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Outline of the talk

d Motivation for the study of horn response

d The response to a sequence of magnetic pulses

d Dynamic response to Joule heating

d Effect of secondary particle deposition in the horn

d Comments on the approach to fatigue life estimation
O Horn support structure

d Conclusions
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CERN horns

Neutrino-Factory horn
(prototype available at CERN)

CNGS horn at CERN
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NuMi horn with an integrated target (Fermilab)
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T2K integration (courtesy M.Fitton - RAL)

None of the horns in operation now are as demanding as the one being considered
for ESSnuSB. This motivates the studies of the integrity of the horn.
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Superbeam parameters

0 Paramerters Unit Value
j Energy [GeV] 45
Total beam power [MW] 4
S e— Number of beam lines 4
Repetition rate [Hz] 12.5
j_/—] Pulse duration [us] 5
- Beam Gaussian width  [mm] 4

A magnetic horn with an _
embedded target Beam parameters at the target used in

the EUROnNu project

For the collector (magnetic horn) half-sine current pulses of
amplitude 300/350 kA are used in this study with the current pulse
length of 100 ps.
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Four-horn configuration
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The proton beam is split into four beams and each horn is pulsed
with the frequency of 12.5 Hz.

The calculations are made for 1.3 MW beam power per horn to
account for the failure of one horn
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Superbeam horn geometry and dimensions
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The plot is not to scale! The overall length of the horn is just over 2 m,
the outer radius is about 0.7 m
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Dynamic stress due to a sequence of magnetic pulses -
magnetic pressure applied to the horn

The formula is applicable
to cylinders, and
approximately applicable to
conical sections. It is also
valid for end plates (the
pressure is perpendicular
to the plates)

_. 4 . _ _ _
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Response to magnetic pulses

(Pa)

VON MISES STRESS

Eqivalent von Mises stress at a point on the part of the horn
waist (the inner cylinder that encloses the target):
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Response to magnetic pulses

Character of variation of a typical stress component —
such components are required in many fatigue-life
techniques
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Maximum dynamic stress due to magnetic pulses

Maximum von Mises stress due to
magnetic pulses = 41 MPa (at 350 kA)
- = 30 MPa (at 300 kA)

T b
L920E+07 . 184F+08 L2TEE+08 . 368F+08
L460E+07 .138E+08 L230E408 . 222F408 L 414F408)

An important contribution of the
magnetic pressure that acts on the end
plate. The maximum stress calculated
without the pressure on the end plate
is 18 MPa for 300 kA current

]
0 . 920|€+o7 . 184E+08 2T6E+08 . 368F+03
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Average power loss in the horn skin in kW

current 300/350kA + particles

0.93/1.27
¥ 3.344
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0.357

Joule losses calculated at Krakow and CNRS (accounting for the skin

effect). Secondary particle results obtained with Fluka by C. Bobeth
(CNRS) and A.Longhin (CEA)

Heat from the target not included, it will depend on the target cooling
system
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Approxiamte calculation of Jule heating due to a sequence
of half-sine pulses

In the simplified analysis it is assumed that the skin depth is
calculated for harmonic excitation with frequency equal to

1/(2*pulse duration) (J.M.Maugain, S. Rangod ,,CERN-NUFACT
Note 80; B.Lepers)

1/2

P, =RIZ, RMs—\/E( =)

R=pL/(2nR_0) O = \/p [(mfu,n,)  (skin depth)

For an alluminium alloy with p=4-107 Q-m
and f=5000 Hz: 6=1.4 mm
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Fourier spectrum of the sequence of half-sine pulses

The spectra shown correspond to: I.,=300 kA, pulse duration 100
us, pulse repetition frequency 12.5 Hz
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Envelope of the sprctrum over Detail showinig the discrete
the frequency range [0,50 kHz] nature of the spectrum —
frequency spacing equals
12.5 Hz
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Avarage power dissipated in the horn waist — approximate
vs. Fourier analysis

Average power dissipated in a cyliner 78 cm long, with

inner diameter 3 cm, 0.3 cm thick

Approximate

Fourier analysis

analysis
1,=300 KA 6.5 kW 5.5 kW
1,=350 KA 8.9 kW 7.5 kW

More detailed studies on this point have been made at CNRS
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Instantaneous power dissipated in the horn waist —
approximate vs. Fourier analysis

