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Abstract

The design of the protection system for the superconducting elements in an accel-
erator such as the Large Hadron Collider (LHC), now under construction at CERN,
requires a detailed understanding of the thermo-hydraulic and electrodynamic pro-
cesses during a quench. A numerical program (SPQR - Simulation Program for
Quench Research) has been developed to evaluate temperature and voltage distri-
butions during a quench as a function of space and time. The quench process is
simulated by approximating the heat balance equation with the finite difference
method in presence of variable cooling and powering conditions. The simulation
predicts quench propagation along a superconducting cable, forced quenching with
heaters, impact of eddy currents induced by a magnetic field change, and heat trans-
fer through an insulation layer into helium, an adjacent conductor or other material.
The simulation studies allowed a better understanding of experimental quench data
and were used for determining the adequate dimensioning and protection of the
highly stabilised superconducting cables for connecting magnets (busbars), opti-
mising the quench heater strip layout for the main magnets, and studying quench
back by induced eddy currents in the superconductor. After the introduction of the
theoretical approach, some applications of the simulation model for the LHC dipole
and corrector magnets are presented and the outcome of the studies is compared
with experimental data.
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cross-section

copper cross-section

niobium-titanium cross-section

heater strip cross-section

magnetic field

field component parallel to the conductor block

field component perpendicular to the conductor block
heater power supply capacitance

heat capacity (averaged for conductor)

heater strip heat capacity

insulation layer heat capacity

filament diameter

fraction of conductor exposed to helium

fraction of heater energy directed into the superconductor
heat transfer function for transverse cooling

angle of magnetic field and the conductor block

logical function that determines whether element is covered by heater

height of Rutherford cable

heat transfer coefficient to helium

excitation current

interfilament coupling current

interstrand coupling current

heater current

initial heater current

initial excitation current

critical current density for the conductor

heat flux

thermal conductivity

thermal conductivity of the insulation layer

thermal conductivity of the heater insulation layer
thermal conductivity of the insulation between turns
length (longitudinal) of heater strip

length of copper plated part per period of the heater strip

length of non copper plated part per period of the heater strip

thickness of the insulation layer

twist pitch length of a filament

twist pitch length of a strand

magnetisation loss

number of strands in one layer of the Rutherford cable
effective wetted perimeter of the conductor
power loss in strands (interfilament)

power loss in the Rutherford cable (interstrand)
initial heater power dissipation

heat pulse provoking the natural quench
resistance

contact resistance between adjacent strands in one layer
inter layer contact resistance

heater strip resistance

copper resistivity

heater resistivity (stainless steel dominated)
ratio of copper resistivity at 300 K and 10K
ratio of copper to niobium-titanium content
radius of the conductor

temperature

helium bath temperature

critical temperature

current sharing temperature

heater strip temperature

insulation layer temperature (at boundary to helium bath)
temperature at which nucleate boiling starts
temperature at which film boiling helium starts
time

quench detection time

time interval needed to start film boiling
heater current decay time constant
interfilament current build-up time constant
interstrand current build-up time constant
initial heater voltage

minimum heater voltage to provoke a quench
volume element

width of heater strip

averaged turn width

longitudinal direction along the conductor
transverse direction between layers

transverse direction between turns
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1 Introduction

Analytic models of the quench process are limited in precision since they often
disregard the temperature dependence of the material parameters, assume a
simple geometry and do not take the cooling by helium into account. Tests of
superconducting equipment is time consuming and expensive, and the results
can frequently only be understood with the help of simulation studies. As
most quench experiments are performed on prototype magnets and busbars,
computations are required to extrapolate to the configuration in the LHC.

For the analysis of quenches in large size, forced flow cooled superconducting
magnets for fusion, computer codes for the simulation of the quench process
have been widely used (1). For accelerator magnets, the existing codes (2) (3)
describe well some aspects of the quench process, but a code for realistic
simulations of quenches in complex systems is not available.

The program SPQR (Simulation Program for Quench Research) has been
developed to study the thermodynamic and electro-magnetic processes during
a quench by solving the heat balance equation focusing on the particularity of
the quench processes in accelerators magnets and busbars. It is of particular
interest to calculate the quench propagation velocity along the superconduc-
tor, and between adjacent turns in a magnet coil. Section2 introduces the
theoretical model. An overview over the results of simulation studies that
were performed with SPQR and their comparison with experimental data are
presented in the Sections3 and 4. Results for the temperature profiles after
a quench in a superconducting busbar at the LHC obtained with an earlier
numerical model were already published (4).

