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Results of the 1st model (MBXFS1)
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Abstract
A new quench protection heater of D1, MBXF, was designed and tested during the cold test of the 2nd and 3rd models (MBXFS2 and 3). Combining data taken since the test of the 1st model magnet (MBXFS1), we confirmed the maximum 
hotspot temperature are well below 300 K for both the low field (1 T) and high field (5 T) quenches. In addition, a simulation model was developed and tuned with the obtained data for the full-scale prototype magnet. The hotspot temperature 
after quench initiation was then computed with the new heater circuit and found to be below 300 K even for the case of failure in firing the heater. 
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o The power feeding of the triplet and D1 is not done through a module placed between D1 
and the triplet as in the LHC (indicated by DFB in the Figure 3-2), but through a service 
module on the D2 side of D1 (not shown in Figure 3-1). This allows to shift D2 towards 
the IP by a few meters, at the price of having the powering through the D1 to feed the 
triplet and corrector magnets. 

- The Q4 is also shifted by ∼5 m away from the Interaction Point (IP) 
- The apertures of the magnets between the triplet and the dispersion suppressor have to be 

increased: D1 from 60 mm to 150 mm, D2 from 80 mm to 105 mm, Q4 from 70 mm to 90 mm, 
Q5 from 56 mm to 70 mm. For all these magnets, Nb-Ti technology is chosen [1,2], since the 
potential performance improvement given by Nb3Sn is not sufficient to justify the additional 
cost and complexity. Since the size of the magnet is limited by the cryostat, and the aperture is 
enlarged, for D1, D2 and Q4 we select a small coil width (15 mm) to have enough space for an 
appropriate iron yoke. We opted to reuse the LHC cable in a single layer configuration to 
reduce risks (cable properties are well known), ease schedule (lengths are already available), 
simplify the protection (quench heaters can be replaced by a dump resistor), at the price of a 
larger operational current. 

- All magnets are operating at 1.9 K to have the maximum superconductor performance. This is 
an important change with respect to the LHC, where D2, Q4, Q5 and Q6 operational 
temperature is 4.5 K. 

 
Figure 3-1: Conceptual layout of the IR region of HL-LHC– thick boxes are magnets, thin boxes 
are cryostats 

 

 
Figure 3-2: Schematic layout of the IR region of present LHC – thick boxes are magnets, thin 
boxes are cryostats 

- Three orbit correctors are required in the triplet. The strength is increased from 1.5 T⋅m (LHC 
value) to 2.5 T⋅m for the correctors close to Q2a/b, and to 4.5 T⋅m for the corrector close to Q3. 
The position is the same as in the LHC layout, with the exception of the corrector between Q2a 
and Q2b which is moved between Q2b and Q3. 
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Present	LHC

Crab	CavityCorrector	Package	(CP)

Q4SC D1

NC D1

• Requirements to the D1 (MBXF) magnet for the HL-LHC upgrade
- Match the aperture with those of the triplets :60 mm →150 mm
- Shorten the total length of the magnet to accommodate new crab cavities and new 

inner triplets: 14 m → 7 m
- This is realized by utilizing SC (NbTi) technology so as to increase the field 

integral to 35Tm
- Magnet protection system: Quench protection heater (QH)
➡No external dump resistor will be used

Introduction

Estimation of the hot spot temperature (Tmax): MIITs relation tdet: time to detect a magnet quench
A : cross section of the cable
S : volumetric heat capacity of the cable
ρE: electric resistivity of the cable

• In our criteria, an experimental limit of Tmax is set to 
300 K

• Tmax is estimated for various magnet field strengths 
using the parameter set listed in the left table, and is 
shown in the right fig.

• Maximum allowable MIITs can be defined at Tmax =300 
K as shown in the right figure

➡Reliability of the protection system with QH  has to be checked prior to the magnet production
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Performance of the Quench Protection Heater
for the HL-LHC Beam Separation Dipole

K. Suzuki, S. Enomoto, N. Higashi, M. Iida, Y. Ikemoto, H. Kawamata, N. Kimura, T. Nakamoto, T. Ogitsu,
H. Ohata, N. Okada, R. Okada, M. Sugano, A. Musso, and E. Todesco

Abstract—In collaboration with CERN, High Energy Acceler-
ator Research Organization (KEK) have designed and developed
short-scale model magnets of the beam separation dipole, D1,
which will be installed during upgrade of the Large Hadron
Collider, HL-LHC. A new quench protection heater of D1 was
designed and tested during the cold test of the short-scale
models. Combining data taken since the test of the 1st model
magnet, we confirmed the maximum hotspot temperature are
well below 300 K in the case of the low field (1 T) and high
field (5 T) quenches, respectively. In addition, a simulation model
was developed and tuned with the obtained data for the full-
scale prototype magnet. The hotspot temperature after quench
initiation was then computed with the new heater circuit and
found to be below 300 K even for the case of failure in firing the
heater.

