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ELECTROMAGNETIC HORN

a) CERN Horn prototype b) electrical connections and water inlet/outlet
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PHYSICS

@ High pulsed currents: peak currents 300kA, pulse duration 100us = AC
currents, skin depth; joule losses, magnetic field, magnetic
pressure/force, vibrations, fatigue.

e Interaction target/proton beam: High power density deposit: 3kW /cm®.
Pulse length: 5us = thermal stress wave, fatigue, irradiation.

@ Cooling circuit = convection heat transfer; fluid dynamics (turbulent),
heat transfer

o Life time of the system =- fatigue analysis.
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MODEL-GEOMETRY

insulation g=0

horn current

conwection
o=hA(Ts - Tinf)

Axi symmetric

e electromagnetic horn to focus
the pions

e integrated target

e 2 heat sources: beam + joule
losses

e cooling circuit, impinging jets
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e axi symmetric model, radius
R=15cm,length L =78 cm.

e boundary conditions:
insulation + convection

o h={5,10,15,20} kW/(m2K)



JOULE LOSSES, ANALYTIC

@ Current flows between the surface and the skin depth

@ Joule losses increase with smaller radius.

crosssection : S=70(2r.—9)
skin depth : d= 2
WH
resistance ? = %
P
Power 7= Ri2.,=1[108, 77.5, 64] kW/m

forr=1[1.1,1.5, 1.8]cm, p = 4.8 x 1078Qm at 20°C,
irms = 15 kKA, w = 27 f = 27 x 5000 Hz
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JOULE LOSSES, COMSOL MODEL

VxH = ocE+ —

ot
B = H=VxA
oA

E = -vv-2
V=i

Time harmonic currents, equation reduced to:
1
V x <MVXA> + (jow — w?e)A =0

average volume energy density:

1 1 1
= ~pd-J" = -0E - E* = _ow?A- A"
qe/eC 2p 2 2
For time harmonic fields, the time average of the product of two vectors is:
A(r,t)-B(r,t) = %Re(A -B")
A(r,t) = Re(A&*")
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HEAT EQUATION, STEADY STATE

V- [kVT(r,z)]+q(r,z) = 0
q(r,z) = Qpeam(r,Z) + Qetec(r; 2)

k is the thermal conductivity.

@ Qpeam: power distribution inside the target, obtained with Fluka
simulation. PPe@™ = {1 4} MW, proton kinetic energy 4.5 GeV, beam

width o™ = {4,6} mm.

@ (elec: resistive loss with s = 15 kA

material | conductivity | ¢®™ | Qpeam | Qelec
[W/mK] | [mm] | [kW] | [kW]
o Al 170 4 278 60
6 256 60
Be 80...200 4 165 56.3
6 153 56.3
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MODEL-BOUNDARY CONDITIONS

Thermal: Heat conduction, 2d axisymmetric

@ Thermal insulation g = 0 everywhere except on the surface r = 1.5 cm

@ Convection cooling on the cylinder surface with
h = {5,10,15,20}kW/(m?K)

qg=2rRLh(Ts— Ty)
Ts and T, the surface and fluid temperature, g heat flux
Electrical: Meridional induction current, vector potential, 2d axisymmetric
©z={0,078mr=0mVxA=0(A, =0and B,=0)

o r = R;surface current: Jg = 5 — ¥Y2x15k4
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POWER DISTRIBUTION, ALUMINIUM

a) Al, 4 MW, o = 4 mm b) Al,1 MW, o = 6 mm

FIGURE: Power density distribution in [W/m?3] for PPeam — {1, 4} MW and beam profile o = {4, 6} mm in Al target.
Electrical current irms = 15 kA at 5000 Hz, for z = {0, 10, 30, 60} cm (blue, green, red, light blue)
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TEMPERATURE DISTRIBUTION, ALUMINIUM
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a) Al, 4 MW, o = 4 mm, h = 5 kW/(m?K) b) AlL1 MW, o = 6 mm, h = 5 kW/(m2K)

FIGURE: Temperature distribution for P?#3™ — {1, 4} MW and beam profile o = {4, 6} mm in Al target. Electrical current
irms = 15 kA at 5000 Hz, for z = {0, 10, 30, 60} cm (blue, green, red, light blue)
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POWER DISTRIBUTION, BERYLLIUM
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a) Be, 4 MW, o = 4 mm b) Be,1 MW, o = 6 mm

FIGURE: Power density distribution in [W/m?3] for PPeam — {1,4} MW and beam profile & = {4, 6} mm in Be target.
Electrical current irms = 15 kA at 5000 Hz, for z = {0, 10, 30, 60} cm (blue, green, red, light blue)
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TEMPERATURE DISTRIBUTION, BERYLLIUM
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b) Be,1 MW, o = 6 mm, h = 5 kW/(m?K)

FIGURE: Temperature distribution for P?#3™ — {1, 4} MW and beam profile o = {4, 6} mm in Be target. Electrical current
irms = 15 kA at 5000 Hz, for z = {0, 10, 30, 60} cm (blue, green, red, light blue)

continue with h = {5,10, 15,20} kW/(m?K)
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Temperature [C]

TEMPERATURE VERSUS CONVECTION COEFF H, AL
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@ Teore, Ts: core and surface temperature @ Timm TEmm Timm TEmMM (dark blue,
b b .
for o = {4,6} mm and P**" = 4 MW green, pink, blue) for o®™ = {4,6} and
by
o T, o, TEm™, TE™ (yellow, purple, PP =1 MW
blue, brown) @ Tooe <300°C — h > 13, 20kW/m2K
@ Temperature exceeds melting point of Al (o0 =6,4mm)
(555°C)at 4 MW @ large core temperature difference
@ not feasible with Aluminium at 4 MW for between o = 6,4mm beam, not for
this h cooling range surface temperature
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Temperature [°C]

TEMPERATURE VERSUS CONVECTION COEFF H, BE
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Pbeam — 1 MW
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TARGET AND HORN, POWER DENSITY AND
TEMPERATURE DISTRIBUTION
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CONCLUSION — NEXT STEPS

e Study of target cooling for {1,4} MW - beam and Joule effect

@ Aluminium material cannot be used at 4 MW

e Possible for Beryllium (and also AlBeMet, Carbon)

e Seem difficult to use a solid target at 4 MW; need very efficient
cooling h > 20kW /(m?K)

e Ok at 1 MW with high cooling rate h ~ 10kW /(m?K)
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