2 Modelling

2.1 General remarks

To evaluate the quench propagation, the computation starts by initialising a
quenched zone as a Gaussian like temperature distribution along the super-
conductor that carries a current I(t). Bath temperature and the parameters
of the superconducting cable and the insulation need to be specified.

The temperature profile is then evaluated as a function of time and space
approximating the heat balance equation with the finite difference method,
taking into account the longitudinal heat flux k(7")dT/dx along the conduc-
tor, the thermal impedance ¢(T")dT'/dt and the heat generation G(T') in the



conductor, and the transverse cooling h7¢(T) P. P is called the wetted perime-
ter, which is P = f - 2nr for a circular conductor, r being the radius of the
conductor and f being the effective fraction. Several transverse cooling mod-
els are included: direct heat transfer from the surface of the conductor into
the helium bath (with the heat transfer coefficient h¢(T,dT/dt), heat trans-
fer through an insulation layer into the helium, or assuming a certain helium
fraction per unit length inside the cable to make the simulation more realistic
and to fit experimental results. P corresponds to the surface per unit length
of the conductor that is surrounded by liquid helium. The simulation model
assumes a homogeneous conductor, i.e., the material parameters are calcu-
lated according to the fractions of copper and superconductor and taking into
account their temperature dependence.

2.2 One-dimensional model

The one-dimensional heat balance equation allows studying the quench prop-
agation along a busbar and the forced quenching by heaters. It is given by

% (k(T(x, t))%/l(w)) — WP (z,t),t)P(2) + q + G(T(,1),1)
dT (z,t)

= o(T(x,1))A(z) (1)

dt
The term ( stands for the initial heat pulse that triggers a quench. The
impact of changing copper stabilisation and cooling conditions can be in-
cluded in Eq. 1 as the conductor cross-section A(x) and the cooling conditions
hHe(T(x,t),t)P(x) are functions of the longitudinal position along the con-
ductor.

The heat generation G(T(x,t) in Eq.1 is given by

0 if T(x,t) < Tou(t)
)

2 XTyl)—Les :
G = { peu( T, 1) U FEDT i T, (1) < T(w,t) < Trs(t)  (2)
2

peu(T(, 1)) 70 if Tz, t) > Tops(t)

with p., being the copper resistivity, A., the copper cross-section and I the
excitation current. The heat generation is zero below the current sharing tem-
perature T,., when the conductor is still superconducting. A linear model of
the current sharing is assumed so that the heat generation increases linearly
beyond T, until the critical temperature T,,; is reached and the current flows
only in the copper of the conductor. The normal conducting part of the cable
is most of the time in this third regime during the quench process.



2.8 Heat transfer through an insulation layer

The heat conductivity of the insulation material limits the amount of heat
that is transported into helium. An adequate modelling of the heat transfer
through an insulation layer requires a two-dimensional model. Solving the two-
dimensional heat balance equation in each time step with the finite difference
method requires a significant amount of computational time. For that reason
two different approaches are followed. Eq. 1 can be generalised as

i(A(gc)jgc) + G((T(z,t),t) + 4+ F (T(x, t),

dT'(z,t)
dx )

dt
dT (z,t)

= (T (x,t))A(x) o

(3)

F; is the transverse heat flux from the surface of the superconducting cable,
which is a function of the temperature and its time derivative because of the
thermal impedance of the insulation layer.

If the thickness of the insulation layer [;,, is small with respect to the diameter
of the conductor, a linear temperature profile inside the insulation material is
assumed. This reduces Eq. 3 to

% (k(T(x, t))dTO(li’ t>> A(z) + a4+ G(T(x,1),1)

o (T(m, t) + Tiso(, t)) P (x)Tiso(m, t) — T(x,t)

(4)

T;,, refers to the temperature on the surface of the insulation that is exposed
to the helium bath. It is set to Ty at the start of the simulation and further
evaluated as

Fio (T(m’ N2 Tl t>> Py L&) Z_T(”” D (T, 1), 1) Pla)

dT‘iso(xa t)

= Ciso(TiSO(‘x? t))A(CL’) dt

(5)

A precise evaluation for the transverse heat transfer requires to discretise
the radial heat balance equation and to solve it for every time step (so-called
time transient). Neglecting the longitudinal heat propagation in the insulation



layer with respect to that of the superconducting structure, the heat balance
equation for the insulation layer is

= dﬂso
-V-j = Ciso * 6
V) = i (6

Assuming radial symmetry, Eq.6 changes to —(d/rdr)(r - kis, - (dT/dr)) =
Ciso* (dT;s0/dt). In this case the evaluation of Fy(T', dT'/dt) is carried out before
the simulation of the quench propagation in the conductor. The first com-
putation starts with a homogeneous temperature profile at Tp,, inside the
insulation layer. The temperature of the superconducting wire is increased
with a constant d7'/dt and the heat flux is evaluated for each temperature
step. This procedure is repeated for various rates of d7'/dt and the results
are stored in a two-dimensional array as function of 7' and dT'/dt. It follows
the temperature evaluation of the conductor. The stored values are read and
linearly interpolated to receive the correct values of Fy(T,dT"/dt) (5).