I. INTRODUCTION

The present LHC will be upgraded to the HL-LHC, where
the NbTi triplets in the final focusing section at the two
experiment sites, ATLAS and CMS, will be replaced with the
new NbSn3 magnets [1], [2]. In collaboration with CERN,
KEK has engaged in this project and been in charge of the
beam separation dipole, D1, which will be replaced toward
the HL-LHC as well as the triplet magnets. Given the LHC
NbTi technology, the new D1 is designed to generate the
field integral 35 T·m with the magnetic length 6.3 m at the
nominal operating current of 12 kA. Prior to fabrication of
the full-scale magnet, KEK has developed 2 m-long short-
scale models since 2015, as described in elsewhere [3]–[5].
General parameters of the full-scale and short-scale magnets
are summarized in Table I. Stored energy of the magnet is
estimated to be 2.13 MJ and 0.568 MJ for the full-scale
and short-scale magnets, respectively. In actual operation, the
D1 has to be protected without energy extraction systems
except for protection heaters. This means that the stored energy
has to be dumped by the magnet resistivity itself, which is
enhanced by the heaters. Indeed, the cold test of the 1st model
demonstrated that a single-strip heater made of stainless steel
cannot protect the magnet because the hotspot temperature
exceeds the practical limit of 300 K before reaching the
nominal current of 12 kA [6]. Therefore the heaters has to
be designed closely and well tested before the installation so
as to assure its performance.

K. Suzuki, S. Enomoto, N. Higashi, M. Iida, Y. Ikemoto, H. Kawamata,
N. Kimura, T. Nakamoto, T. Ogitsu, H. Ohata, N. Okada, R. Okada, M. Sug-
ano are with the High Energy Accelerator Research Organization (KEK),
Tsukuba, Ibaraki 305-0801, Japan.

A. Musso and E. Todesco are with European Organization for Nuclear
Research (CERN), CH-1211, Geneva 23, switzerland.

TABLE I
GENERAL PARAMETERS OF D1

Design parameter Full scale Short model
Operating temperature (K) 1.9

Nominal current (A) 12047
Field (T) 5.60

Field integral (T·m) 35 9.5
Magnetic length (m) 6.26 1.67

Differential inductance (mH) 24.86 6.63
Stored energy (MJ) 2.13 0.568

Conductor parameter
Strand material NbTi

Strand diameter (mm) 0.825
Cu/no Cu 1.95

RRR > 150
Number of strands 36

Strand twist pitch (mm) 100
Bare cable width (mm) 15.1

Bare cable mid. thickness (mm) 1.480

100 140 100 140 100

Stainless 
steel

Copper NbTi Rutherford cable

Lead end Magnet center!

A B Section-A

Pole

Pole

Section-B

Fig. 1. Schematic of the full-scale heater. An enlarged view explains each
heater element. Section-A and -B show the cross-sectional views of the coil
and heater position.

In Sec. II, we first describe design of the new heater strip
for both full-scale and short-scale magnets. Performance of
the heater was evaluated in the cold test of the 2nd and 3rd
model magnets. The test results are then given in Sec. III.
Our numerical simulation was tuned using results from the
cold test and compared with the data as shown in Sec. IV.
Finally, in Sec. V, we demonstrate performance of the heater
for the full-scale magnet using the simulation.

II. HEATER DESIGN

A quench protection heater is firstly produced from a
25 µm-thick stainless steel foil glued onto a 50 µm-thick
Polyimide film using a 15 µm thick epoxy resin. The laminate
is then coated with a 5-10 µm-thick Cu layer by an electrolytic

General parameters of MBXF

25 µm-thick epoxy resin
25 µm-thick SUS foilSingle strip heater (2m-long)

• The full energy dump test was performed using the single strip heater for the 1st model magnet.
• Additional MIITs is added to take account of duration tdet

- Two cases : High field (B=5T) quench (tHighdet) or low field (B=1T) quench (tLowdet)
• In any quench cases, the total MIITs exceeds the limit at I=10.5 kA (9.5 kA) when firing 4 (2) QPHs
• QH has to be re-designed to protect the magnet!!

New QH designFor full-scale magnet

For short-scale (2m) magnet
• A longitudinal length of SUS patch is >100 mm 

to cover a strand twist pitch
• A zigzag pattern is adopted to increase heater 

coverage
•  A total resistance of the heater (RQH) is close to 

that of the 2m-long single heater strip to 
achieve a similar peak power density : 
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Fig. 3. Left: Heater circuit for the tdelay measurement at the lead end (LE)
side. Middle: Heater circuit for the full energy dump test at the LE side. Right:
Heater connection at the return end (RE) side.

magnet currents. In 2019, the heater was again evaluated
during the cold test of the 3rd model. The purpose of this
test was to check reproducibility of the results from the test
of the 2nd model and to evaluate Ppeak dependence of tdelay.
Figure 3 shows the heater circuit for the tdelay measurement
and full energy dump test. The heaters are connected so that a
magnetic field generated by IQH does not form a dipole field
and both the top and bottom coils can be protected even one of
the power supplies fails in firing the heaters. In the following
subsections, we combine results from the cold test of the 2nd
and 3rd models and do not treat them separately.

A. Heater delay measurement
A shorter tdelay is essential for reducing MIITs (see Eq. (2))

and achievable when the heater is located on the conductor
which is exposed to higher magnetic field (i.e. critical tem-
perature, Tc, decreases as field strength increases). Therefore,
comparison of tdelay between the single and zig-zag strip
patterns would demonstrate performance of the new heater.
In addition, we can diagnose contact between the heater and
magnet through measuring tdelay. The two heater strips are
connected at the return end (RE) side. A 7.05 mF capacitive
power supply is then connected to the heater via a dummy
resistor of 4 Ω in order to adjust the total load of the power
supply to 6 Ω (see Fig. 3).

Figure 4 shows a distribution of the measured tdelay for all
the heater strips, which were obtained when the capacitive
voltage (≡ Vcharge) and the magnet current were at 800 V and
12.047 kA, respectively. As shown in figure, the distribution
peaks around 20.5 ms and its width is 1 ms. Thus no significant
individual difference was observed and we confirm all the
heaters are in contact well with the magnet.

