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Outline  

•  Motivation  
•  Short History  
•  Fast field change needs new measurement technologies: ADC/DSP DAQ 

systems and Printed Circuit Board (PCB) probes  
•  Dynamic effects in FNAL 11 T Nb3Sn models   

–  Main field; 
–  Sextupole field component;  

•  Summary 
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Motivation 

•  Since  2001,  Fermilab started a R&D program on Nb3Sn  magnets.  At the 
Fermilab Test Facility, we performed a systematic measurements on  models 
for:  VHLC and LHC 11 T dipoles, LARP IR  quadrupole upgrade.  

•  The  results of this R&D program: Nb3Sn magnets are a part  of the HL-LHC  
upgrade: 11T dipoles, IR  quadrupoles. 

–  Recent results  MBHSP/MBHDP  published in:  
S. Izquierdo  Bermudez, L. Bottura, L. Fiscarelli, E. Todesco, “Decay and Snapback in Nb3Sn  
Dipole Magnets”, IEEE Trans. Appl. Supercond., vol. 27, no. 4, 2017, Art. no. 4002306 ,  
on  MBHSP/MBHDP show discrepancy  with the NbTi expectations  

•  15-17 T  Nb3Sn magnets are planned for FCC – the goal is to learn as much as 
we can.  

G. Velev MT25, August ‘17  3 
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MTF – MBH 11 T model  test  

MBHSP01,  

MBHSP02,  

MBHSP03,  

MBHSP04,  

MBHDP01  

Five 11 T  
dipoles, four 
analyzed  

MBHDP01 

Before  test 
MBHSP02 

Yoke assembly 

Warm bore in one of the 
aperture  
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Short history 

•  Dynamic effects were discovered at early operation of the Tevatron observing a 
large chromaticity growth  during the  beam injection    

•  A detailed stand-alone measurement program was executed  targeting the 
dynamic effects for Tevatron, HERA and LHC   

•  The  measurements were done on NbTi dipoles  - a lot of data exist 
•  If we have to summarize in one slide …. 

G. Velev MT25, August ‘17  5 
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Introduction to Decay and Snapback – based on NbTi data  

Effects discovered during early 
commissioning of the Tevatron 

b3
hyst = a+ b ⋅ I + c ⋅ I 2

duration 4-6 s 

Back porch 

  penetration state  
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 Diagram of the real time measurement  system  
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Magnetic measurement probes  

•  Printed Circuit Board (PCB) probe 
•  UnBucked (UB) and DipoleBucked (DB) 

windings 
•  16-Layer, 13 turns/layer/track with outer 

trace at 14mm radius  
–  Probe has two different length circuits  

•  130mm (close to twist pitch) 
•  26mm (1/5) for fine structure measurements 

G. Velev MT25, August ‘17  8 
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MBHSP/MBHDP CERN  Nb3Sn model measurements  

•  Recent results  from MBHSP/MBHDP  published in:  
–  S. Izquierdo  Bermudez, L. Bottura, L. Fiscarelli, E. Todesco, “Decay and Snapback in Nb3Sn  

Dipole Magnets”, IEEE Trans. Appl. Supercond., vol. 27, no. 4, 2017, Art. no. 4002306 . 

•  Similar decay in the main dipole field comparing to NbTi 
•  Inverse decay in the  normal sextupole  - not observed in NbTi 

G. Velev MT25, August ‘17  9 

Inverse 
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Main Field  decay  

G. Velev MT25, August ‘17  10 
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Norma sextupole decay (b3)  

•  Normal sextupole at 760 A injection:  
–  average amplitude: b3=5.5 units, 

comparing to 1-2 units in NbTi  
–  time constant: t1= 718 s  

•  Inverse decay at the  upper branch of the 
hysteresis curve, back porch at 760 A   

G. Velev MT25, August ‘17  11 
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Snapback in the normal sextupole  
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“Scaling  Law” 
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y = 0.1109x - 0.2248 
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return back b3 to hysteresis  curve  

Important feature:  predictability      

IEEE Trans. Appl. Supercond.,      
vol. 17, no. 2, 2007  

to return to the hysteresis branch that would have been
measured without the injection stop (dashed line). The
measurement of the snap-back was performed with a
snap-back analyzer [23] that outperformed rotating coils
[15] which are too slow to provide the time resolution
necessary for accurate modelling (1 to 10 Hz). A typical
snap-back measurement campaign consists of several LHC
cycles with the precycle parameters changed so as to vary
the decay amplitude. The cycles are separated by a quench
to erase the memory of previous powering.

It was found experimentally [24], and proven analyti-
cally in [25], that during the snap-back the first allowed
harmonics b3 and b5 follow an exponential law. For the
normal sextupole, this law was written as follows:

 bsnap-back
3 !t" # bdecay

3 e$%I!t"$Iinj&=!!I"; (10)

where bsnap-back
3 !t" is the sextupole variation during the

snap-back, I!t" is the instantaneous value of the current,
initially at the injection value Iinj. The amplitude bdecay

3 of
the snap-back and the current change !I are the two fitting
constants. However, given that the multipoles are continu-
ous in time, the snap-back amplitude is equal and opposite
to the magnitude of the decay at the end of the injection.
This implies that bdecay

3 is not an independent parameter in
the overall model.

