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Horn history

Introduced in ≈ 1961 
by S. Van der Meer
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How it works, nothing magic

From the lecture “Physique de Base” the Ampere law:
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First horn built

Horn features:

• Focus only one particle sign

• Compact element

• Radiation hard

• Low Cost
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Horn in use at CERN 

AD horn (see Microcosm) 300 kA, 0.5 Hz, 1M pulses
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AD Target station
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Horn optic design

Maximization of secondary flux into a given acceptance:
Accelerator acceptance

• Max divergence fixed by 
focusing in the channel

• Max radius fixed by the 
beam pipe aperture

Neutrino beam experiment

• Max divergence small to 
have a small spot size at the 
experiment site

• Max radius doesn’t matter
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AD horn design

m

m

From equation of motion in 1/R field:

For a monoenergetic beam and a point like source

Theoretical shape to have a point to parallel beam

Inner conductor profile

Target position

3 GeV  p

Cut away
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Design choices

m

m

• Shape both the profiles: AD, Numi

• Approx the theoretical profiles with straight lines: NuFact

• Fix one and shape the other: CNGS

• Combine the first two approaches: MiniBoone
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CERN/NeuFact horn prototype

CNGS horn 2

CNGS horn 1

MiniBooNE

KEK horn 2

KEK horn 1

NuMi horn 2

NuMi horn 1

(m)
76543210

Horns available from the shelf

Numi: 200 kA, 0.5 Hz, 6M pulses 
1 year

MinibooNe: 170 kA, 5 Hz, 11M pulses
1 year

K2K: 250 kA, 0.5 Hz, 11M pulses
1 year

CNGS: 150 kA, 2 pulse/6s, 42 M pulses
4 years

Nufact: 300 kA, 50 Hz, 200 M pulses
6 weeks
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Numi horn inner conductor
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Miniboone
• From trasp. of Ioanis Kourbanis
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Caveats

• The target is not point-like:
– Normally 1-2 interaction lengths

• Order 1 m for light targets (Be)
• Order 20-30 cm for heavy targets (Hg)

• Particle produced with large energy spread

• In any case, as Van der Meer dixit:
– Max angle for a given momentum depends only 

on the square root of the current
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π
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Optimisation criterium = Physics reach
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Nufact + SuperBeam 

Same Inner horn for
SuperBeam & Nufact

Different optimisation of 
the outer horn for the 
two cases

© CERN Courrier

Same Horn operation mode:
• 4 MW proton beam
• 50 Hz rep. rate
• Current as high as possible
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Old horn Nufact 

Horiz.+ Vert. scale different
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Particles at target

Protons

π+
π-

e- e+

• Hg target
– 26 cm (2 λI)
– 2.2 GeV p beam

• 20% more π+ Vs π-
Pt  π+

P tot  π+

GeV/c

GeV/c
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After the horn 

π+ horn

π+ target

Pt distribution

Pt GeV/c

Protons

π+

π-

Population

Muons

π-/ π+ = 0.3

Beam pipe π-/ π+ = 0.02

Sign selective
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After the horn II

xy

Spot size (cm)

Horn designed to fit the beam in a R = 30 cm 
beam pipe

xpx

“Butterfly” phase space
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Horn focusing system

Protons

Current of  300 kA

To decay channel
π

Hg target B∝1/R
B = 0



Simone GilardoniLAL - Orsay 3/12/2002

Double Horn

First decay 
channel solenoid

300 kA

600 kA

B field 

0.001

0.01

0.1

1

1 100
Radius (mm)

B
 (a

.u
.) I = 300 kA

I = 600 kA
Sum

Old horn neck
R = 1.6 cm New horn neck

R = 4 cm
B field is 2.5 times smaller !

