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Abstract—Future particle accelerators require high-field dipole
and quadrupole magnets to guide the particles inside the collider
ring. Magnets based on High-Temperature Superconductors (HTS)
allow operation with higher magnetic field and higher operation
temperature compared with the Low-Temperature Superconduc-
tor (LTS) based options. One of the issues presently limiting the
HTS technology seems to be their protection in case of an unwanted
resistive transition, i.e., a quench. New magnet technologies based
on non-insulated or partially insulated (metal-insulated) winding
technologies ease the problem compared with traditionally in-
sulated magnets. In these magnets, the current can by-bass the
quenched segment and the peak temperature remains lower. How-
ever, in high current density and high energy density operation, also
the insulation-free options will have limitations, and the quench
temperatures should be analyzed. In this contribution we present
a method for analytical estimation of the protection limits in insu-
lated, non-insulated and metal-insulated magnets. The equations
can be used in early stages of magnet design to assess the feasibility
and performance requirements of the eventual protection systems.
The work stems from the International Muon Collider Collabo-
ration and the results shown here review the protection limits in
the dipoles and quadrupoles considered in its collider ring design.
We discuss how parameters such as the coil size, metal insulation
thickness and the amount of stabilizer copper in the tape impact the
protectability of the magnet. This analysis considers only an adia-
batic estimation of the peak temperature. Other potentially critical
aspects such as voltages and mechanical stresses must be considered
with more detailed models as the magnet designs mature.

Index Terms—HTS magnets, Quench protection.

1. INTRODUCTION

IGH temperature superconductor (HTS) based magnets
H operating with high current- and energy density are con-
sidered for high magnetic field applications such as particle
accelerator magnets. While loss-less in nominal DC use, the
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high current density will lead to extreme resistive losses if
superconductivity is lost during operation. Rapid detection of
the normal transition, i.e., quench, and a subsequent activation
of a protection system to discharge the energy of the system is
therefore of pivotal importance. The technical realization of fast
enough quench detection and protection is currently considered
as one of the limiting factors in HTS magnet design.

This paper is related to the Muon collider magnet design
study, which first compared the design limits of NbTi, Nb3Sn
and ReBCO based dipoles and quadrupoles in terms of cost,
protection, critical current margin and mechanical limits [1],
[21, [3], [4]. One of the conclusions was that in insulated HTS
magnets quench protection is indeed the limiting factor. It was
decided to explore non-insulated (NI) and metal-insulated (MI)
HTS magnet options. In this paper we review the method that
was used to evaluate the protection limits in that previous study
and expand the method to the potential NI and MI magnets.

The analytical method assumes simplified magnet technology
and quench behavior. The equations relate the maximum stored
energy density (Ey.1) and copper current density (Jcoy) to keep
the hotspot temperature below a set limit (200 K for HTS
magnets). It is fast to use during initial design phases and it
can be combined with other analytical magnet design equations.
While considered appropriate for LTS magnets, the suitability
of this type of method for HTS magnets must be reviewed after a
more detailed study of magnet quench behavior and confirming
the protection system technology. The hotspot limit must also be
validated with further numerical [5] and experimental analyses.
In this paper we describe the methods, the used parameters,
and an application to the Muon collider dipole and quadrupole
options. As a result, we present the magnet aperture — field
relations based on protection and cost limits. The method can be
used also independently of cost model by estimating the required
coil widths for different apertures and magnetic fields.

II. QUENCH LIMIT EQUATIONS
A. Adiabatic Temperature Estimation

The adiabatic quench load equation, or the so-called MIITs
concept, assumes that all current flows in the copper (and silver)
parts of the quenched conductor. The temperature increase is es-
timated based on the energy of these resistive losses and the cable
heat capacity. Numerical integrals are needed to account for the
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Fig. 1. The quench load for hotspot accumulates during the protection delay
(current plateau) and current decay.

cable resistivity and specific heat temperature (7) and field (B)
dependency. The relation between current density integral and

material specific parameters becomes:
1 TMax Cv,cable (T)

PCu (T7 B7 RRR)

Togz, = T, (1)

tquench

fCu Tes

where Jcy, is in A/m?, pcu is copper resistivity in m, C, cable
is the cable heat capacity in J/m>. The integral upper limit Tyax
is the hotspot temperature, lower limit 7.¢ the current sharing
temperature, and fc,, is the fraction of copper area in cable cross-
section. The silver layer as a first estimation is included in the
copper (stabilizer) fraction. The glass or metal cable insulation
is considered in the heat capacity.