P =P

impulse a

T
V’C

Power during rectangular pulse with duration =

Approximate analysis

Fourier analysis

10,=300 kA

5.2*10° W

4.4*10° W

|o:350 kA

7.1*10° W

6.0*10° W
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Avarage power dissipation due to Joule heating in
different parts of the horn

Average Joule heat for Average Joule heat for
max. current = 300 KA max. current = 350 KA

Inner cond. cylinder 1 (waist) 4.94 kW 6.72 KW

Inner cond. conical 1 1.32 kW 1.81 kW

Inner cond. cylinder 2 0.69 kW 0.93 kW

Inner cond. conical 2 1.35 kW 1.83 kW

Inner cond. cylinder 3 0.09 kW 0.12 kW

Outer conductor 0.93 kW 1.27 KW

Front face (from B.Lepers) 1.03 kW 1.4 kW

Exit face (from B.Lepers) 2.94 kKW 4.0 kW
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Joule heat losses during pulse

Power during equivalent rectangular pulse: the half-sine current

pulses have duration of 100 pus, the pulse repetition rate is 12.5 Hz:

P ..=P, —

pulse — Mav
T

T - pulse duration; T — seperation between the pulses = 0.08 s

Joule heat per pulse for  Joule heat per pulse
max. current = 300 kKA  max. current = 350 KA

Inner cond. cylinder 1 (waist) 3.95%10° W 5.38%10° W
Inner cond. conical 1 1.06*10° W 1.45%10° W
Inner cond. cylinder 2 0.55*10° W 0.75*10° W
Inner cond. conical 2 1.08*10° W 1.47*10° W
Inner cond. cylinder 3 0.073*10° W 0.1%10° W

Outer conductor 0.75*10° W 1.02*10° W
Front face 0.82*10° W 1.12*10° W
Exit face 2.35%10° W 3.2*10° W
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Temperature rise due to a sequence of Joule heat pulses at
a point on the waist
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Adiabatic conditions have been assumed. Steady-state
temperature will depend on the efficiency of the cooling
system
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Maximum stress due to a sequence of Joule heat pulses
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Maximum dynamic stress due to Joule heating is 3.7 MPa (at 350 kA).
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Exact finite element magnetoelastic analysis of the horn

a Apart from the approximate formulation that used analytical
expressions for magnetic forces, numerical coupled magneto-solid
finite element analysis has been performed

O The magnetic finite element analysis allowed the study of the magnetic
field, the skin effect, as well as Joule heating

a The results of these analyses have confirmed the results discussed
above
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Power deposited in the horn by secondary particles

Based on the Fluka calculation of the avarage power made at CNRS in
Strasbourg

The pulses due to secondary particles have duration of 5us, hence
higher instantaneous values of power during pulse than for current
heating

Average power from Power per equivalent
deposition of secondary rectangular pulse
particles

Inner cond. cylinder 1 (waist) 5.5 kW 88*10° W

Inner cond. conical 1 1.76 kW 28.1*10° W
Inner cond. cylinder 2 1.12 kW 17.9*10° W
Inner cond. conical 2 0.58 kW 9.28*10° W
Inner cond. cylinder 3 0.36 kW 5.76*10° W
Outer conductor 3.34 kW 53.4*10° W
Front face 0.76 kW 12.2*10° W
Exit face 0.48 kW 7.7%10° W
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Dynamic von Mises stress resulting from a sequence of
pulses due to secondary particle heating
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Maximum dynamic stress due to secondary particles is 3.1 MPa
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Summary of dynamic stress for the Superbeam horn

at 300 kA at 350 kA
Stress due to magnetic pressure 30.0 MPa 41.0 MPa
Stress due to Joule heating 2.7 MPa 3.7 MPa
Stress due to secondary particles 3.1 MPa 3.1 MPa
Overall 35.8 MPa 47.8 MPa
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Fatigue S-N curve for uniaxial harmonic stress with
zero mean value
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Effect of the mean stress — Goodman’s diagram

Op — dynamic stress (amplitude of the harmonic harmonic
component )
O’ — static stress (mean value of stress)

The mean stress is governed by the horn cooling system. Studies of
quasistatic temperature distribution and the corresponding thermal
stresses have been made by B. Lepers at CNRS in Strasbourg
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Approach to fatigue life calculation - some complications