2.4 Heat Transfer into Helium

Two different models can be used to determine the heat transfer into the
helium bath (taken from P.Bauer (6)). The simple model (model 1) for the
heat transfer coefficient h is

RE(T(z,t),t) = a - (T(z,t) — Toan) (7)

The complex model (model 2) for transient heat transfer including Kapitza
regime and film boiling requires more parameters

0 if T(J?, t) S Tbath
ay - (T(x, )™ = Tg,) if T(x,t) < Ty
rHe = { ay if Ty > T(x,t) > Ty (8)
as - (T(IL‘, t)m — TbTZth) if T(]I,t) > be ANt — t(T > Tnb) < tfb
ay if t—t(T > be) > tfb

with T}, and T}, being the temperatures of starting nucleate and film boiling,
ts, being the time interval for burn-out, and a;,n, m being the material and
surface dependent constants (7). These constants vary for the simulation of
heat transfer from the conductor into helium and from the surface of the
insulation layer into cooling bath.



2.5 Three-dimensional model

The three-dimensional heat balance equation is to be solved in order to study
the transverse quench propagation in between neighbouring turns. The average
conductor height Dy and its width Dz are used for the discretisation in y and z.
A constant temperature is assumed within a volume element dV = Dz-Dy-Dz.
In this model the conductor cross-section is a constant A(z) = A = Dy - Dz.
The heat transfer between two turns is given by the heat conduction through
the insulation between two turns, using the thermal conductivity &k,  and the

insulation layer thickness hl,,. The three-dimensional heat balance equation
is given by

d*T(z,y,z,t)  d°T(x,y,2,1t) ol
k’(T(JZ, Y, z, t)) ( dr2 + dyQ + A($7 v, z) T
k. (T(z,y,2,t)dT(z,y,2,t) 4 P(z,y)
is0 sy Yy < Yy %< . e(T _—\" I
lfso dZ h ( (x’y’z’t)’t)A(x,y,z)
T(x,y,z,t) + Th(t w
g($7y7z)k?:go ( ( 2) h( )> lh A(.’Ift Yy Z) <Th(t) - T((E’y’zjt)) -
G(T(z,y, 2 t),t) dT (z,y, 2,t)
A(r,y, 2) AT(@y:21) dt ®)

3 Protection by Quench Heaters

To avoid overheating of the superconducting cable, quench heater strips are
installed in the LHC main dipole and quadrupole magnets, in the high field
region between coils and collars (high field heaters strips, HF) and in the low
field region (low field heater strips, LF). After the detection of a quench, a
capacitor with the capacitance C}, is discharged into the heater strip made out
of stainless steel with a resistance R}, to distribute the stored energy across the
coils. The temperature of the initial quenched zone (hot spot temperature),
depends strongly on the heater delay that is the time between the start of
the discharge and the heater induced quench. As an example, for the dipole
magnets operating at full current, an additional heater delay of 10 ms leads
to an increased hot spot temperature of 30-40 K.

The heater delay depends on the layout of the strips, the parameters for the
discharge, the parameters of the superconductor, the insulation between strips
and conductor, and the excitation current. The delay can be estimated by
calculating the heat flux through the insulation into the superconductor. The
heat balance equation for the heater strip is



ph(Th(Zi () - (T(m,t);— Th(t)> W (Ta(t) — T, 1))

liso
dTy(t

The index h refers to the material properties of the heater strip. The heat
transfer through the insulation into the superconducting cable is given by
the thermal conductivity of the insulation material k2 (T'), the heater strip
width wy, which corresponds to the surface per unit length and the insulation
length /;5,. The model assumes a linear temperature gradient in the insulation
layer between the heater strip and the conductor. For that reason the average
temperature (7'(z,t) + T5(t))/2) is used to evaluate the heat flux from the
strip through the insulation into the conductor. The factor f; in Eq.10 has
been introduced to adjust the effective fraction of heat which is conducted

from the heater strip into the superconducting cable.

