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Problem
Suppose you wanted to magnetize the 
future DUNE detector to allow for 3σ 
particle-by-particle electron vs. positron 
separation at 2 GeV. How large a field 
is required? Compare the energy 
stored in the field to the total energy 
used by the residents of Lead, SD in a 
single day. Suggest how you might 
construct such a field and estimate the 
cost of the materials required. 
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ProtoDUNE-SP: First Look at Data

https://www.sciencephoto.com/contributor/gtj/
https://www.sciencephoto.com/contributor/gtj/
https://indico.fnal.gov/event/18719/contribution/1/material/slides/0.pdf
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Liquid Argon at 87 K



How large magnetic field is required?

L=X0 =14 cm (radiation length)
ϵ = 4.8 mm (uncertainty of position using spacing 
between anode wires)
N=X0/ϵ =29

σ2=1.27e-6 mm-2 

p=0.2998B⍴,  ⍴=1/k -> B=11T
To get 3σ we calculated 𝝌2=(kth-kobs)

2/σ2 =(2k)2/σ2 =32 
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[1]

https://dune.bnl.gov/docs/technical-proposal/far-detector-single-phase-chapter-fdsp-apa.pdf
https://dune.bnl.gov/docs/technical-proposal/far-detector-single-phase-chapter-fdsp-apa.pdf


TOP view of the detector

58 meters

14.5 meters
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Orientation of the magnetic field
Magnetic field vertical to the electric field is chosen. Both the drifting particle 
and the beam particles will do circular motion in this magnetic field. 

Under                              , drift velocity is v=1.6mm/𝜇s. 
Magnetic force acts as centripetal force: 

The radius of curve is                           meter.
Much smaller than the spatial resolution of detector !
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Effect from drifting electron  



Reasons of choosing this      field
● Coil wrapped parallel to the walls of the detector more feasible
● Alternative loop direction more difficult to construct (weight of detector would 

be on top of the coil)
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Comparison with other solenoids

ATLAS CMS DUNE

Wire length (km) 9 62 505

Current (kA) 8 19.5 30

Magnetic field (T) 2 3.8 11

Energy stored (GJ) 0.045 2.3 126

Cost ($ million) 14 93 760
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[4]

NbTi superconducting wire
(Tc = 10 K)



Energy Stored in the Magnetic Field
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Comparison with the Energy Usage of Lead, SD
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[2]

[3]



Other considerations
● This is assuming electron/positron are moving in the beam direction. 
● With the direction of the B-field, the way the tracks bend will also have timing 

uncertainty 
● The weight of the coil might distort the B-field over time.
● Design and cost of the liquid He circulating system.
● Reduced fiducial volume with uniform magnetic field?
● Price of liquid Helium (~$17/liter) needed to keep the wire at ~ 4 K 
● Insulator cost 
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[5]



Conclusion
● ~$760 M (for just the wire!) per cryostat.

○ Keeping wires in superconducting temperature is another cost driving factor that we haven’t 
accounted here.

● DOE recommended range of $1.255 billion to $1.862 billion.
● Multiply by 4 to magnetize all DUNE cryostats ! 🤑
● The factors we didn’t take into account could drive up the cost. [9]
● However this is possible (at least to a smaller scale) [10]
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Backup
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Backup: Approximate Cost of Solenoid
From             , taking our current as 30 kA, the number of turns per length is 290.

We need turns all the way up the height of the active volume: 290 turns/m x 12 m 
= 3,480 turns.

Each turn has length 2 * 14.5 m + 2 * 58 m = 145 m. Multiplying by the number of 
turns gives a total length: Ltot = 505 km

If the wire has a width of 4 cm and is made of Nb (8.6 g/cm^3), Ti (4.5 g/cm^3) and 
Cu (9 g/cm^3), we can calculate the total mass

8000 kg/m^3 * 505,000 m * pi * (0.02 m)^2 = 5,075,000 kg

Cost of NbTi wire = $150/kg -> Total Cost: $760 million 😕 15



NbTi characteristics [11].
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Why is the uncertainty ϵ ~ 4.8mm?
U, V, X wire spacing: 4.8mm

We want to argue that:

If we only have U,V wires, our resolution would be 
worse than 4.8 mm (as seen in the gray area)

But if we could get readout from all three wires, the 
extra X wire will limit our uncertainty to 4.8mm. [7] 
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U wire

V wire

X wire



Which orientation of magnetic field should we use?
The magnetic field lines have to be perpendicular to the beam direction to curve 
the track of the charge particle             . We have two options:

1) Magnetic field lines parallel to the drift field line
2) Magnetic field lines perpendicular to the drift field line
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Orientation (1)
1) Magnetic field won’t affect the drifting electron, but only the 

beam particles.
2) Due to the magnetic force                     , beam particle will  

move in a circle, which could be seen on APA plane.
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Orientation (2)
Magnetic field vertical to the electric field is chosen. Both the drifting particle 
and the beam particles will do circular motion in this magnetic field. 

The ADC clock frequency is ~2MHz, with the drift 
velocity, the uncertainty added by the time resolution is 
0.8mm.

The overall spatial uncertainty would be
                                               mm
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Uncertainty added by the time resolution  



Backup: Liquid Helium Flow Rate
Assume 20 cm insulation of k = 0.1 W/(m*K) and our trusty conduction equation:

We find that 144 kW of thermal power will be radiated from the liquid argon to the 
liquid helium. Assuming that the helium is pumped in at 3 K and pumped out at 4K 
and has a heat capacity of 1 J / (g*K), this means we need to cycle 144 kg/s of 
liquid helium to cool the solenoid. 
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