Two important complicating factors (there are more): varying amplitude
and broad frequency spectrum

1. Example of the effect of hon-constant amplitude — the case of
random narrow-band response

b
N = N(S) = S, N, Analytical fit to the fatigue S-N curve,
=N(S)= ? 1 bis an even integer, usually>10

Accumulative damage (Miner’s criterion):

N n, Nk

For discrete stress levels: AD = + RO
N(S,) N(S,) N(Sk)
. L t n(s)
For a continuous distribution of stress levels: AD =_[ N(S) dS

0
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Approach to fatigue life calculation - some complications

In the case of narrow-band random vibration:

S S*
n(S)dS = 620_T 0(S)dS where: p(S) = —Zexp(— j
/4

o 20¢
b
AD = 2l O 2b/2(9j!
27N, | S, 2

2N, (S, ) 2072
AD :1<:>Tfailure — : L
o \os) (b/2)!

2. The effect of frequency:

For broad-band random excitation one of the possible approaches is
the spectral method. This method has been adopted for pulse
excitation of the horn in a presentation by M.Kozien ,Horn fatigue
life estimation under magnetic forces”. More studies are still required
in this direction.
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Comments on fatigue life estimation

A The fatigue S-N curve is determined under low frequency harmonic
conditions

d Limited experimental results are available for high frequency
vibrations, mostly obtained by ultrasonic methods

O Some uncertainty remains as to how accurately one can predict
fatigue life under a series of very short pulses using the available
fatigue data. The experimental data on working horns seem to
indicate that the operating horns can survive the predicted humber of
pulses

O Experience from operating horns indicates that most often auxiliary
equipment breaks, not the horn itself. This requires more detailed
design that the calculations indicated above

A Environmental effects like temperature and irradiation have to be
taken into account

A Much work on the fatigue design of horns has also been done in the
USA by L. Bartoszek (e.g., ,Gigacycle Fatigue in Horns”, Neutrino
Beams and Instrumentation (NBI), CERN, November 2012)
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Some practical issues regarding horn design, CNGS horn
(courtesy Anns Pardons, CERN)

m 2006: water outlet leak

= Badly designed brazed &
machined ceramic assembly

s All brazed ceramics in horns

= [nsufficiently restrained &
brazing-weakened cables

= Replaced with restrained &
(more) rigid solution of Ag-
plated copper plates
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The analysis and optimisation of the support frame

The study by B. Szybinski of Cracow University of Technology

Horizontal supporting
plate with thickness ¢,

Standard aluminium channel
section for frame structure

/{A%

Vertical saddle supports
with thickness t,

y

Quter ribs with
thicknes t,,,,

%
S Inner rib with
w thicknes t;

Piotr Cupial, COST CA15139, Work Group Meeting, Sofia 15.10.2016 32/37



The analysis and optimisation of the support frame

Results after two stage optimization process

AN

148F+08

2EAE+0T

Distribution of equivalent
stress in [Pa]
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The analysis and optimisation of the support frame

Results after two stage optimization process

LE34E+0

Distribution of equivalent
stress in [Pa]
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The analysis and optimisation of the support frame

Comparison of results (deadweight only)

Strucutre, loads | |u c

ylmax eqv, max

mm MPa (horn)

Oeqv, max

MPa (frame)

supporting plate | () 83 52

with 2 ribs (not
optimized
structure)

29.5

supporting 0.50 6.6

plates with 3
ribs (optimized
thickness in two
stage process)

19.0
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Conclusions

d The results have been discused for the horn optimised for the EUROnu
conditions. Updating for the ESSnuSB is underway

O Additional investigations are still required concerning fatigue life,
accounting for the broad spectrum of the stress response.
The results of the analysis made so far indicate that the horn design is
feasable from the fatigue point of view. The final horn fatigue life will
depend on the detailed design of the horn and auxiliary equipment

d Environmental effects on the horn integrity require further study

d Fatigue analysis is equally (or even more) important for the assessment of
the integrity of solid targets

d Detailed studies about the design of the horn cooling system need to be
performed. Water spray has been considered the main option during
EUROnNu. Water jets were used, e.g., on the MiniBoone horn
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Conclusions

d Due to the complexity of the phenomena being considered,
experiments are required in order to move this study forward

THANK YOU
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