The heat generation in the heater strip is calculated with a constant ca-
pacitance Cj of the heater power supply. The initial heater current is I) =
UP/Ry(T = Thasr,), with U the loading voltage and Ry, (T = Tpe) the heater
resistance at bath temperature. The temperature dependent heater strip re-
sistance is evaluated with the new temperature after each time-step.

It is sufficient to heat some sections of the superconducting cable as the quench
propagates longitudinally into the non-heated sections with typical velocities
in the range of 15m/s to 20m/s at nominal current of about 11.8 kA for the
LHC main dipole magnets (8). As an example, a 400 mm long section would
be quenched in less than 10 ms. Therefore, the austenitic stainless steel strips
are partially plated with copper. The reduced resistance allows connecting two
heater strips in series, thus reducing the number of heater power supplies by
a factor of two. The quench heater design is shown in Fig. 1.

The heater resistance is Ry (T(t)) = (pu(T(#))ln) /Ay - (1F€)/(1Fe + 1§, with
I, being the total length of the heater strip, II'® being the heated part of the
strip, and I being the copper plated part. The current through the heater
strip is given by:

0 ift < tdet
I}OZ . eXp(—m) if ¢ Z tdet

L(t) = { (11)

A simulation study was performed to optimise the copper plating cycle and the
insulation layer thickness between heater strip and coil in order to minimise
the quench heater delays at low and high magnet current.

The quench heaters strips are 0.025 mm thick and 15.0mm wide, glued be-
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Fig. 1. Heater strip design.

tween two layers of polyimide electrical insulation foil of 0.075 mm thickness
each (see Fig.1). Two strips are connected in series (I,=30m). The capaci-
tor discharge supply with a capacitance of 7.05 mF has a maximum voltage
of 900 V. Since the lifetime of capacitors increase with decreasing voltage, an
operating voltage of 750 V was assumed.

Two parameters are analysed: 1) The “initial” heater delay is defined as the
time in between firing the heaters and provoking a quench in the conductor
covered by a heated part of the heater strip. This delay becomes shorter by
increasing the copper plated length which reduces the heater strip resistance
and increases the initial current. 2) The “total” heater delay, which is the
time in between firing the heaters and having provoked a quench in the entire
conductor under the heater strip.

The simulation model was cross-checked by comparing the simulated quench
propagation velocity with experimental results (about 15-20m/s at nominal
current). A typical example of the simulation output is given in Fig. 2, which
shows the simulated temperature profiles along the cable for various times
including the provoked quenching by the non-copper plated parts of the heater
strips.

In order to compare the heater delays for different copper cladding at low
current, adiabatic conditions are assumed to exclude the uncertainty in the
long time behaviour of the cooling model by heat transfer into helium. In a
second step the simulations are repeated including the cooling. The results for
the dipole magnet operating at injection current of 750 A demonstrated that
longer heated parts yield shorter heater delays at low current. This is due to
the minimum propagation zone. If only the minimum quench energy (MQFE) is
dissipated into the conductor the minimum propagation zone (M PZ) exceeds
20 cm at injection current. As the energy dissipated into the superconducting
cable by the heaters is significantly higher than M QF the heated part can be
shorter. A heated length of 8 cm gives shortest initial heater delay assuming
adiabatic conditions. Including heat transfer into helium a heated zone of less
than 8 cm is not sufficient to provoke a quench at injection current when the
initial heater voltage was limited to 900 V.
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Fig. 2. Simulation of the temperature profile along the cable with forced quenching
by copper plated heaters. The time interval between two plotted curves is 20 ms. The
current was 12.8 kA, cable cross section 19.2 mm?, 3% helium content, 7, /5c=1.9,
RRR=100, initial time step for the computation 0.05 us.

The results from the simulation for “initial” and “total” heater delays at
nominal current are summarised in Fig. 3. Combining the results at injection
and nominal current a heated length of 10-12 cm and a copper plating length
of 40-50 cm gives the best performance for the entire operational range. For
manufacturing purposes a heated strip design consisting of a cycle of 12cm
heated part and 40 cm copper plated part was chosen to simplify the series
production of 15m long heater strips.

The “initial” heater delays from simulation and experiments are shown in

Table 1.