The hotspot heating during quench process is divided to two
parts: A constant magnet current before the protection system
is efficient, and a decay after a protection system (e.g., heater,
CLIQ) quenches the entire coil, see Fig. 1. We assume that there
is no external energy extraction, and all stored energy is absorbed
by the coil. In insulated magnets the current decay is driven by
the coil inductance and resistance ratio. The duration of the time
at the constant current is called “protection delay” (Zprotdelay)-
It corresponds approximately to an average heater delay [6].

B. Modified Energy Density Method

The relation of Jc, and E, is based on the Energy density
method [6], [7]. The first step is to set the Tyiax and compute
the available quench load (MIITs). The part of the total quench
load that is consumed during the decay is based on coil average
temperature (7T1,,1x) after absorbing the stored energy density:

Toutk

Euol == Cv,cable (T) dr (2)

cs

The load that is left for the plateau is then computed based on
Iprotdelay- FOT given fprotdelay, the maximum J¢, becomes:

Tnax Cy(T) _ (Touik C, (T)
J T, = fTCS /)Cu(TvBP)dT f Cbs " )‘)Cu(TaBav)dT
Cu ( bulk) == f n ol .
cuvprotaetay
3)

For computing the MIITs for hotspot we use the coil peak field
(Bp) because it is the worst case due to higher copper resistivity.
For bulk temperature we use the coil average field (B,y). The
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Fig. 2. Example Jcoy vs. Eyol curves in NbzSn cables and comparison with

recent magnet designs with associated peak fields.
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Fig. 3. Example Joy vs. Eyo) curves for a metal-insulated HTS cable. Left:
Impact of peak field (fprotdelay = 1 ms). Right: Impact of protection delay (B,
=10T).

method was analyzed for impregnated NbsSn magnets in [6].
Its’ use for HTS can be considered only as a first estimate and
the validity must be confirmed later.

In Fig. 2 is an example calculation for the protection curves
for Nb3Sn accelerator magnets for three different peak magnetic
field; 8 T, 12 T, and 16 T. The used cable material fractions are
fou=0.4,fsc =0.3, fins = 0.3, Cu RRR = 150. These are based
on an average of several recently designed magnets. The limits
are for Thyax = 350 K [8] and #protdelay = 40 ms [9]. Moreover,
T.s = 10 K and B,, = By/2. Included are the design points of
some recent real magnet designs: MQXF [10] and 11 T [11] at
nominal operation conditions, and the EuroCirCol 16 T magnet
designs [12][6]. The 16 T magnet designs have graded coils and
the stored energy density in each cable was computed based on
the dissipated energy in both cable types.

Fig. 3 shows the protection curves in a metal insulated ReBCO
magnet with parameters detailed in the next section (case MI-2).
The current is assumed to quickly spread in the coil and the
protection delay is only 1 ms. This allows much larger Jc,, than
was allowed for Nb3Sn magnets, making E.,; the liming factor.
The associated Ty is also shown. The difference between
the Ty and Taax (200 K) is related to the hotspot heating
during plateau. Right side of the figure shows the large impact
of tprotdelay- If it is 40 ms, like in the LTS magnets, then the
allowed current density becomes comparable with those.

C. Assumptions in Insulated, Non-Insulated and
Metal-Insulated Magnets

The maximum hotspot temperature in all ReBCO magnets
was 200 K in this analysis. In insulated REBCO magnets we
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took the same protection delay than in Nb3Sn magnets: 40 ms.
In NI and MI magnets the protection delay is 1 ms.

In the NI and MI options operation current by-passes the
quenched part of the cable, eventually quenching the other parts
of the coil. The concept of protection delay is not so useful
in these cases. This approach merely evaluates the limits that
the quench protection poses if no external energy extraction
(ultimate energy density with some margin). The impact of
metal sheet thickness on current transfer between the turns is not
accounted. In the reference cases the stored energy is dissipated
uniformly to 100% of coil volume. The impact of this coil
fraction absorbing the energy is analyzed in this study.

