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A complete multi-physics library of the LHC superconducting circuits   

(RB, RQX, RQF/RQD, RQ4, …)

Analyse unexpected events occurring in the circuits.

Assess the impact of proposed circuit modification.

Reduce risks and downtime during operation.

Constantly optimize STEAM[1] for automated model generation.

Framework composed by a variety of tools to simulate 

transient effects in the superconducting circuit and magnet
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Develop the superconducting magnet model using STEAM-LEDET[3]

Develop the superconducting electrical circuit using STEAM-SING[2]

Validate the model with experimental data

Validate the model with experimental data

Validate the model with experimental data

Combine both models (LEDET and PSpice) 

using STEAM-COSIM[4]
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Designed and built in 1996 during a collaboration between CERN, KEK, and FermiLab

Located on either side of the four interaction points

The RQX superconducting circuit are 8 in total and operate at 1.9 K

Superconducting quadrupole 

• 2x MQXA 6.6 m long, developed at KEK

• 2x MQXB 5.7 m long, developed in Fermilab

Corrector Magnet

• MCSOX nested skew sextuple, octupole, skew octupole

• 2x MCBX orbit correctors

• MCBXA  MCBX with a nested 6-pole, 12-pole 

• MQSX skew quadrupole 



• 3 Power converters   RQX, RTQX1, RTQX2

• 3 Direct Current Transducer

• 40 Diodes in parallel with RQX pc

• 20 Diodes in parallel with RTQX2 pc

• 1 Free Wheel Diode

• 1 Free Wheel Thyristor

• 4 Warm current leads

• 4 Superconducting quadrupole magnets
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MQXA

KEK

MQXA

Fermilab
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By design, the protection of both 

magnets is guarantee by Quench 

Heaters (QHs) The QHs are μm-thin strips glued to 

the coil, which heat the turns by 

thermal diffusion

Quench appears

Quench is detected

Quench heaters are 

triggered

Heat transfer by thermal 

diffusion

The resistance of the coil 

increases

The magnet current 

discharges quickly

Part of the coil is transferred 

from SC to NC state
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The QHs are μm-thin strips glued to 

the coil, which heat the turns by 

thermal diffusion

Quench appears

Quench is detected

Quench heaters are 

triggered

Heat transfer by thermal 

diffusion

The resistance of the coil 

increases

The magnet current 

discharges quickly

Quench heater insulation
Stainless steel strip

Quench heater insulation

1.9K

By design, the protection the MQY  

magnets are protected with Quench 

Heaters (QHs)

Part of the coil is transferred 

from SC to NC state
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Powering

PCs ON

QHs not triggered

RQX ~ 7000A
RTQX1 ~200 A
RTQX2 ~4700A
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Fast Power Abort

PCs OFF

QHs triggered

t<~130ms 
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Fast Power Abort

PCs OFF

QHs triggered

t>~130ms 
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Fast Power Abort

PCs OFF

QHs triggered

t>~130ms 

~130ms



13

Slow Power Abort

PCs OFF

QHs not triggered

?
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RQX electrical circuits have been tested using Slow Power Abort (SPA) tests 

performed during the LHC Hardware Commissioning.

During the SPA the power converters are switched-off. 

The current decays in a few hundred seconds.    

Generating PSPICE 

model

Using STEAM-SING[2]

?

R1 R2 R3 R4

?
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RQX.L1
+ R1={320u} 
+ R2={315u} 
+ R3={315u} 
+ R4={328u}

Powering

SPA

Powering
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Powering

SPA
Powering

Powering

SPA

RQX.L2
+ R1={400u} 
+ R2={450u} 
+ R3={450u} 
+ R4={230u}
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Generating LEDET[3]

model

LEDET application comes 

as a stand-alone executable 

based on Matlab.

MQXA

MQXB
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Now it’s necessary to co-simulate the electrical circuit and the electro-thermal models.

STEAM-COSIM[4] Framework based on cooperative simulation 

The signals exchange is the core of the 

co-simulation.

The data exchange is based on the 

concept of the ports.

Iteration will be repeated until the 

convergence level, in terms of relative 

and absolute error is achieved.

• Resistance of the aperture

• Inductive voltage of the aperture

• Current through the aperture

During the FPA, the power converters are switched-off and the quench protection system is triggered.

The current discharges due to the coil resistance in less than a second.

Electrical 

circuit model

Electro-magnetic 

and thermal model 

Ikcircuit
Uk-1

Rk-1
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*Probably the voltages are not measured after 0s
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+ rc_par= 1m ΩF
+ l_par= 2u H
+ c_par=300m F

A RLC branch was added in order to reproduce 

the oscillation of the circuit
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MQXB MQXA
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t<130ms  IQ3=IRQX

MQXA 
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t>130ms  IQ3≠IRQX

IQ3=IFWD+IRQX

MQXA 
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t<130ms  IQ2=IRQX+IRTQX2

MQXB 
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t>130ms  IQ2=IRQX

MQXB 
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• Due to the complexity of the circuit,  more accurate analysis of the electrical circuit will be performed.

• For a more complete and reliable validation of the superconducting circuit RQX it is necessary to find the magnet data in order to be able to 

validate the electro-thermal model in a stand-alone configuration using STEAM-LEDET.

• Once the electro-thermal model will be validated, will be possible to update the model from 2D to 2D+1D using the specific LEDET feature. 

This will allow to have a better approximation of the circuit.

• Two of the eight RQX circuits models were validated using SlowPowerAbort data from the LHC Hardware Commissioning. The validation 

gave good agreement with the experimental results.  It is necessary to continue with the validation of the other RQX circuits.

• RQX circuit model and MQXA and MQXB magnet models were combined in a co-simulation model using the tool STEAM-COSIM.   

The co-simulations were validated using FastPowerAbort data from the LHC Hardware Commissioning. The validation gave a good 

agreement with the experimental results.

• The two circuits validated in PSpice and in COSIM (Pspice+LEDET) are ready to use for the upcoming LHC hardware commissioning and 

operation.
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Thanks for the 

attention! 
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RRR=70 RRR=150RRR=100
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MQXA 3.1% He
MQXB 3.1% He

MQXA 3.1% He
MQXB 5.0% He

MQXA 4.6% He
MQXB 2.6% He

MQXA 5.0% He
MQXB 3.1% He

MQXA 4.0% He
MQXB 2.0% He

MQXA 4.5% He
MQXB 1.5% He
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FWD SPA RQX.L2
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Semi-
automatic 

model 
generation

Simulations  
are run           

in PSpice

Validation 
of 

components

Generating PSPICE model

Using STEAM-SING[2]

Calculation 
of self and 

mutual 
inductance

SMIC [6]

Diode V-I 

characteristic 
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Field maps

(ROXIE[7])

Semi-
automatic 

model 
generation

Input file is 
an excel file

LEDET application comes 

as a stand-alone executable 

based on Matlab.

Simulations  
are executed          

in a batch 
mode

LEDET application comes 

as a stand-alone executable 

based on Matlab.
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Magnetic 
model

(ROXIE[7])

Semi-
automatic 

model 
generation

Input file is 
an excel file

Simulations  
are executed          

in a batch 
mode

Output as 
txt files, 
figures, 

animated 
GIFs, pdf 
report,…
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