Figure 5 shows the measured tdelay for the single (1st
model) and zig-zag strip (2nd model) patterns. The data was
obtained for various magnet currents. The Vcharge was set
to 800 V throughout the measurement. As shown in figure,
the new heater (zig-zag pattern) gives a longer tdelay for the
lower magnet current as compared to the single strip pattern.
This might be because the conductor volume warmed up is
simply reduced and resistive growth is too poor to measure
at the low current. On the other hand, we obtained a shorter
tdelay for the higher magnet current because the new heater
covers conductors that are exposed to higher magnetic field.
In conclusion, the new heater shows a better performance in
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Fig. 5. Comparison of the tdelay between the single (1st model) and zig-zag
(2nd model) strip pattern.

terms of tdelay when the magnet is under the nominal operating
condition.

Figure 6 shows the Ppeak dependence of the tdelay for the
magnet current of 4, 8, and 12.047 kA, which was obtained
by varying the capacitive voltage of the power supply. In this
figure, expected Ppeak of the full-scale heater for Vcharge=600,
800 V are overlaid. As shown in the figure, the obtained tdelay
curves become almost flat for Ppeak >1 W/mm2. This means
that we can expect the full-scale heater gives a tdelay of ∼20 ms
for Vcharge=800 V and thus its heater performance is equivalent
to that of the short-scale heater.
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magnet currents. In 2019, the heater was again evaluated
during the cold test of the 3rd model. The purpose of this
test was to check reproducibility of the results from the test
of the 2nd model and to evaluate Ppeak dependence of tdelay.
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resistor of 4 Ω in order to adjust the total load of the power
supply to 6 Ω (see Fig. 3).

Figure 4 shows a distribution of the measured tdelay for all
the heater strips, which were obtained when the capacitive
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peaks around 20.5 ms and its width is 1 ms. Thus no significant
individual difference was observed and we confirm all the
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model) and zig-zag strip (2nd model) patterns. The data was
obtained for various magnet currents. The Vcharge was set
to 800 V throughout the measurement. As shown in figure,
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terms of tdelay when the magnet is under the nominal operating
condition.

Figure 6 shows the Ppeak dependence of the tdelay for the
magnet current of 4, 8, and 12.047 kA, which was obtained
by varying the capacitive voltage of the power supply. In this
figure, expected Ppeak of the full-scale heater for Vcharge=600,
800 V are overlaid. As shown in the figure, the obtained tdelay
curves become almost flat for Ppeak >1 W/mm2. This means
that we can expect the full-scale heater gives a tdelay of ∼20 ms
for Vcharge=800 V and thus its heater performance is equivalent
to that of the short-scale heater.
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Fig. 10. Left: All the heaters functions successfully. Right: Two of the
capacitive power supplies do not work properly (the worst scenario).

operating condition (I=12.047 kA), the new heater is capable
of protecting the magnet even at half of the peak power
density. Our standalone simulation was tuned with the obtained
data, and the simulated MIITs is in good agreement with the
measured one. Finally, we evaluated the full-scale heater using
the well-tuned simulation, and the computed Tmax is below the
practical limit of 300 K even for the worst scenario.
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B. Full energy dump test
The setup for the full energy dump test is shown in Fig. 3.

In this test 4 heater strips were connected in series, and a
dummy resistor of 2 Ω was added in the circuit so as to gain
a total load of 6 Ω for the capacitive power supply. Before
dumping the stored energy by firing the heaters, the capacitive
power supply is fully charged up to 800 V. At t = 0 the
heaters are fired and at the same time the transport current is
shut off. The magnet current starts to decay with tdelay, and
MIITs is then calculated by integrating a square of the current
(2nd term in the last equation of Eq (2)). Figure 7 shows the
obtained total MIITs as a function of Ppeak for I=4, 8, and
12.047 kA. Here, the total MIITs are calculated by combining
an additional MIITs due to tdet (see the 1st term in the last
equation of Eq. (2)), which was obtained from the results of
the test of the 1st model. Since we can make use of tdet for
the high field quench (HF quench: 5 T) and low field quench
(LF quench: 1 T), the total MIITs for the HF (Fig. 7 (top))
and LF (Fig. 7 (bottom)) quenches are plotted. In addition,
we also measured the Ppeak dependence of tdelay as introduced
in Sec. III-A, and an additional MIITs which is attributed to
the heater delay is also taken into account for the lower Ppeak
region. In Fig. 7, the MIITs limits, at which Tmax corresponds
to 300 K, are overlaid for the HF and LF quench scenarios. In
the Tmax calculation, RRR of 167, which was experimentally
determined for the 2nd model magnet, is utilized. Finally, we
confirm that the overall MIITs are well below the limits and
the new heater is capable of protecting the magnet even Vcharge
becomes half (400 V).

IV. COMPARISON WITH THE SIMULATION

Table III shows a measured (≡ tdata
delay) and computed heater

delay (≡ tcalc
delay). As shown in the table, our simulation

underestimates the tdelay and thus tends to underestimate the
MIITs or Tmax. Therefore, the difference of the heater delay,
∆tdelay=tdata

delay − tcalc
delay, is used as ad hoc parameter: in the

simulation the heater is fired after waiting for ∆tdelay even
a simulation trigger is issued. In this way, our standalone
simulation was tuned with the obtained data in order to predict
the heater performance of the full-scale heater precisely.