III. QUENCH PROTECTION LIMITS INTEGRATED IN MAGNET
DESIGN

The Muon collider ring dipole and quadrupole limits were
estimated analytically based on assumption for a single cable
sector cos-theta dipole and quadrupole. The limits for coil
aperture and magnetic field or gradient were based on cost, me-
chanical stress, superconductor margin, and quench protection

(11, [2]. (3], [4].

A. The Algorithm

The goal was to define the AB-plot, i.e., the maximum aper-
ture (A) allowed for each magnetic field (B) based on quench
protection limitations. The analysis includes also the cost limit,
because the coil area is limited by the allowed conductor cost.
The first step is to compute coil maximum area from cost limit.
This gives the coil width — magnet aperture relation. The second
step is to loop through the magnetic field range (B; in dipole or
B in quadrupole) and compute J¢, and Egiored,vol for different
apertures. The largest aperture that satisfies protection is selected
for each field. The equations were programmed as MATLAB
functions.

Step 1- Coil width based on cost

The coil width (w¢.i1) was computed based on cost as de-
scribed in [3], [4]. The total cost of magnet per unit length is
limited to 400 k€/m, of which conductor is about 75% (varies
slightly as a function of aperture). Two cost options are analyzed:
HTS tape cost today assumed 8000 €/kg and aspirational cost
for future magnets 2500 €/kg. We used the maximum coil width
allowed by cost. If the coil width was larger than 80 mm, we
used 80 mm.

Step 2 - Current densities and stored energy density

The coil engineering current density (J) for a sector dipole or
quadrupole with angle ¢ is from [13]:

for dipole
, for quad., 4

B,
wcm‘zsinésﬂ) ’
2

1n< 1;0:" ) sin(2¢)

n

J = 1.25-10°

where R;, and R, are the inner and outer radius respectively.

The peak field in quadrupole is assumed Bpeqr = B2 Ryy. In

dipole the peak field for quench calculation is assumed as Bj.
The stored energy densities are computed based on [13]:

2.5-10°R2

Eyor =
v Acoil
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TABLE I
REFERENCE PARAMETERS FOR COIL MATERIAL FRACTIONS

Material Insula- Non- Metal- MI-2
fractions ted (1) insulated (NI) | insulated (MI)

fCu + fAg 0.180 0.213 0.183 0.311
fHast + fBuff 0.449 0.533 0.457 0.378
fYBCO 0.009 0.011 0.009 0.015
flns (G10) 0.371 - -
fMetal - - 0.143 0.185
fVoid 0.000 0.254 0.218 0.111

R R 2
B%{l—f—g(R‘:‘: —1)—&—%(1%::‘ —1) }, for dipole

4
BIRY 1| ( R 17 R
In2 ( %m) g |\ R 1 5 1n T , for quad.

(&)

IV. PROTECTION LIMITS IN MUON COLLIDER DIPOLES AND
QUADRUPOLES

A. Coil Composition

The mapping of design parameter space considered a sector
dipole with ¢ = 60° and quadrupole with ¢ = 30°. The baseline
cable parameters were based on 13-strand-ROEBEL-cable insu-
lated with 0.1 mm glass fiber glass wrap [14]. In the NI coil the
insulation is simply removed. In the first MI option the insulation
is replaced with stainless steel layer of equal thickness. A fourth
cable, MI-2, was based on 4 tapes (Fujikura FESC-SCHI12 [15]
stacked together and a 50 pm metal sheet between cables. The
material fractions are in Table I.

B. AB-curves in Reference Cases and Impact of the Coil
Fraction Absorbing the Stored Energy

The AB-plots relating the maximum magnet aperture (inner
diameter) for each dipole field (B) or quadrupole gradient (Bs)
are shown in Fig. 4. The plots show the impact of assumed
conductor cost. With conductor “aspirational cost”, a larger coil
can be afforded, and protection becomes easier.