Pattern PO/A T | Unin | Heater delay [ms]
Fe-Cu [mm] | [W/cm?] | [ms] | [V] | measured | simulation

250-250 50 85 750 30 34
120-240 35 112 | 900 35 38
120-360 60 85 750 28 30
120-400 70 7 700 25 28
120-480 94 68 700 - 24
100-400 94 68 750 - 26
40-240 112 48 | >900 25 30

Table 1

Comparison of measured and predicted quench heater delays. The simulations were
carried out for the HF heaters only. PO/A is the initial power density, and 7 the
time constant for the heater pulse.
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Fig. 3. Heater delays from a simulation at nominal current as a function of the
copper plating ratio (heated/non heated lengths in cm). The energy required for
the plating ratio of 12-48 is less than a factor of two compared to a ratio of 25-25,
the increase of heater delay is acceptable.

The simulation studies show an exponential increase of the heater delays as
a function of the thickness of the insulation layer. A strong increase of the
heater delay has been seen for tests on a short dipole magnet with an increased
insulation layer thickness. For redundancy, it is required to protect the magnet
with only half of the high field heaters. Therefore an increase of the insulation
layer thickness by a factor of two is not permissible using the same type of
polyimide film that is foreseen for the insulation of LHC cables. The change to
another insulation material with higher thermal conductivity would of course
allow an increased thickness of the insulation layer.
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4 Magnetic quench back

4.1  Motivation

During the development programme for the LHC many different types of pro-
totype magnets were tested. Current decay and voltage across parts of the
magnets, such a poles or blocks, were recorded during training quenches and
quenches initiated with heaters. Here observations for two of the magnets are
described: During the test of a sextupole magnet one pole quenched and the
current decayed from 600 A with a time constant in the order of 100 ms (9).
An inductive voltage was observed across the non-quenching poles for about
60 ms, showing that only one pole started to quench. After about 60 ms all
other poles quenched. For a magnet with impregnated coils a quench propa-
gation along the wire to all other coils at the same time is not possible, but
this observation can be well explained with quench back.

In an experiment with a 10 m long prototype dipole magnet, only the heaters
installed on the coils in one aperture of the twin aperture magnets were
fired (10). The current in the magnet decayed with a time constant of about
150 ms. The inductive voltage across the coil in a non-quenching aperture
would exceed 1kV. In the experiments it was observed that the voltage did
not exceed 100V, which is explained by a fast quench of the second aperture.
A thermo-hydraulic quench propagation is unlikely, since the time constant
of quench propagation via warm helium is several seconds (19). When quench
back is included in the simulation the observations can be understood.

Following M.A.Green (11), quench back in superconducting magnets has two
causes. Thermal quench back: normal regions can be induced by heat trans-
fer from components outside the coil to the superconductor. Thermal quench
back is used in superconducting solenoid magnets as an integral part of the
magnet quench protection system (12). Magnetic quench back: normal regions
can be induced by AC losses from eddy currents in the superconductor due
to changing magnetic field. Eddy currents and AC losses have been investi-
gated to understand field errors during the current ramp, when eddy currents
dominate the field errors in accelerator magnets. Interstrand coupling currents
in Rutherford type cables were modelled by means of a discrete network of
nodes in (13). AC losses from interfilament coupling currents have been inves-
tigated in (14). The impact of interfilament coupling currents for protection
of multicoil magnets has been studied in (15).

For the LHC main dipole and quadrupole magnets, after firing quench heaters,

the excitation current decays with a time constant in the order of some hun-
dred milliseconds, compared to the time for current ramping of about 20 min.

12



The losses from both interfilament and interstrand currents for a fast change
of the magnetic field during a quench are some orders of magnitude larger
than AC losses during the ramp. Heating power due to interstrand and inter-
filament coupling currents can quench large fractions of the magnet coils after
some ten milliseconds. The superconductor would also quench when the sum
of excitation current and induced current exceeds the critical current, but this
has not been observed in the LHC magnets.

4.2 Modelling

In order to calculate the power of the induced coupling currents their built-up
time that is characteristic for the dimensions of the filaments, the strands and
the cable has to be considered. An additional contribution is due to possible
magnetisation losses since a strong external magnetic fields can penetrate
the filament and cause a magnetisation that leads to a hysteresis and an

additional contribution to the loss power during a changing field strength
d/dt [ M(B)dB.

