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ESSvSB layout

(adopted from EUROnu Super Beam, inspired by J-PARC (T2K))
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ESSvVSB target station
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Why MW proton Beam power and
which target ?

» Past or current experiments function with less than 0.5 MW
proton power on targets

» Main problem target lifetime and irradiation of beam materiel

Beam Power =1MW AMW+? ?
—_—
: Flowing
SO".d Packed Bed Target -
Peripherally der iet
cooled Target or segmented powder jet,
Target mercury jet
Simple, well proven A bit more complex, less experience
Chris Densham, RAL

Limiting factors

Heat Transfer Area Helium Pressure Reliability
Thermal and Inertial Radiation damage Complexity
Stress Window components Development Time

Off axis beam

EUROnu (past) and currently HiRadMat at CERN look for solutions



Packed-bed
target for ESSvSB

—» Cold flow in
<— Hot flow out

Packed Ti spheres (3-4 mm diameter)
Large surface area for heat transfer
Coolant able to access areas with
highest energy deposition
Minimal stresses
Potential heat removal rates at the hundreds of kW level
Pressurised cooling gas required at high power levels _

NV@ Nufact14, Glasgow Davenne Tristan/RAL .
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ESSvSB horn studies

Horn structure

» Al 6061 T6 alloy good trade off between mechanical strength, resistance to
corrosion, electrical conductivity and cost

EUROT®

Horn stress and deformation ArKiv: 1212.01 32

» Static mechanical model: thermal dilatation
» Magnetic pressure pulse: dynamic displacement

» 60 planar or elliptical water jets for cooling, flow rate between 60-1201/min, heat
cooling coefficient 1-7 kW/(m?K)

» Horn lifetime at least 1 year from fatigue analysis (30 — 60 MPa max stress -
depending on cooling)

NV@ Nufactl4, Glasgow



Energy Deposition from secondary particles, 3 horns,
ESSvSB -1.6 MW/EUROnu -1.3 MW

Energy deposition in kH/cn3
70

56

212/104 kW
52/32 kW

-~ 48
£

=]
-

|
radial profile of power density kW/cm?3

20 SN ii

f'/ \ ;;
10 \/\\S\’/ | . > large i.ncrease of power (~x2)
8-50 e 56 1|BB 1]58 2I38 2I58 360 et deposrted on target @ ESS

L (om NV@ Nufactl4, Glasgow 8



Horn’s stresses due to thermal dilatation and magnetic

pressure for 350 kA @

12.5 Hz, EUROnu

deformation Stress o €267
disp]acements and stress p]_ots just Time=0.07996 Max: 1.12¢-3 Surface: von Mises stress [MPa] 0
Surface: Total displacement [m] x10'3 »
before and on the peak 2s 1
. 0
* maximum stress on the corner, 1 8 A 0
o o 1.5 0.6
uptstream inner and con.ve.x .reglons A .. t=T79.6 ms 0
e uniform temperature minimizes 0.5 2 10
stress, max = 30 MPa -15 -1 05 0 05 1 15 2 Min:1.801 Min: 0.0181
a) Upmgr = 1.12mm, ¢t = 79.96 ms b) Von Mises stress s,4. — 62.6 MPa, ¢t = 79.96 m
Time=0.08 Max: 60.336
; Time=0.08 Max: 1.126e Surface: von Mises stress [MPa)
. : . . Surface: Total displacement [m] “0-3 Smax — 60 MP& 50
modal analysis, eigenfrequencies [ \ !
jadl i 0.8
f={63.3,63.7,88.3,138.1,138.2,144.2) Hz  u_ =1/ipmm |['t= 80 -
P A 1 0.4T = 6
Pe ,,  max 10
15 -1 05 0 05 1 15 2 Min:1.793e5 Min: 0.0118
C) Umar = 1.12mm, ¢t = 80 ms d) Von Mises stress s, — 60.3 MPa, t = 80 ms
- 2.400e-3 ime= Max: 30,825
Surface: TE':;S:lesemenl (m) MB:;; o Surface: \L?ﬁls‘isogtress [MPa] 365
= , Simax = 30 MPa 2:
2
15 Upnax = 214 mm 4= 80 ms 15
—_ 0 .
1 1 Tunif._ D C 10
0.5 bs s
0
15 -1 05 0 05 1L 15 2 Min:3.037%5 Min: 7.657e-3
€) Uper = 2.4 mm, £ = 80 ms f) Von Mises stress $pq. — 30. MPa, t — 80 ms
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lower than 60 MPa expected