Increase of B 
at large radius
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Double horn concept

BEAM AXIS
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600 kA (outer horn)

300 kA (inner horn)

Not to scale



Simone GilardoniLAL - Orsay 3/12/2002

Beam dynamics study
Transverse phase space:
•Simulation and tracking by MARS

Pion Yield: 0.0013 π/POT with CUT  εn =1.5 cm rad
0.3 GeV < Et <0.6 GeV  

After Horn In 1.8 T solenoid 
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CERN/NeuFact horn prototype

CNGS horn 2

CNGS horn 1

MiniBooNE

KEK horn 2

KEK horn 1

NuMi horn 2

NuMi horn 1

(m)
76543210

Horns available from the shelf

Numi: 200 kA, 0.5 Hz, 6M pulses 
1 year

MinibooNe: 170 kA, 5 Hz, 11M pulses
1 year

K2K: 250 kA, 0.5 Hz, 11M pulses
1 year

CNGS: 150 kA, 2 pulse/6s, 42 M pulses
4 years

Nufact: 300 kA, 50 Hz, 200 M pulses
6 weeks
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Mechanical study Goal

• Verify the reliability of a 300kA-50Hz horn built 
according the conventional technique of pulsed horns 
and providing a minimum lifetime of one month.

• In the same period one has to 
change 2 or 3 ISOLDE 
Uranium-Carbide targets 
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Main Parameters
•Radius of the waist 40 mm
•Peak current 300 kA
•Repetition rate 50 Hz
•Pulse length 93 µs
•Voltage on the horn 4200 V
•rms current in the horn 14.5 kA
•Power dissipation (by current) 39 kW
•Skin depth 1.25 mm

•Total length 1030 mm
•Outer diameter 420 mm
•Max diameter (electrical connection flange) 895 mm
•Free waist aperture 56 mm 
•Waist outer diameter 80 mm
•Average waist wall thickness 6 mm
•Double skin thickness 2 mm



Simone GilardoniLAL - Orsay 3/12/2002

Material choices

• AA 6082-T6 / (AlMgSi1) is an acceptable 
compromise between the 4 main characteristics:
– Mechanical properties
– Welding abilities
– Electrical properties
– Resistance to corrosion

Not compatible with Mercury

Max. allowed stress
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What we had planned to do

• First “inner” horn 1:1 prototype 
• Power supply for Test One: 

30 kA and 1 Hz, pulse 100 µs long
First mechanical and thermal stresses 
measurements 
Test of numerical results for vibration 
Test of cooling system

• Test Two: 300 kA and 1 Hz
• Last test: 300 kA and 50 Hz

More
 or

 les
s d

one

Unknow
n sc

hedu
le

Goal: Horn Life-Time 6 weeks (2*108 pulses)
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Very good news

Thanks to the CERN Workshop
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Horn prototype ready for tests
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Mechanical design

• Main features:
Staying in conventional mechanical technology
Thickness of the walls calculated for a minimum absorption.
Improvement of the cooling efficiency.
Low cost radiation hardness insulation.

• Highlights:
Creation of a double skin.
Sprayers directly feed by an annular low pressure water film.
Cooling circuit shared out for the waist zone
Inner waist exchange surface magnified by a factor 2 
(round shape inner screw thread)
Ceramic balls used as spacers between inner conductor and 
double skin to ensure the concentricity of the both components.
Use of a glass disc insulator.
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EBW – CERN INSTALLATION

Vacuum tank

Beam source
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Magnification: x25

Magnification: x25

Magnification: x25
Under polarized light

CERN/EST document

E.B. Welding
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Longitudinal section

NEUTRINO FACTORY PROJECT - HORN PROTOTYPE
GENERAL ASSEMBLY

S. Rangod      18/10/2001
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Glass insulator disc Outer skin

Inner skin

Water outlet

Electrical connections
to the strip-lines

Water inlets (circuit 2)

Water inlets
(circuit 2)
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Water cooling circuit  1

• Mean power dissipation in the horn by current (kW) 39
• Water flow needed with ∆ΘW 150C    (l/mn) 37
• Maximum allowable water flow in the horn  (l/mn) 90
• Working water pressure (bar) 1-1.5
• Expected temperature increase on the neck (0C) 50
• PwC1/PwC2 y 1

PwC1: Power extracted through the annular channel
PwC2: Power extracted with showers from sprayers