The equations presented below are given by A. Verweij (13). The magnetisa-

tion is:

2 dB/dt

M= ——Jdj——"—
37 dB/dt]

(12)

with J. = I./Anyri being the critical current density and d; being the filament
diameter. The interfilament current is calculated with

L? d

with 7;; being the time constant of the interfilament coupling and L, being
the filament twist pitch. Both effects lead to the combined interfilament losses
of coupling currents and magnetisation

T )
1 exp (-~ (15)

= Jdy | —
+ - f
13

3 dt



The interstrand currents in a Rutherford cable have been computed numeri-
cally to be (13)

L, wN,,dB L, h dB
I, = (0.0415=2 sl 42 25 pt 02
s (0 0415 R di cos(¢) +0 5RaNs,l o s1n(¢)>
t
<1 — exp <——>> ; (16)
Tis
Ly, (N2, — 4N,,)

Ts =168 107822

R (17)
with L, being the strand twist pitch, /V,; the number of strands per layer,
w the width and h the height of the strand, R, the contact resistance in
between adjacent strands in one layer and R, being the cross resistance in
between the two layers. The angle ¢ determines the parallel and rectangular
component of the magnetic field with respect to the broad side of the cable (a
perpendicular field component has ¢=0, a parallel field component has ¢=m/2)
The interstrand losses are given by

L, w*(1 —1/N;, L, h?
P/Vs= (0.170 ps (R / ’l)(cos(qb))2 +0.125 ; (sin(¢))?+
L w2<N52’l - Ns’l)

8.49-10732 = (cos(¢))2>

(gf(l_exp (1) (18)

For the simulation of the impact of eddy currents, the magnetic field is ad-
justed at every time step as a function of the current B(I(t)) = a + bI(t)
and the time derivative is computed. The resistivity, and other parameters of
interest are evaluated at every time step and element.

4.3 FExperiments with LHC' dipole magnets

The starting time of the quench back depends on the amplitude of the mag-
netic field, its angle with respect to the broad side of the cable, the value of
the contact resistances (R, R. for interstrand coupling currents and the ef-
fective copper matrix inside a strand for the interfilament coupling currents),
the eddy current time constant and dB/dt. The field components parallel and
perpendicular to the broad side of the cable of the LHC dipole magnet are
shown in Fig4.

An example for a quench of a single aperture short dipole magnet showing
the voltages across the blocks is given in Fig. 5. The quench was provoked by

14
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Fig. 4. LHC dipole magnet 2d cross-section showing the magnetic field map (calcu-
lated at nominal field with ROXIE 8.0 (16))

heater strips in the outer layer. The quench starts in block 2 of the lower pole
and propagates to block 6 and 5 (left part of Fig.5). Due to the current decay
the voltage across blocks that did not quench is inductive. At about 18 ms the
block voltages start to become partly resistive. This becomes more clear in the
right part of Fig. 5, in which the inductive voltages have been subtracted. The
quench back starts first in block4. The quench back starting time depends
mainly on the field component perpendicular to the broad cable side, and the
voltage rise after the quench back start is dominated by the magnitude of the
magnetic field due to magneto-resistance.

Magnet:mbs18 quench:121 Magnet:mbs18 quench:121, resistance growth
S s’
> == 3 = u6,
3 >
3 s - /3 s
| T2 12 = 4 / ow
2 = % )
= w _— ® — w
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time (s) time (s)

1nnnnte

Fig. 5. Quench back example: block voltages of a short dipole magnet after a quench
(left); the same voltages taking out the inductive voltage (right).
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A parameter study was carried out to determine the quench back starting time
top as a function of the time constant for the current decay, values of R, and
R,, the initial current and various positions in the LHC dipole magnet (see
Table2). The current decay was approximated by a Gaussian function with
the time decay constant 7.

[T] | [T | [T] | [rad]
1 -0.838 | -1.332 | 1.57 | 1.01
2 -0.820 | -4.058 | 4.14 | 1.37
3 -6.006 | -0.900 | 6.07 | 0.15
4 -5.366 | -3.700 | 6.52 | 0.60
) -3.980 | -6.254 | 7.41 | 1.00
6 -1.820 | -7.568 | 7.78 | 1.33

Table 2

The average magnetic field in the conductor blocks and their parallel and perpen-
dicular to the blocks. The angle is defined such that 0 means a pure perpendicular,
/2 means pure parallel field with respect to the broad side of the cable.

In some experiments with various short and long prototype dipole magnets the
number of heater strips that are fired was changed, since this affects the resis-
tance growth and therefore the current decay time constant 7. The simulation
results for the quench back time tgp are in good agreement with experimental
results (see Table 3). The table does not include data for the outer layer blocks
as quenches are induced there with heaters. The impact of quench back on
the magnet protection depends on its starting time. The simulated values for
quench back starting times range from 30 ms for 7=0.2s to 60 ms for 7=0.3s
at nominal current and average field in block 3. Without provoking a forced
quench by heaters, the current decay is too slow to induce significant mag-
netic quench back. Firing one heater strip per pole already induces quench
back fast enough to avoid magnet degradation (8). The minimum current at
which quench back occurs is computed to be about 5kA. During the experi-
ments quench back occurred for quenches at 6 kA whereas at 3kA no quench
back was observed.