horn lifetime

Horn response under pulse magnetic forces

SINGLE PULSE with static thermal stress SVM=102.5 MPa

and maximal magnetic stress SMAX=41 MPa—=¢ ated
S-N curve - Life time [s]
probability Rayleigh Dirlik Benasciutti-Tovo
95% 2.7076e+007 8.6147e+007 7.96278+Q07
50% 6.0195e+006 1.8589e+007 1.7026e+00A_
5% 2.1816e+006 6.5918e+006 6.0132e+006 Ay
e Ao s 1 e highly congervative
@0 —] A Longhtodingl NUMBER OF PULSES
"F f=12.5Hz

S-N CURVE LIFE T NUMBER
|| PROBABILITY 5| OF PULSES

st a5 % [3.6-10° 1.08- 107
== 50 % \1.9- 107 2.38 - 10F
. 5 % 6 10" 8.25 - 10
‘\|, E+04 1 00E 0" 1 00«06 1 08E «07
8 _ _ A.Niestony
1.25 10° pulses = 200 days = 1 year
M.S Kozien Fourth EUROnu Annual Meeting . June 12-15, 2012, APC, Paris 12/13
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PSU EUROnu : Direct discharged and capacitive energy recovery

through recovery circuit
e H inat 50 Hz, 1.5 pus long 13000 QQC°
* 1 hornfocus: 10000 «;6\’\,\
. lad
12.5 Hz, 350 KA for 1.5 pis V. .. <o
 PSU works at 50 Hz for 4 horns _ P A
v \‘b .\;4“
Toharoe charge discharge T e q@ ’6‘51’
RS switch big switch //,Idischarge ~5000
/ -10000
Lc Ld -15000
Re //RZCiZ:{eeW 400000 - IO=350 kA., 1.5 us, T =80 ms
§ Rd 350000 /[\
Charger| i —— discharge
t; I inA 250000 - s FRCOVETY
ke 200000 -
e Cost
(a) 150000 - (c) , I ]
20000 |  Component limitation
50000 - o™ 100 Hs
p+ _50002@,4 -------- 1 ‘7,9 18,4 “1;,-9m
]_lna ime in ms
C 1.5 s t Modular a];|)proach
>
15t horn \r 2°< horn J
O ms 20 80
<€ >

12.5 Hz 11



Projet EURONnu
nu Intégration Power 350KA et Beam switchyard

a 4x44 kA module

120uF-12kV
Capacitors
+12kV -70kw  bench
Hybrid < %)

charger

fi b,

) g\ 200mH
] A Py | 2mH i H1: 350kA HORN 1
| 1 i2kV H4 Delay 20ms 12.5Hz
Saturable o~ - .
reactor 4 Big switches | 1y, rrvr]_/\/\/\/_m_/\/\/\/_"l
L Recovery H; :
gélgrrnglir coil coil 2mH |_:/// ” e 20me H2 35?12<§I_II—IZORN2
: 2 L P
PSU: 8 times 4x44 kA modules BModules of (XekA {4} L 0o O
1-charger/capacitor/coil, 4-switches R
elay 20ms
per 4x44 kA module
. . . Ww\,_h.
8 strip lines merged into 4 L
0.109pH 0.42mQ 0.9pH 0.235mQ

transmission lines in-out/horn

33m Transmission Line H4: 350kA HORN 4
(8 striplines) 12.5Hz

8 —
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ESSvVSB: 4-rings, v at 56 Hz

o : Area PSU Power Cost
In:H Out:v (m?) Consumption (kW) MEuro
Hz) (H)
14 ‘ 56 ‘ ‘ 194 ‘ 560 kW ‘ ~4 ‘

14 Hz H 4 horn/target

2 8 ms ' 1 1 Dipoldes, He vessel
11nac Beam sw1tch1ng yard Accum.rings  Quads 56 Hz v
e =] o
2.8 ms
—>
1.5 ps 56 Hz
1 ~ >| A
O ms 17.85 35.71 53.57 ms 11.4
< >