The left and middle plots of Fig. 8 show the measured
current dumps (solid lines) at I=2,4,6,8,10, and 12.047 kA,
which were obtained in the full energy dump test of the
2nd model. In these figures, the simulated current dump are
overlaid as dashed lines and good agreements with the data
are confirmed for I ≤ 8 kA. The MIITs (=

∫∞
t=0 I

2(t)dt) is
calculated for both of the measured and simulated current
dump, and shown in the right plot of Fig. 8. In the figure, we
also plot the results of the failure case: half of all the heater
strips (4 strips) are fired. As shown in the figure, the simulated
MIITs well agrees with the measured one especially for the
higher magnet current. We concluded that it is possible to
predict the full-scale heater performance using the well-tuned
simulation model.

V. FULL-SCALE HEATER PERFORMANCE

Figure 9 shows a present scenario for the circuit of the
full-scale heater. As done in the short-scale heater, the two
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Fig. 7. Measured total MIITs with the short-scale heater for high field (HF)
quench (top) and low field (LF) quench (bottom). The MIITs limit, at which
at which Tmax corresponds to 300 K, are overlaid as dashed line.

TABLE III
COMPARISON OF tDELAY BETWEEN THE DATA AND SIMULATION RESULT.

12.047 kA 10 kA 8 kA 6 kA 4 kA 2 kA
Data (ms) 20.8 24.4 27.7 40.8 67.6 86.9
Calc. (ms) 3.0 4.5 6.5 9.2 12.7 17.1

strips are connected at the RE side. The connection scheme
in Fig. 9 is devised so as to reduce the total MIITs as
much as possible in any heater failure scenarios. Figure 10
shows the “successful” and expected “worst” scenarios. For
these two cases, we simulated the total MIITs (Eq. (??)) and
corresponding Tmax for the full-scale magnet equipped with the
full-scale heater. In the simulation, RRR of 150 is assumed
for the cable parameter. The computed MIITs and Tmax at
I=12.047 kA are summarized in Table IV, showing the Tmax
does not exceeds 300 K even in the worst case.

VI. CONCLUSION

We evaluated the performance of the new heater through the
cold test of the 2nd and 3rd model magnets. In the nominal

TABLE IV
THE EXPECTED MIITS AND CORRESPONDING TMAX FOR THE FULL-SCALE

HEATER AT I=12.047 KA.

Expected total MIITs and Tmax
HF quench (5 T) LF quench (1 T)

Success 28.9 / 235 K 33.4 / 229 K
Worst case 31.9 / 297 K 36.4 / 289 K
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side. Middle: Heater circuit for the full energy dump test at the LE side. Right:
Heater connection at the return end (RE) side.

magnet currents. In 2019, the heater was again evaluated
during the cold test of the 3rd model. The purpose of this
test was to check reproducibility of the results from the test
of the 2nd model and to evaluate Ppeak dependence of tdelay.
Figure 3 shows the heater circuit for the tdelay measurement
and full energy dump test. The heaters are connected so that a
magnetic field generated by IQH does not form a dipole field
and both the top and bottom coils can be protected even one of
the power supplies fails in firing the heaters. In the following
subsections, we combine results from the cold test of the 2nd
and 3rd models and do not treat them separately.

A. Heater delay measurement
A shorter tdelay is essential for reducing MIITs (see Eq. (2))

and achievable when the heater is located on the conductor
which is exposed to higher magnetic field (i.e. critical tem-
perature, Tc, decreases as field strength increases). Therefore,
comparison of tdelay between the single and zig-zag strip
patterns would demonstrate performance of the new heater.
In addition, we can diagnose contact between the heater and
magnet through measuring tdelay. The two heater strips are
connected at the return end (RE) side. A 7.05 mF capacitive
power supply is then connected to the heater via a dummy
resistor of 4 Ω in order to adjust the total load of the power
supply to 6 Ω (see Fig. 3).

Figure 4 shows a distribution of the measured tdelay for all
the heater strips, which were obtained when the capacitive
voltage (≡ Vcharge) and the magnet current were at 800 V and
12.047 kA, respectively. As shown in figure, the distribution
peaks around 20.5 ms and its width is 1 ms. Thus no significant
individual difference was observed and we confirm all the
heaters are in contact well with the magnet.

Figure 5 shows the measured tdelay for the single (1st
model) and zig-zag strip (2nd model) patterns. The data was
obtained for various magnet currents. The Vcharge was set
to 800 V throughout the measurement. As shown in figure,
the new heater (zig-zag pattern) gives a longer tdelay for the
lower magnet current as compared to the single strip pattern.
This might be because the conductor volume warmed up is
simply reduced and resistive growth is too poor to measure
at the low current. On the other hand, we obtained a shorter
tdelay for the higher magnet current because the new heater
covers conductors that are exposed to higher magnetic field.
In conclusion, the new heater shows a better performance in
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Fig. 5. Comparison of the tdelay between the single (1st model) and zig-zag
(2nd model) strip pattern.

terms of tdelay when the magnet is under the nominal operating
condition.

Figure 6 shows the Ppeak dependence of the tdelay for the
magnet current of 4, 8, and 12.047 kA, which was obtained
by varying the capacitive voltage of the power supply. In this
figure, expected Ppeak of the full-scale heater for Vcharge=600,
800 V are overlaid. As shown in the figure, the obtained tdelay
curves become almost flat for Ppeak >1 W/mm2. This means
that we can expect the full-scale heater gives a tdelay of ∼20 ms
for Vcharge=800 V and thus its heater performance is equivalent
to that of the short-scale heater.
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Fig. 6. Ppeak dependence of tdelay for I=4, 8, and 12.047 kA.
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B. Full energy dump test
The setup for the full energy dump test is shown in Fig. 3.