Further simulations were carried out to study the influence of R. and R,.
The results are summarised in Table4. The typical contact resistance val-
ues of R.=20 2 and R,=100-150 uf? for the dipole Rutherford cables were
taken from ramp rate sensitivity measurements (18). Assuming these values
the interstrand coupling losses are mainly induced by the field component
perpendicular to the broad side of the cable over the contact resistances R..

For Block 3 the dominating quench mechanism are interstrand coupling cur-
rents. For Block 6 the magnetic field is almost parallel to the broad side of the
cable, and losses due to interfilament currents P;; dominate. When the values
for R. and R, are increased, the quench back is in general dominated by in-
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Quench | Block | Iy T B | angle | R. R, Aoy SQ’EL tgg

[kA] | [ms] | [T] | rad | [uQ] | [uQ] | [mm?] | [ms] | [ms]
1 3 11.7 | 203 | 6.07 | 0.148 | 20 | 100 15.4 32 | 30%6
1 4 11.7 | 203 | 6.51 | 0.603 20 100 154 35 | 355
1 5 11.7 | 203 | 7.41 | 1.004 20 100 154 39 | 40t4
1 6 11.7 | 203 | 7.78 | 1.334 20 100 15.4 40 4243
2 3 11.7 | 178 | 6.07 | 0.148 20 100 15.4 27 25+5
2 4 11.7 | 178 | 6.51 | 0.603 | 20 | 100 15.4 30 | 30+4
2 5 11.7 | 178 | 7.41 | 1.004 20 100 15.4 32 3443
2 6 117 | 178 | 7.78 | 1.334 | 20 | 100 15.4 33 | 36%3
3 3 11.7 | 276 | 6.07 | 0.148 | 20 | 100 15.4 49 | 4548
3 4 11.7 | 276 | 6.51 | 0.603 20 100 154 54 | 58+6
3 5 11.7 | 276 | 7.41 | 1.004 | 20 | 100 15.4 58 | 60£6
3 6 11.7 | 276 | 7.78 | 1.334 20 100 154 60 | 62+4
4 3 11.7 | 266 | 6.07 | 0.148 20 100 15.4 47 | 4448
4 4 11.7 | 266 | 6.51 | 0.603 20 100 154 51 54+7
4 5 11.7 | 266 | 7.41 | 1.004 20 100 154 56 | 5916
4 6 11.7 | 266 | 7.78 | 1.334 20 100 154 57 | 61+4

Table 3

Example of the parameter study for quench back effect in main magnets (with
Rutherford type cable) and the comparison of the simulation results with experi-
mental data (1=training quench; 2,3,4 quenches provoked with spot heaters; 2=pro-
tection with all HF heaters, 3=protection with half HF heaters, 4=protection with
all LF heaters). The different values for 7 are due to the number of heater strips
fired. The quenches have been performed on the 15 m long prototype dipole magnet
MBP2N1v3.

R, R. || Block tgg P P, Block tgg P, P
ZYURRZY [ms] | [W/m] | [W/m] [ms] | [W/m] | [W/m]
100 | 0.10 3 5.06 | 0.26 0.02 6 40.0 | 10.3 0.42
100 | 1.00 3 371 122 62.5 6 56.5 | 14.8 9.19
100 10.0 3 46.4 16.4 232 6 57.4 154 13.1
100 | 50.0 3 474 | 18.2 65.4 6 574 | 154 3.02
100 | 100 3 476 | 18.2 34.3 6 574 | 154 1.59
1.00 | 20.0 3 47.0 | 16.9 432 6 574 | 154 23.8
10.0 | 20.0 3 47.1 | 17.2 171 6 57.5 | 15.6 8.77
50.0 | 20.0 3 471 | 17.3 148 6 57.5 | 15.6 7.43
200 | 20.0 3 47.1 | 173 143 6 57.5 | 15.7 7.18
Table 4

Parameter study for quench back effect in main magnets magnets (with Ruther-
ford type cable) with I;,;;=11.7kA, 7=0.26s and Acy=15.4mm?, values for the
magnetic field from Table 2, variation of R, and R,.

terfilament coupling currents. For very small values of R, the model predicts
strong induced coupling currents but little power dissipation. Adding these to
the excitation current, the critical current could be exceeded.