H-, each horn 14 Hz 13



How flat is the current pulse at peak ?
How it correlates with protons on target width t; ?

sin(©)

12

figure of merit, parameter ¢ “variance”

RS :

€ = 1-cosa
a =Ty /2 1/1,1in radians

€ 1s correlated to
* energy storage

0.6
* power consumption
oa the smaller € the costlier or not feasible
(the larger the integral I x Time)
0.2
0 . .
0 1 | 2 3 4 capacitor value vs width of H- beam
/2 T 1000 :
0.2 100 :: :&:1:
angle (8) en radians 10 jF :F :*
'-'-\ 1
© 09 O ____001____002 ___0p3 ___0b4___ 005
-‘% 0.01
O
2 0.001
QO
0.0001
0.00001 | ' ' !

—=—=2.86ms -#-0.715ms 1.5us
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4-rings, v at 56 Hz, € analyses

Horn power dissipation

proton beam 1,5us Power Supply Consumption
(350kA peak, 14Hz) proton beam 1,5us
80 ! i 4 Horns, W rms (56Hz)
70 1 |
o ! _ 4 700000 I
i€<— EUROnu, € = 0.00026 650000 i
= 20 H ' 1 600000 - !
o 40 y W 550000 - i
= 30 - . 500000 - :
20 ! —m — 450000 -
10 i —t 3 400000 - !
0 1 | 3 350000 I —=Te
0 0.0002  0.0004 0.0006 0.0008  0.001  0.0012 300000 - '
——horm 8 striplines ] 0 0.0002 0.0004 0.0006 0.0008 0.001  0.0012
€
1 Horn RMS Current
proton beam 1,5us
(350kA peak, 14Hz)
14000 -
13000 -
12000 -
11000 -
<¢ 10000 -
£ 9000 -
8000 -
7000 -
6000
5000 - ~ ~ ~ ~
0 0.0002 0.0004 0.0006 0.0008 0.001  0.0012

£
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ESSvVSB: 4-rings, v at 112 Hz + 35.71 ms neutron gap

Capacitor Area Power Cost
charger PSU  consumption
l1.bi) 2x56Hz x1.3 x 1 x 1.5
baseline
l.bii) 1x112 Hz x1.2 x1.5 x 1.1
4 horn/target

Dipoles, He vessel

Beam switching yard___ AAccum.rings  Quads

2.8 ms
‘g 184 112mH
‘ \>|<—> Neutron users for 32.9 ms ‘
>
0 ms 8.925 17.85 35.71 ms 71.4
< >

H-, each horn at 14 Hz 16



ESSVSB:1 ring, v 1428 Hz (4 times every 0.7 ms)

+ 68.6 ms gap
Capacitor Area PSU Power. Cost
charger consumption
4 at 14 Hz x 1.7 x 1 X 2.5
4 horn/target
Dipo]_eS, He vessel
Quads
11nac Accum. r1ng Beam switching yard
2.8 ms
—>
] ‘ 1.5us 1428 Hz
S -
0O 0.7ms 14 2.1 35.71 ms
<€ >

H-, each horn at 14 Hz 17



also...no ring,v during 2.8 ms (4 horns x 0.7 ms) +
68.6 ms gap, transformer Power dissipation

proton beam 715pus

(350kA peak, 14Hz)
3000 I
I

Area Power Cost 2500
PSU consumption 2000
not feasible % 1500
high power dissipation on B 1000
horn and striplines and ”
consumption
0
0.01 0.02 0.03 0.04 0.05 0.06 0.07
==horn  =striplines €
5 Beam switching yard Dipoles+Quads
inac e E
2.8 ms . | 7 2.8 ms
«—> 4 horn/target «—
ﬂ_| ]st ond 3 horn He vessel I
O ms 71.54 ms
<

H-, 1-horn atl4 Hz gt



ESSvSB(5 MW) power distribution
lron, concrete, molasse,

graphite = 950 kW Sy
iron = 195 KW o
surr. concrete= 4 kW

iron = 613kW iron vessel = 424 kW
horn = 50 kW upstream iron = 670 kW
target = 168 kW surr. concrete = 467 kW

FLUKA 2013, flair
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Target Station and muons (2 GeV protons)