Figure 8 shows the exponential fit of the sextupole snap-
back data of Fig. 7, demonstrating that the model is well
suited to the data. The standard deviation of the fit is in
general less than 0.03 units during the whole snap-back.
Based on this observation, the snap-back of the main field,
transfer function, and all harmonics is modeled as follows:

 Bsnap-back
m # Bdecay

m !tramp"e!Iinj$I"=!!Im" (11)

 TF snap-back # TFdecay!tramp"e!Iinj$I"=!!Im" (12)

 csnap-back
n # cdecay

n !tramp"e!Iinj$I"=!!In"; (13)

where the factors Bdecay
m !tramp", TFdecay!tramp", and

cdecay
n !tramp" are the change of the main field, the transfer

function, and the normalized harmonics, respectively, dur-
ing the decay evaluated at the time of the beginning of the

ramp tramp. These parameters can hence be determined
from the double exponential fit of Eq. (3). The only re-
maining parameter is the characteristic currents for the
exponential change, !Im and !In.

Analyzing data obtained for a single magnet during
measurements of snap-back following different magnet
powering sequences, it can be observed that both the
amplitude parameters (Bdecay

m !tramp", TFdecay!tramp", and
cdecay
n !tramp"), as well as the characteristic currents !Im

and !In, change from run to run. This corresponds to the
well-known fact that the snap-back (as the decay) is a
function of the magnet powering history. We have found
however, that the two sets of fit parameters are strongly
correlated, and once represented in a scatter plot they lie on
a straight line. Furthermore, a very interesting property is
that the correlation between the fit parameters is approxi-
mately the same for all magnets tested. An example of this
correlation on the sextupole fit parameters bdecay

3 !tramp" vs
!I3 is shown in Fig. 9 for the 138 measurements on LHC
dipoles tested to date using the snap-back analyzer [23].
This finding is substantiated by the fact that the magnets
tested were not specially selected (e.g. with respect to
cable properties) and comparable results are found per-
forming the same measurements and data analysis on both
the LHC and Tevatron dipoles, as discussed later. Hence, it
seems that the correlation plot can be used to characterize
the behavior of the dipoles in the whole accelerator, i.e., it
can act as a scaling law.

The implication is that only one of the two fit parame-
ters, either cdecay

n !tramp" or !In, is strictly necessary to
predict the sextupole change.

In practice, the waveform of the snap-back can be pre-
dicted by taking the observed decay cdecay

n !tramp" at the end
of injection [e.g. computed using Eq. (7)], and computing
the corresponding !In using the linear correlation coeffi-
cient gSB

n :

 cdecay
n !tramp" # gSB

n '!In: (14)
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FIG. 8. (Color) Exponential fit of measured sextupole change
during snap-back on the LHC dipole 2211.
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FIG. 9. (Color) Scatter plot of the sextupole fit parameters
bdecay

3 !tramp" (units @ Rref17 mm) and !In that correspond to
sets of different powering cycles in the LHC dipoles tested and
analyzed to date. The data has been fitted with a linear regression
and is compared to the theoretical prediction presented in [25].

NICHOLAS J. SAMMUT et al. Phys. Rev. ST Accel. Beams 10, 082802 (2007)

082802-6

Phys. Rev. ST Accel. Beams 10,  

082802, 2007. 
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Summary  

•  We presented a summary of the dynamic effects, including decay and snapback in the 
main dipole and sextupole fields for the  Fermilab 11 T model magnets 

•  The results clearly show that decay and snapback follow the same trend as NbTi 
dipoles -  comparison is done to the  Tevatron and LHC main ring dipoles.  

•  A difference is observed in the amplitude of the decay in the normal sextupole, which 
found to be in average 5.5 units at injection, comparing to 1-2 in NbTi magnets. 

•  We found snapback time constants up to 10 times longer. This transfers to up to 80 A 
in ΔI. 

•  The ΔI is in order of magnitude larger than currents observed in the CERN MBH 11 T 
Nb3Sn models  

•  In our  11 T dipoles  measurements do  not confirm the  recent CERN MBH results 
about the inverse behavior  in the normal sextupole  

•  Currently, new empirical models  are introduced to describe the dynamic behavior of 
Nb3Sn magnets.  They are  exploring partial magnetization of the filaments, flux jumps 
in Nb3Sn conductor and  effects of the Wind&React  processes  

•  To confirm these models more data from dedicated experiments are needed 
–   next year, we will test of  the 15 T dipole  model  as part of the US  MDP  program 
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Backup slides 
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Snapback parameterization 

• In  case:  
– Half Gaussian 
–  Δb3

sb(0) ~ t2 

⎟
⎟
⎠

⎞
⎜
⎜
⎝

⎛ −
⋅Δ=Δ 2

2

33 exp)()(
sb

end
inj

decsb

t
ttbtb

Δb
3 

am
pli

tu
te

 (u
nit

s a
t 1

'')
6s

TB0834

Current	
  (A)

b 3
 a

m
pli

tu
te

 (u
nit

s a
t 1

'')

time	
  (s)

2
33 ~~)()0( sb

end
inj

decsb tItbb ΔΔ=Δ

• Scaling law: 