In this test 4 heater strips were connected in series, and a
dummy resistor of 2 Ω was added in the circuit so as to gain
a total load of 6 Ω for the capacitive power supply. Before
dumping the stored energy by firing the heaters, the capacitive
power supply is fully charged up to 800 V. At t = 0 the
heaters are fired and at the same time the transport current is
shut off. The magnet current starts to decay with tdelay, and
MIITs is then calculated by integrating a square of the current
(2nd term in the last equation of Eq (2)). Figure 7 shows the
obtained total MIITs as a function of Ppeak for I=4, 8, and
12.047 kA. Here, the total MIITs are calculated by combining
an additional MIITs due to tdet (see the 1st term in the last
equation of Eq. (2)), which was obtained from the results of
the test of the 1st model. Since we can make use of tdet for
the high field quench (HF quench: 5 T) and low field quench
(LF quench: 1 T), the total MIITs for the HF (Fig. 7 (top))
and LF (Fig. 7 (bottom)) quenches are plotted. In addition,
we also measured the Ppeak dependence of tdelay as introduced
in Sec. III-A, and an additional MIITs which is attributed to
the heater delay is also taken into account for the lower Ppeak
region. In Fig. 7, the MIITs limits, at which Tmax corresponds
to 300 K, are overlaid for the HF and LF quench scenarios. In
the Tmax calculation, RRR of 167, which was experimentally
determined for the 2nd model magnet, is utilized. Finally, we
confirm that the overall MIITs are well below the limits and
the new heater is capable of protecting the magnet even Vcharge
becomes half (400 V).

IV. COMPARISON WITH THE SIMULATION

Table III shows a measured (≡ tdata
delay) and computed heater

delay (≡ tcalc
delay). As shown in the table, our simulation

underestimates the tdelay and thus tends to underestimate the
MIITs or Tmax. Therefore, the difference of the heater delay,
∆tdelay=tdata

delay − tcalc
delay, is used as ad hoc parameter: in the

simulation the heater is fired after waiting for ∆tdelay even
a simulation trigger is issued. In this way, our standalone
simulation was tuned with the obtained data in order to predict
the heater performance of the full-scale heater precisely.

The left and middle plots of Fig. 8 show the measured
current dumps (solid lines) at I=2,4,6,8,10, and 12.047 kA,
which were obtained in the full energy dump test of the
2nd model. In these figures, the simulated current dump are
overlaid as dashed lines and good agreements with the data
are confirmed for I ≤ 8 kA. The MIITs (=

∫∞
t=0 I

2(t)dt) is
calculated for both of the measured and simulated current
dump, and shown in the right plot of Fig. 8. In the figure, we
also plot the results of the failure case: half of all the heater
strips (4 strips) are fired. As shown in the figure, the simulated
MIITs well agrees with the measured one especially for the
higher magnet current. We concluded that it is possible to
predict the full-scale heater performance using the well-tuned
simulation model.

V. FULL-SCALE HEATER PERFORMANCE

Figure 9 shows a present scenario for the circuit of the
full-scale heater. As done in the short-scale heater, the two
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Fig. 7. Measured total MIITs with the short-scale heater for high field (HF)
quench (top) and low field (LF) quench (bottom). The MIITs limit, at which
at which Tmax corresponds to 300 K, are overlaid as dashed line.

TABLE III
COMPARISON OF tDELAY BETWEEN THE DATA AND SIMULATION RESULT.

12.047 kA 10 kA 8 kA 6 kA 4 kA 2 kA
Data (ms) 20.8 24.4 27.7 40.8 67.6 86.9
Calc. (ms) 3.0 4.5 6.5 9.2 12.7 17.1

strips are connected at the RE side. The connection scheme
in Fig. 9 is devised so as to reduce the total MIITs as
much as possible in any heater failure scenarios. Figure 10
shows the “successful” and expected “worst” scenarios. For
these two cases, we simulated the total MIITs (Eq. (??)) and
corresponding Tmax for the full-scale magnet equipped with the
full-scale heater. In the simulation, RRR of 150 is assumed
for the cable parameter. The computed MIITs and Tmax at
I=12.047 kA are summarized in Table IV, showing the Tmax
does not exceeds 300 K even in the worst case.

VI. CONCLUSION

We evaluated the performance of the new heater through the
cold test of the 2nd and 3rd model magnets. In the nominal

TABLE IV
THE EXPECTED MIITS AND CORRESPONDING TMAX FOR THE FULL-SCALE

HEATER AT I=12.047 KA.

Expected total MIITs and Tmax
HF quench (5 T) LF quench (1 T)

Success 28.9 / 235 K 33.4 / 229 K
Worst case 31.9 / 297 K 36.4 / 289 K

2

and adjust the total resistance of a heater, the Cu layer is
partially removed by a etching process. Finally, in order to
keep insulation between a heater and the magnet, a 50 µm
thick Polyimide film is glued on to the stainless-steel side of
the laminate using a 25 µm thick epoxy resin.

The heater of the D1 is supposed to be connected with the
7.05 mF capacitive power supply which stores a maximum
charge of 800 V. Once a trigger is inputted the power supply
discharges and current flows into the heaters. One of the
important characteristics in the heater is a time constant of the
discharge, which is determined by capacitance of the power
supply (≡ CPS) and the heater resistance (≡ RQH). The longer
time constant RQH ·CPS is, the longer duration of heating we
get. However, larger RQH results in lower peak current (≡ IQH)
and hence lower peak power density which is defined as:

Ppeak =
RQHI2QH

Aheater
, (1)

where Aheater is the total area of the stainless steel strip. The
heater of the 1st model has a 15 mm-wide and 2 m-long
stainless steel strip and no coppers are bridged in the circuit.
The heater strip covers only the cables near the midplane and
thus is not effective for warming entireness of the magnet.
Nevertheless the magnet successfully quenched even at the
injection current of 688 A [6]. Therefore, in order to retain an
effective heat input to the magnet, our baseline of designing a
heater pattern is to refer to that of the 1st model, and to adopt a
similar Ppeak even for a new full-scale heater. The guideline of
the new heater pattern is as follows: 1) a minimum longitudinal
patch length of the stainless steel is set to 100 mm to cover a
strand twist pitch, 2) a zig-zag pattern is adopted to increase
the heater coverage, and 3) RQH of the full-scale heater is
close to that of the 1st model’s heater in order to achieve a
similar Ppeak.