Although the magnetic field and its angle with respect to the cable varies
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from about 0.5 Tesla and 90° in Block 3 to about 9 Tesla in Block 6 and 5°, the
quench back starting time scatter less than 15 ms for the different conductor
blocks at nominal current, which is in agreement with experimental results.

Experiments and simulations demonstrate that quench back starts long be-
fore the time of maximum dB/dt at about 0.2s, with dB/dt >20T/s and
dI/dt >40kA/s for the inner layer. With such gradient the coupling losses
would be about 150+10 W/m for the interfilament losses and 600+£100 W/m
for the interstrand losses (with R, =20 uf2, R, =100 u2, the values are given
for Block 3 assuming an averaged magnetic field). At the start of the quench
back typical values of dB/dt are 8 T/s.

If the quench back starting time is small compared to 7, the following ap-
proximation can be made. As the time constant of the interstrand coupling
currents (7;5) is about 7;s ~25ms for R, =20 uf2, R, =100 uf2 for the inner
layer cable and 7;, is proportional to 1/R., one can write

11— eXp(_t/Tis) ~ t/Tzsvt <L Tis (19)

The interstrand coupling currents are proportional to L, /R. - (dB/dt) (see
Eq. 18). Using the approximation of Eq. 19 the effect of R, cancels for times
small compared to 7;;.

4.4 Magnetic Quench Back in Corrector Magnets

Magnetic quench back has been observed in many prototype corrector magnets
(17). For only one magnet in the circuit, the current decays after a quench
with a time constant of some ten milliseconds. Depending on the magnet and
cable parameters, quench back can start as early as 10 ms after a natural or
induced quench. The simulation results for magnetic quench back agree with
results from tests with single corrector magnets. The program was used to
extrapolate to the LHC configuration with up to 154 magnets powered in
series. The results are shown in Tab.5. The nominal current for most of the
corrector magnets is 550 A and the inductance varies between a fraction of
a mH and some ten mH. The superconductor has a cross section of 0.61 mm?
and the ratio of Cu/NbTi=1.9. For the current decay time constant for the
LHC, no magnetic quench back is expected.

The impact of the strand twist pitch of the conductor has been tested exper-
imentally on two different MCS (spool piece sextupole magnets). A similar
approximation as in Eq.19 can be made which shows that the effect of the
twist pitch lengths cancels for very short times of about 5ms in a first or-
der approach. Due to the significant different values of RRR between the
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two magnets, the test could only be interpreted with the help of simulations,
demonstrating that for a time less than the coupling current time constant,
the resistivity has a more important impact than the twist pitch length on
magnetic quench back.

Lp [m] 0.001 | 0.005 | 0.010 | 0.050 | 0.100 | 0.500 | 1.000 | 5.000
RRR=80, 7=0.1s - - late yes yes late - -
RRR=130, 7=0.1s - - late yes yes late - -
RRR=80, 7=0.25s - - - late late - - -
RRR=130, 7=0.25s - - - late - - - -
RRR=80, 7=0.5s - - - - - - - -
RRR=130, 7=0.5s - - - - - - - -

Table 5

Simulation study for quench back effect in corrector magnets. Lp is the twist pitch
length of the filaments in the strand (for the wires of the LHC corrector magnets
Lp = 3 cm)

5 Conclusions

The simulation program SPQR is a tool that is being used in the optimisation
process of the parameters for the protections system for the superconducting
elements in the LHC, such as copper stabilisation of busbars, quench heater
layouts, energy extraction devices, quench detection thresholds and more (22).

Since the simulation takes the cooling with helium through an insulation layer
into account, the temperature profile along a busbar after a quench is in good
agreement with experimental results (4). Studies are ongoing to better under-
stand the quench process of small busbar cables emerged in superfluid helium
that are routed through insulating plugs (23).

For the main dipole and quadrupole magnets, estimated heater delays due
to the thermal conduction from heater strips through the insulation layer to
the superconductor are in good agreement with the experimental data. The
program was used for the optimisation of the copper plating cycle for the
heater strips in the LHC main magnets.

Another application is to determine the time for magnetic quench back for
dipole magnets and corrector magnets. The simulation results for the quench
back starting time agree well with the experimental data from model dipole
magnets and the first LHC 15-m prototype dipole magnet. This explains why
quenches in such large magnets spread fast and no high voltage has been ob-
served, even if only a part of the heater strips are fired. For corrector magnets,
quench back depends on the inductance of the electrical circuit. During tests
of single magnets, quench back is observed. In the LHC, most correctors will
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be powered in an electrical circuit comprising many magnets and no quench
back is expected.
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