2.7x10%3 p.o.t/year

Split

Proton Jhs

Beam =

: !
eutrino
Beam
irection
ol Horns and
ollimators
Targets Decay Volume (He, 25 m) Beam Dump

Distributions at the level of the beam dump

X10—6 T L T (IR L L o o Ly | X10-6

lo.a z - T "“a!w
- pions at the 1°°§j'- ' ~85°%  muons at the
b level of the 50/ e i -6 level of the
__: ¢ beam dump ' T T W | ] 1 oss  beam dump
s (peryear) of gy SRR s (per proton)
.' —j04 50" | i o s : "
; . R 3 -"; lio.4
a3 - S,
I '"’Oﬁ’_ B S __a Io.ss
00X T/year -10(; B~ I —
3.5x10%° /y: 0w 4.2x10% p/year

3.7x1020 it/year 4.1x1029 y/year



Distributions at the level of the beam dump

ptpi ptmu

0.7 == =T o =TT === i =T Entries 2751329 I T T T T T T T T T 1 Entries 3610359

X

-

S
W

Mean 0.02749 Mean 0.02529

2
.
3

06 N J ILLL RMS  0.01799 0.0011 RMS  0.01354
0.5F ] i JJ H ]
- Hl ] 0.0008 |
0.4 i - i H LL ]
il ] 0.0006
0.3 L s ] _I ﬁ ]
: H pt-pions : - pt-muons )

0.2

; R z
BEE f

0.1 -LLL‘-LLLLL i
I T | oer\II\I\_L‘T_L‘\“'h-—L_Alwllwllllw_

1 N S N S N N

L1 Lol
0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0 0.02 0.04 0.06 008 01 0.12 0.14 0.16

oO

x10° - B x107°

0.06

1.2

pPX/p

0.8

0.6

0.4

-100 -50 0 50 100
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s PPPI . ppmu
045§1I0I TT T[T T T T T T TTT | rrryrrrrrrrrrrrr 71| Entries2751329 0_851'0' TTT | L L L IIIII TTTTTT | TTT Entries 3610359
o jﬁ lii - .| |Mean 07098 E ﬁ o . |mean 0550
0'45_‘ | HJ | 1{ ESSVvSB = |ams 0.27 0'7;_ """" | | SSvSB RMS 02084
0.35 - = J LH -
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S 800000l —— y,—u, CC: 3960421.8 ev -
o
m
o
S 600000k -~ nuSTORM
(2] /
c / v
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> 400000} / \\ 1
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o / \
T i / \ i
8200000 \
g / \
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Neutrino Energy [GeV]

significantly lower energy than nuSTORM muons
good to measure neutrino x-sections around 200-300 MeV 2



Number of Muons

Low energy muon beam

Momentum Distribution of Muons at End of Decay Straight (Total of 34675)

1200
LU o=
sk
600f -
400f -

2001

el

0.8
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4 &
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..................
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WJ

S e
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P L—
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Y

TTTT]TTTT[TTTT [ TTTTTTTT [ TTTT[TTTTTTTTT]T]X

g

e

B

02 04 06 08 1 12 14 16 1.8

E (GeV)

Number of particles

Momentum Distribution of Residual Muons
— -

Luﬂdhllllll 1 |

nuSTORM

ksl ding,
200 400 600 800 1000 1200
Total momentum (MeVi/c)

~10'2 m/pulse in 200 < P(MeV/c) < 500 (for 1 m?)
(2.6x107° u/year, at the level of the beam dump)

Input beam for future 6D m
cooling experiments
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Comments, future work

<]

T
A CFD model of a packed bed target concept for IMW beam . ,}5 5
power indicates the feasibility of such a target (EUROnu) Q“’ i
Vibration levels and relative motion and wear between spheres is’O- 3
as yet an unknown: an in-beam test needed (HiRadMat at CERN ?) ~ ¢

Induction heating offers potential for an offline test of the heat
transfer and pressure drop characteristics of a packed bed design

“Too hard to die” in neutrino experiments. Preliminary fatigue
studies (EUROnu) show horn’s lifetime > 1 year (108) cycles.
Further studies needed

Achieving proper cooling is crucial for the horn’s lifetime: tests
needed for the existing design

