current It. Here the

above losses are increased by a factor (1 + i2), where i is the ratio
It/Ic [8].

Note that these simple formulae only apply when the external
field change is large compared with the penetration field Bp of
the superconductor. For example, a 10 lm filament with Jc

= 5000 A mm!2 is fully penetrated when the external field varia-
tion exceeds Bp ¼ loJcd=2 ¼ 30 mT. Losses can be much smaller
when the field change is so small that it does not fully penetrate
the superconductor [8]. In this situation, it does not pay to use fine
filaments, because they increase the volume of superconductor
which is exposed to changing flux. Here it is better to use large fil-
aments so that most of their interior is shielded from the changing
field. For extremely small field changes, there are even situations of
zero loss where the vortices oscillate about a pinning centre with-
out becoming de-pinned. Field penetration may be incomplete in
the windings of a dc magnet which is subjected to a small field rip-
ple coming from elsewhere, but never in a magnet which is ramped
with a substantial field change.

2.2. Coupling

A 10 lm filament might carry 1=4 Amp, whereas magnet conduc-
tors must carry hundreds or thousands of Amps. It is thus neces-
sary to use a lot of filaments in parallel. For this reason, NbTi
wires for ac use are made in the form of filamentary composites
containing thousands of filaments and having critical currents of
hundreds of Amps. For large magnets needing higher operating
currents, cables are made containing tens to hundreds of wires.

For practical manufacture, the filaments are embedded in a ma-
trix of normal metal, which is usually chosen to be copper to pro-
vide stability against local disturbances in the magnet and also to
ensure protection against burnout during a quench. The copper
brings lots of benefits, but it also brings the problem of an en-
hanced eddy current loss caused by coupling between the fila-
ments. In line with the classical way of reducing coupling
between a pair of wires, this eddy current coupling may be reduced
by twisting, which causes the eddy currents to flow as illustrated in
Fig. 2.

It may be seen that screening currents are induced to flow along
the filaments approximately perpendicular to the external field
and then cross over the matrix in a direction anti-parallel to the
external field. The additional component of loss caused by these
additional screening currents is:

_Q ¼
_B2
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Fig. 1. Magnetization loop for NbTi: inner loop is measured under dc conditions,
outer loops are at 1 T/s and 2 T/s.
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Fig. 2. The flow of coupling currents in a twisted composite wire.
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Coupling loss reduction:
- minimize twist pitch

Q
coupling�tot

= Q
coupling

⇤ V
cond



USPAS June 2015, Rutgers University              Superconducting accelerator magnets AC Losses in Superconductors 4.13

Use of the AC-loss models

It is common (but not necessarily correct) to add the different 
AC loss terms together to determine the loss budget for an 
conductor design and operational mode. 
AC loss calculations are “imperfect”: 

Uncertainties in effective resistivities (e.g. matrix resistivity may vary 
locally, e.g. based on alloy properties associated with fabrication; 
contact resistances between metals may vary, etc) 
Calculations invariably assume “ideal” behavior, e.g. Bean model, 
homogeneous external field, etc. 

For real applications, these models usually suffice to provide 
grounds for conductor specifications and/or cryogenic 
budgeting 

For critical applications, AC-loss measurements (non-trivial!) should 
be undertaken to quantify key parameters



USPAS June 2015, Rutgers University              Superconducting accelerator magnets AC Losses in Superconductors 4.14

Special cases: HTS tapes

HTS tapes have anisotropic Jc properties that impact AC losses. 

The same general AC loss analysis techniques apply, but typical 
operating conditions impact AC loss conclusions: 

the increased specific heat at higher temperatures has significant 
ramifications - enhances stability 
Cryogenic heat extraction increases with temperature, so higher 
losses may be tolerated
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AC losses and cryogenics

The AC loss budget must be accounted for in the cryogenic 
system 

Design must account for thermal gradients – e.g. from strand to 
cable, through insulation, etc. and provide sufficient temperature 
margin for operation 
Typically the temperature margin needed will also depend on the 
cycle frequency; the ratios of the characteristic cycle time (τw) and 
characteristic diffusion time (τd) separates two regimes:  
1. τw<< τd : Margin determined by single cycle enthalpy 
2. τw>> τd : Margin determined by thermal gradients  

The AC loss budget is critical for applications requiring 
controlled current rundown; if the AC losses are too large, 
the system may quench and the user loses control of the 
decay rate 
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Specifying conductors for AC losses

As a designer, you have some control over the ac losses: 
Control by conductor specification 

Filament size 
Contact resistances 
Twist pitch 
Sufficient temperature margin (e.g. material Tc, fraction of critical current, 
etc) 

Control by cryogenics/cooling 
Appropriate selection of materials for good thermal conductivity 
Localization of cryogens near thermal loads to minimize ΔT 

Remember: loss calculations are imperfect! For critical 
applications, AC loss measurements may be required, and 
some margin provided in the thermal design to 
accommodate uncertainties