General inlet PwC1

PwC2aPwC2b

SCHEMATIC WATER CIRCUIT

To the tank



Simone GilardoniLAL - Orsay 3/12/2002

Water cooling circuit  2

G

G Electrical conductibility gauge

Filter

Pressure gauge

2 Ways valve

Heat exchanger

2 Ways electrovalve

Temperature gauge

Demineralized water / fill-in circuit

Primary IN

Primary OUT

80/120l/mn - 1b/1.2b

Auxiliary pump
(installed if needed)

HORN

Water tank (300 l useful capacity)

To the drain

Water treatment plant

Adjustable valve

Flow controller

Flowmeter

Pump

S. Rangod      19/11/2001

NEUTRINO FACTORY PROJECT

HORN COOLING CIRCUIT

STOP/MAXIMUM LEVEL

RUNNING LEVEL

STOP/MINIMUM LEVEL

MaxRL

MinRL

DL AL
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CROSS SECTION THROUGH
         RADIAL HOLES
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NEUTRINO FACTORY PROJECT - Horn prototype
INNER CONDUCTOR END FLANGE
Material : Al 6082
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Construction of horn at CERN

Drilling operation 
for radial holes



Simone GilardoniLAL - Orsay 3/12/2002

Construction of horn at CERN

Round shape thread inside the waist
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Construction of horn at CERN

Punching of the 
outer skin
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Construction of horn at CERN

Spherical blind holes for 
ceramic balls spacers
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Construction of horn at CERN

Inner conductor



Simone GilardoniLAL - Orsay 3/12/2002

Construction of horn at CERN

Inner and outer skins
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Construction of horn at CERN

• Glass insulator disc
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Construction of horn at CERN

Front side assembly
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Horn prototype ready for tests
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Discharger Unit

Electric Switch Capacitors Bank
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Power supply scheme
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What we are doing

• Building a new power supply
– 70 kA, 120 µs, 1 Hz
– Mechanical vibration tests

• Studying how to connect the CNGS power supply
– 100-120 kA, few ms, 0.5 Hz

• Looking for someone interested in developing the 
final power supply
– 300 kA, 100 µs (better less), 50 Hz 

• Looking for someone to develop a numerical model 
for horn vibration
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Laser Measurements

Laser vibrometer

CNGS horn
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Preliminary vibration meas.
Scale matching to the velocity spectrum recorded few seconds
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New campaigns of measurements with laser vibrometer and 
a microphone as the new power supply ready.

Would you like to hear a laser?

Any suggestions how to measure a surface that you 
cannot touch, the INNER conductor ? 
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Horn failures …When? Why? 

AD horn (see Microcosm)
300 kA, 0.5 Hz, 1M pulses
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Reasons for horn failure

• Fatigue limit
– stress due to electro-magnetic forces
– Max pressure: ≈14 MPa (140 kg/cm2)
– Operation always in material elastic regime

• Thermal stresses
– joule losses: 39 kW
– particle energy deposition (still to be evaluated)

• Neutron irradiation
– Swelling
– Mechanical properties variation 
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CMS Magnets Power supply

• Total RMS current for CMS magnets: 19 kA DC
• Ramping in 5h
• Horn RMS current: 14.5 kA
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Pulse length optimisation
• Proton beam pulse length 3.2 µs

– Why a current pulse length of 100 µs ?
• Power dissipated in horn ∝ √τ0 IM

2

– τ0 pulse duration = half sine wave
– IM peak current

Shorter current pulse length wanted
• Voltage across the capacitor banks ∝ IM /τ0 

– Limit now is 6 kV 

30 times shorter pulse length reduces the power by
a factor of 5 but increase the voltage to 180 kV

How produce a shorter pulse length ?
Optimum to be found or a new idea …
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Target Nufact
• Target:

– Mercury:  Z = 80    → short target
Liquid     → easy to replace 

(v// ≈ 20 m/s)
– Dimensions:   L ≈ 30 cm, R ≈ 1 cm

40000 ×

4 MW

=

→ 4 MW of proton into a pint of beer
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Target experiment
Experiments @BNL and @CERN
• Measurements of Hg explosion speed