Figure 1 shows an overview of the quench protection heater
for the full-scale magnet. A zig-zag pattern of the two stainless
steel strips can cover cables in the range of 5-12 turn, 13-
22 turn, and 26-35 turn counted from the pole. The 140 mm-
long Cu bridge is determined so that the total resistance of
the single stainless strip is near 3.0 Ω which is equal to RQH
of the heater for the 1st model. A numerical simulation was
developed to check performance of the new heater. Details
of the simulation model can be found in Ref. [6]. In the
simulation, the heaters are fired at t=0 and at the same time the
transport current is shut off. Then, development of the magnet
resistivity is simulated and the following MIITs is calculated
to determine the hotspot temperature Tmax:

MIITs = A2

∫ Tmax

T=1.9 K

S(T )

ρE(T,B,RRR)
dT

=

∫ 0

−tdet(I,B)
I2dt+

∫ ∞

0
I2(t)dt , (2)

where I is the magnet current; A, S and ρE are the cross
section, the volumetric heat capacity and the electric resistivity
of the conductor, respectively. The ρE depends on T in
addition to magnetic field strength (B), and residual resistive
ratio (RRR). The tdet(I, B) is the time required to detect a

Stainless 
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Copper Magnet 
center

Lead 
end

1000

100 140 100 140 100 140

Fig. 2. Schematic of the short-scale heater.

TABLE II
PARAMETERS OF THE QUENCH PROTECTION HEATER

1st model 2nd & 3rd model Full scale
SUS patch length (mm) 2000 100 100
SUS total length (mm) 2000 700 2430

SUS width (mm) 15
SUS thickness (µm) 25
Cu total length (mm) 0 1322 4419

R293 K
QH (Ω) 3.9 1.4 4.7

R1.9 K
QH (Ω) 3.0 1.0 3.6

SUS resistivity (Ωmm2/m) [7] 0.73
RRR [7] 1.3

magnet quench, which is dependent on I and B, and was
evaluated during the 1st model magnet. Therefore, outputs
from the simulation provides the 2nd term of the last equation
in Eq. (2), and the resultant Tmax was confirmed to be below
300 K for both low field quench (B=1 T) and high field quench
(B=5 T). Further tunings are implemented into our simulation
model to compare with the results from the cold test, which
is given in Sec. IV.

In order to check actual performance of this new heater, we
developed a short-scale heater having a same zig-zag strip as
the full-scale one, which is shown in Fig. 2. The new heater is
then installed on the 2nd [8] and 3rd [9] model magnet. Com-
parison of the heater parameters are summarized in Table II.
In the table, RQH is calculated by taking account only of a
contribution from the stainless steel and thus neglecting the
copper. The RQH of the full-scale heater is not exactly same
as the RQH of the 1st model. This is because originally we
assumed a 30 µm-thick stainless steel strip will be produced by
a domestic company. However, it turned out that they cannot
provide such the laminate and in haste we needed to ask CERN
to provide their laminate which has a 25 µm-thick stainless
steel. Therefore, there is a concern about decrease of the peak
power density for the full-scale heater. This issue is discussed
in Sec. III-A.

III. EXPERIMENT

The new heaters were evaluated for the first time during
the cold test of the 2nd in 2018 [10]. The model magnet was
connected to a 50 mΩ dump resistor and a current dependence
of the time-to-quench after firing the heater (≡ tdelay) was
measured. After then the dump resistor was taken off and the
full energy dump by the heaters was performed for different

Circuit configuration for the test
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Fig. 9. Present plan of the circuit for the full-scale heater.
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Fig. 10. Left: All the heaters functions successfully. Right: Two of the
capacitive power supplies do not work properly (the worst scenario).

operating condition (I=12.047 kA), the new heater is capable
of protecting the magnet even at half of the peak power
density. Our standalone simulation was tuned with the obtained
data, and the simulated MIITs is in good agreement with the
measured one. Finally, we evaluated the full-scale heater using
the well-tuned simulation, and the computed Tmax is below the
practical limit of 300 K even for the worst scenario.
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B. Full energy dump test
The setup for the full energy dump test is shown in Fig. 3.