In case of the insulated magnet the protection is limiting the
dipole design below 15 T. With 150 mm aperture one can have a
10 T dipole. With NI or MI options the design space significantly
enlarges allowing 15 T at 150 mm aperture and 20 T for 100 mm
aperture (cost aspirational). In quadrupole the NI and MI coils
also allow increase of aperture by at least 50 mm for the same
gradient compared with insulated coil. With aspirational cost and
NI or MI magnet, protection is not the limiting factor anymore,
but J. margin and mechanical limits become important. The
main reason for the large difference between insulated and NI
or MI magnets is the shorter protection delay and shorter hotspot
heating time after quench.

In the previous we assumed that the stored energy is absorbed
by the entire coil volume via uniform resistive heating. If the
current is packed to only part of the coil, it will heat non-
uniformly. The impact of the coil volume fraction absorbing the
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Fig. 4.  Maximum allowed aperture based on quench protection and cost
limitations in dipole and quadrupole.
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Fig. 5. Impact of copper thickness to the protection limits assuming aspira-

tional cost for HTS tape. Note, also the tape fraction changes as the copper
increases.

stored energy was analyzed for the case of MI-2. Fig. 4 shows
the allowed maximum apertures is the coil resistive fraction
(fres) 18 reduced from 100% to 10%. As expected, the available
heat capacity directly impacts the coil design limit, although
the relationship is not linear. For example, if only 50% of coil
participates in absorbing the stored energy, then for 150 mm
aperture one should design the magnet for 11 T dipole field
instead of 15 T as with fes = 100%.

C. Impact of Copper Fraction

The impact of tape copper layer thickness was analyzed in
case of MI-2. The copper thickness is varied from 10 to 50 um
on each side (reference was 20 um). Larger copper fraction is
foreseen to be beneficial for protection because it reduces the
copper current density. On the other hand, with thicker copper
the tape fraction in the cable increases and smaller coil width
can be afforded. Based on these results, the copper fraction does
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Fig. 8. Left: Required coil width in MI-2 dipole with different thickness

of metal insulation between cables. Right: Associated costs of the conductor
assuming the aspirational HTS tape price (2500 €/kg).

not impact the result if f;os = 100%. If f.s = 50%, then copper
fraction has a small impact, see Fig. 5. As supported by Fig. 3, the
protection is not very sensitive to Jc, if it is below 3000 A/mm?,
It is the energy density that matters. The reason is that Jcy,
value matters only during the short (1 ms) current plateau before
protection is active. In NI and MI coils the computed coil average
temperature was between 170 and 190 K, depending on the case.
This means that during the 1 ms protection delay the hotspot
heated 10-30 K more. In reality, detailed FEM simulations
would be needed to evaluate the dynamics of current diffusion
within the tape [16] and from turn-to-turn.

V. NEEDED COIL WIDTH BASED ON PROTECTION
REQUIREMENTS

An analysis, which is independent from the cost model is to
compute the coil width that is needed by protection require-
ments. Fig. 6 shows the needed coil width for insulated, NI,
and MI dipoles with 150 mm aperture. With 60 mm wide coil
we can get 16 T dipole with NI or MI, but only 11 T with



SALMI et al.: ANALYTICAL ESTIMATION OF QUENCH PROTECTION LIMITS

insulated cable. The associated conductor cost is also shown.
The impact of aperture and resistive fraction was analyzed for
NI coil, see Fig. 7.

The required coil width and the associated cost was analyzed
also for MI-2 considering different metal layer thickness, see
Fig. 8. With aspirational cost, the 50 pum thickness allows the
16 T and 140 mm aperture dipole.

VI. CONCLUSION

High critical current density in HTS allows making very
compact high current density magnets. The high copper current
density after quench may be problematic especially in insulated
cables. Insulated cables are indeed likely to be limited by pro-
tection, but also insulation free options must reserve enough
coil volume to absorb the stored energy. If we consider only the
energy balance (coil must absorb the stored energy in absence
of external energy extraction) and give only 1 ms of additional
heating time for hotspot, then insulation free options are not very
sensitive to copper current density variation.

In metal insulated magnets thicker metal insulation helps
protection because it adds heat capacity to coil, but its impact to
current diffusion process requires separate analysis. In general,
the presented method serves only as a very first and rough
estimation of magnet protection limits. More detailed quench
analysis is needed in the next magnet design stages.
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