– Speed of protons >> Speed of sound 
• Maximum v⊥ ≈ 20 m/s
• v// ≈ 3 m/s 

Protons

1 cm
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Jet test a BNL E-951
Event #11 25th April 2001

P-bunch: 2.7×1012 ppb
100 ns
to = ~ 0.45 ms

Hg- jet : diameter 1.2 cm 
jet-velocity  2.5 m/s
perp. velocity  ~ 5 m/s

Picture timing [ms]
0.00
0.75
4.50

13.00

K. Mc Donald, H. Kirk, A. Fabich

Protons
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Target and Horn integration
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Target and Horn integration

Chamber for Mercury Evacuation New Nozzle position

Life-Time of Nozzle?Any good ideas ?
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Target inside or outside ?

Target INSIDE for low energy
• Max pt more or less independent from the energy

pt = 250 MeV/c

ptot= 30 GeV/c
θ = 0.47º
R(z=30 cm)= 0.25 cm

ptot= 600 MeV/c
θ = 24º
R(z=30 cm)= 13 cm

30 GeV/c

600 MeV/c
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Target Inside

• Problem of integration between Al alloy and Hg
– Hg compatible only with Ti
– How to weld Ti with Al alloy?

• Neutron irradiation damage
– Neutron spectrum is isotropous
– Most of neutrons stay in the neck
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Neutron damage

Hg target as SNS target

Typical neutron spectrum
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DPA: Displacements per atom

tdamagest
scm

n

MeVa
dT

barnMeVdamT
DPA Φ=








Φ

−
= σ)(2)(

)(
4.0

Tdam : damage energy cross section 

→ Total available energy to cause displacement

Tad : effective threshold displacement energy 

→ Energy required to displace an atom (Al = 27 eV)

And the 0.4 ? Please don’t ask …
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DPA for spallation sources
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Neutron damage

Neutron spectrumDamage cross section

GeV

Large neutron fraction where damage cross section is high
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Ductility variation and swelling

Neutron flux from Hg 
typical of a 
Neutron Spallation Source
(ESS, SNS)
Approx 1026 n/m2
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Material development

• Mechanical tests of Aluminum-Alloys before and after irradiation
– Variation of the mechanical parameters
– CERN is not equipped for such measurements

• Isolde as irradiation facility but somewhere else for tests

• Test for define material as a wall between Aluminum and Hg
– Highly “active” environment:

• Mercury splashing around 
• Minimum thickness but high mechanical resistance

(Ti-Alloys? Stainless Steel? See ESS, SNS target)
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Li-Lens, how it works

Principle: high current flowing axially in a conductor

Magnetic field rise linearly inside the conductor
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Li-Lens: how it looks like

From Nufact Note 10
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Simulation results

Simulation parameters
Conducting target

• Current: 2.49 MA (B=20 T at Rmax)
• Phase  : π
• Target : L = 13 cm  R = 2.26 cm 

Tilted target in
solenoidal field

• B field: 20 T
• Target : L = 30 cm  R = 0.75 cm
• Solenoid : L = 30 cm  R= 7.5 cm 
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Li-lens studies
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Limitation of conducting target

• High power dissipation ≈ 3.18 MW (Mercury)

• π- production: protons defocused inside the target

• Windows for target/beam-line separation

Why not lithium ?
• Long target (1 λ = 1.37 m): large π time spread

• Proton focusing inside the target

• High power deposition: 33.6 MW (liquid Li needed)
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Big lithium lens

1 MA flowing in wedge parallel to the beam axis

• More focusing at large radius ( x4 normal horn flux)  

• Dead zone for material interaction
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Few rays
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Conclusions

• A lot of work has still to be done:

– Horn development
• Final power supply
• Final horn design
• Horn life time

– Other ideas:
• Still on paper (or on my hard-disk)

New ideas, friends and fresh air is WELCOME !!!