In this test 4 heater strips were connected in series, and a
dummy resistor of 2 Ω was added in the circuit so as to gain
a total load of 6 Ω for the capacitive power supply. Before
dumping the stored energy by firing the heaters, the capacitive
power supply is fully charged up to 800 V. At t = 0 the
heaters are fired and at the same time the transport current is
shut off. The magnet current starts to decay with tdelay, and
MIITs is then calculated by integrating a square of the current
(2nd term in the last equation of Eq (2)). Figure 7 shows the
obtained total MIITs as a function of Ppeak for I=4, 8, and
12.047 kA. Here, the total MIITs are calculated by combining
an additional MIITs due to tdet (see the 1st term in the last
equation of Eq. (2)), which was obtained from the results of
the test of the 1st model. Since we can make use of tdet for
the high field quench (HF quench: 5 T) and low field quench
(LF quench: 1 T), the total MIITs for the HF (Fig. 7 (top))
and LF (Fig. 7 (bottom)) quenches are plotted. In addition,
we also measured the Ppeak dependence of tdelay as introduced
in Sec. III-A, and an additional MIITs which is attributed to
the heater delay is also taken into account for the lower Ppeak
region. In Fig. 7, the MIITs limits, at which Tmax corresponds
to 300 K, are overlaid for the HF and LF quench scenarios. In
the Tmax calculation, RRR of 167, which was experimentally
determined for the 2nd model magnet, is utilized. Finally, we
confirm that the overall MIITs are well below the limits and
the new heater is capable of protecting the magnet even Vcharge
becomes half (400 V).

IV. COMPARISON WITH THE SIMULATION

Table III shows a measured (≡ tdata
delay) and computed heater

delay (≡ tcalc
delay). As shown in the table, our simulation

underestimates the tdelay and thus tends to underestimate the
MIITs or Tmax. Therefore, the difference of the heater delay,
∆tdelay=tdata

delay − tcalc
delay, is used as ad hoc parameter: in the

simulation the heater is fired after waiting for ∆tdelay even
a simulation trigger is issued. In this way, our standalone
simulation was tuned with the obtained data in order to predict
the heater performance of the full-scale heater precisely.

The left and middle plots of Fig. 8 show the measured
current dumps (solid lines) at I=2,4,6,8,10, and 12.047 kA,
which were obtained in the full energy dump test of the
2nd model. In these figures, the simulated current dump are
overlaid as dashed lines and good agreements with the data
are confirmed for I ≤ 8 kA. The MIITs (=

∫∞
t=0 I

2(t)dt) is
calculated for both of the measured and simulated current
dump, and shown in the right plot of Fig. 8. In the figure, we
also plot the results of the failure case: half of all the heater
strips (4 strips) are fired. As shown in the figure, the simulated
MIITs well agrees with the measured one especially for the
higher magnet current. We concluded that it is possible to
predict the full-scale heater performance using the well-tuned
simulation model.

V. FULL-SCALE HEATER PERFORMANCE

Figure 9 shows a present scenario for the circuit of the
full-scale heater. As done in the short-scale heater, the two
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Fig. 7. Measured total MIITs with the short-scale heater for high field (HF)
quench (top) and low field (LF) quench (bottom). The MIITs limit, at which
at which Tmax corresponds to 300 K, are overlaid as dashed line.

TABLE III
COMPARISON OF tDELAY BETWEEN THE DATA AND SIMULATION RESULT.

12.047 kA 10 kA 8 kA 6 kA 4 kA 2 kA
Data (ms) 20.8 24.4 27.7 40.8 67.6 86.9
Calc. (ms) 3.0 4.5 6.5 9.2 12.7 17.1

strips are connected at the RE side. The connection scheme
in Fig. 9 is devised so as to reduce the total MIITs as
much as possible in any heater failure scenarios. Figure 10
shows the “successful” and expected “worst” scenarios. For
these two cases, we simulated the total MIITs (Eq. (??)) and
corresponding Tmax for the full-scale magnet equipped with the
full-scale heater. In the simulation, RRR of 150 is assumed
for the cable parameter. The computed MIITs and Tmax at
I=12.047 kA are summarized in Table IV, showing the Tmax
does not exceeds 300 K even in the worst case.

VI. CONCLUSION

We evaluated the performance of the new heater through the
cold test of the 2nd and 3rd model magnets. In the nominal

TABLE IV
THE EXPECTED MIITS AND CORRESPONDING TMAX FOR THE FULL-SCALE

HEATER AT I=12.047 KA.

Expected total MIITs and Tmax
HF quench (5 T) LF quench (1 T)

Success 28.9 / 235 K 33.4 / 229 K
Worst case 31.9 / 297 K 36.4 / 289 K
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Fig. 8. Measured (solid) and simulated (dashed) current dump for I=2-6 kA (left) and 8-12.047 kA (middle). A rightmost plot shows the measured and
simulated MIITs as a function of the magnet current, where results of the failure case (4-strips activation) are also plotted.
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Fig. 9. Present plan of the circuit for the full-scale heater.
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Fig. 10. Left: All the heaters functions successfully. Right: Two of the
capacitive power supplies do not work properly (the worst scenario).

operating condition (I=12.047 kA), the new heater is capable
of protecting the magnet even at half of the peak power
density. Our standalone simulation was tuned with the obtained
data, and the simulated MIITs is in good agreement with the
measured one. Finally, we evaluated the full-scale heater using
the well-tuned simulation, and the computed Tmax is below the
practical limit of 300 K even for the worst scenario.
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Full-scale QH performance (Simulation)

Heater delay measurement

Full energy dump test
Comparison with the simulation

• Left: Comparison of the heater 
delay (tdelay):
- Shorter tdelay was achieved for 

the higher current  
• Right: Ppeak dependence of tdelay

- tdelay curve is almost flat for 
>1W/mm2

- Full-scale QH (800V full 
charge) is expected to give a 
similar heater delay of ~20 ms

• Measured total MIITs (incl. detection time, tdet) for high field (left) and low field 
(right) quenches

• In conclusion, the new heater demonstrates that overall MIITs are well 
below the limit (T=300 K) even the charge voltage of PS is half (400 V)

7.05 mF 7.05 mF 7.05 mF

• Measured current dump, which was obtained during the full energy dump test of MBXFS2, 
was compared to the simulated one

• Our simulation predicts the current profile and MIITs precisely especially for the 
higher magnet current

• We conclude that our simulation can also predict the full-scale QH performance for 
nominal operating condition (I=12.047 kA)

• The heater circuit is devised so as to reduce the total MIIts as much as 
possible in any heater failure scenarios

• Assuming RRR of the conductor is 150,  the computed hotspot 
temperature is confirmed to be below 300 K even for the worst case

Present plan of the heater circuit
Expected failure case

Expected MIITs and hotspot temperature (Tmax)
at I =12.047 kA

•  A new heater was designed and tested 
with MBXFS2 and 3

• Measured total MIITs were below the 
limits, and our simulation model also 
supports the obtained data

• Performance of the full-scale QH with 
the new design was also evaluated on 
the simulation basis and Tmax is 
confirmed to be below 300 K even for 
the worst case 
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Fig. 2. Schematic of the full-scale heater. An enlarged view explains each
heater element. Section-A and -B show the cross-sectional views of the coil
and heater position.

thick Polyimide film is glued on to the stainless-steel side of
the laminate using a 25 µm-thick epoxy resin.

The heater of MBXF is supposed to be connected with the
7.05 mF capacitive power supply which stores a maximum
charge of 800 V. Once a trigger is inputted the power supply
discharges and current flows into the heaters. One of the
important characteristics in the heater is a time constant of the
discharge, which is determined by capacitance of the power
supply (≡ CPS) and the heater resistance (≡ RQH). The longer
time constant RQHCPS is, the longer duration of heating we
get. However, larger RQH results in lower peak current (≡ IQH)
and hence lower peak power density which is defined as:

Ppeak =
RQHI2QH

Aheater
, (1)

where Aheater is the total area of the stainless steel strip.
The heater of MBXFS1 has a 15 mm-wide and 1.94 m-long
stainless steel strip and no coppers are bridged in the circuit
(see Fig. 1). The heater strip covers only the cables near the
midplane and thus is not effective for warming up entireness
of the magnet. Nevertheless the magnet successfully quenched
even at the injection current of 688 A [8]. Therefore, in order
to retain an effective heat input to the magnet, our baseline
of designing a heater pattern is to refer to that of MBXFS1,
and to adopt a similar Ppeak even for a new full-scale heater.
The guideline of the new heater pattern is as follows: 1) a
minimum longitudinal patch length of the stainless steel is set
to 100 mm to cover a strand twist pitch, 2) a zigzag pattern
is adopted to increase the heater coverage, and 3) RQH of the
full-scale heater is close to that of the single strip heater used
for MBXFS1 in order to achieve a similar Ppeak.

Figure 2 shows an overview of the quench protection heater
for the full-scale magnet. A zigzag pattern of the two stainless
steel strips can cover cables in the range of 5-12 turn, 13-
22 turn, and 26-35 turn counted from the pole. The 140 mm-
long Cu bridge is determined so that the total resistance of
the single stainless strip at 1.9 K is near 2.9 Ω which is equal
to R1.9 K

QH of the heater for MBXFS1. A numerical simulation
was developed to check performance of the new heater. Details
of the simulation model can be found in Ref. [8]. In the
simulation, the heaters are fired at t=0 and at the same time the
transport current is shut off. Then, development of the magnet

Stainless 
steel

Copper Magnet 
center

Lead 
end

1000

100 140 100 140 100 140

Fig. 3. Schematic of the short-scale zigzag strip heater used for MBXFS2
and 3.

resistivity is simulated and the following MIITs is calculated
to determine the hotspot temperature Tmax:

MIITs = A2

∫ Tmax

T=1.9 K

S(T )

ρE(T,B,RRR)
dT

=

∫ 0

−tdet(I,B)
I2dt+

∫ ∞

0
I2(t)dt , (2)

where I is the magnet current; A, S and ρE are the cross
section, the volumetric heat capacity and the electric resistivity
of the conductor, respectively. The ρE depends on T in
addition to magnetic field strength (B), and residual resistive
ratio (RRR). tdet(I, B) is the time required to detect a magnet
quench, which is dependent on I and B, and was evaluated
during the test of MBXFS1. Therefore, outputs from the
simulation provides the 2nd term of the last equation in Eq. (2),
and the resultant Tmax was confirmed to be below 300 K for
both low field quench (B=1 T) and high field quench (B=5 T).
Further tunings are implemented into our simulation model to
compare with the results from the cold test, which is given in
Sec. IV.

In order to check actual performance of this new heater, we
developed a short-scale heater having a same zigzag strip as
the full-scale one, which is shown in Fig. 3. The new heater is
then installed on MBXFS2 [6] and MBXFS3 [7]. Comparison
of the heater parameters are summarized in Table II. In
the table, RQH is calculated by taking account only of a
contribution from the stainless steel and thus neglecting the
copper. The RQH of the full-scale heater is not exactly same as
the RQH of MBXFS1. This is because originally we assumed
a 30 µm-thick stainless steel strip could be procured from a
domestic company. However, it turned out that they could not
provide such the laminate and in haste we needed to ask CERN
to provide their laminate which has a 25 µm-thick stainless
steel. Therefore, there is a concern about decrease of the peak
power density for the full-scale heater because of increase of
RQH. This issue is discussed in Sec. III-A.

III. EXPERIMENT

The new heaters were evaluated for the first time during the
cold test of MBXFS2 in 2018 [10]. The magnet was connected
to a 50 mΩ dump resistor and a current dependence of the
time-to-quench after firing the heater (≡ tdelay) was measured.
After then the dump resistor was taken off and the full energy
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