Build and test a 4x44 kA module

NV@ Nufactl4, Glasgow 24



Beam window

AN
ELEMENTS SEP 8 2( | MoPAL soiuTion
18:29: | Sus 200
TIME=38.05
/EXPANDED
beam

s~ Radius of curvature =30 mm

Circumferential water cooling
heat transfer coefficient

AN

FEB 11 2010
10:54:46

/

I 1 bar pressure

I ‘30 gs 773t §6.159 M

| + heat transfer coefficient 5 vl WA s

! m

| R=25mm } \I

. /'

L.OS. fixed
For SPL Super Beam MW
0.25 mm thick beryllium window N
Circumferentially water cooled (assumes 2000 W/m?K) o e ‘
Max temp ~ 180 °C Max stress ~ 50 MPa o tmew
(109°C and 39 MPa using He cooling)
Matt Rooney/RAL
NV@ Nufactl4, Glasgow 25



Stresses for the Packed bed target

EUROnNu example, 24mm diameter cannister packed with 3mm Ti6Al4V spheres
» Quasi thermal and Inertial dynamic stress components

35
800 \ ——_ |
S 200 " \ T 300 o—peak stress
" || 2
= 600 —a N 2 250 oscillation
g § 500 g 200 period
2= Q
SE 400 £ 150 i i
b %n 300 @ VVon-Mises Stress E‘-: laet?rlrllz S>]3111
g = . S 100 T.LTTT
s £ 500 B Material Strength = oscillation
5 2 & 30 period
- 100 P
- 0 ,‘
2 0 @ o ® & o e o @_|
& 1.00E-09 1.00E-08 1.00E-07 1.00E-06 1.00E-05
0 3 6 9 12 15 18 21 24
Spill Time [seconds]
Transverse Position, y [mm)]
r-
INPUTS LINETING FACTORS
NEXimum NExi num Ninimum
Beam heat Sphere | Helium Power Helium Sphere Core | Mex Sphere | Yield Stress /| Pressure
Power |deposited| diameter | pressure | Deposition | Temperature| Temperature | VMStress | VM Stress Drop
IV SOKW 3mm 1bar | 2.2e9W/m3 133°C 296°C 45NPa 117 0.45bar
L3N 65kW 3mm 10bar | 259W/m3 133°C 331°C E5NFa 87 0.73bar
ANV 200k\W 3mm 1tbar | 889W/m3 200°C 650°"C 116NFPa 3.8 2.8bar
ANV 200k\W 3mm 20bar | 889W/m3 133°C 557°C 140NPa 3.2 3.4bar
ANAAS YA Arrm har Q QMY e AT 1160 P 148 1.2har
NV@ Nufactl4, Glasgow Davenne Tristan/RAL
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Be @ 4 MW ot o

Surface HTC = 10,000 W/m*K

» Thermal stress depends on AT w0 fTrexcom .
« Can not be overcome with more 00 Ll Va-Soss max 4 o0
aggressive surface cooling . / s
> Break the 4 MW to 4 x 1 MW targets g yd i
SR % 300 20 3
= % / g, -
F 200 / 200
100 ol 100
0 o
0.0 o5 1|0 1.5 2|0 25
1 il Powqr on Ta?el (Mw) il

sjebie) ¢ [«
sjebig ¢
sjebig Z

S

48 (°C) 255 (°C) 0 (MPa) 220 (MPa)




Alternative solution: pencil “closed” Be Solid target

72°C 318°C O0MPa 83MPa

Temperature (left) and Von-Mises thermal stress (right) corresponding to a steady state operation wiT) a
surface HTC = 4kW/m°K, bulk fluid temp = 30°C

» Pencil like Geometry merits further investigatio
« Steady-state thermal stress within acceptable range * -

* Shorter conduction path to coolant
* Pressurized helium cooling appears feasible
* Off centre beam effects could be problematic?

e Needs further thermo-mechanical studies
NV@ Nufact14, Glasgow TR T Rl T




particles per p.o.t.

1E
ESSvSB target: f
10
particle production |
10°
104
10° -
T+ production 10° E_
'g 3000 107
E TN e ke K KOPOMr M et ¥ 3v D A o
«» 2500 prim m K KKOK & ro2r = A Titiyy,
2 _
£ 2000 = 0.0008
o .
3 :
o 1500 0.0006
D o
1000 0.0004
500 0.0002 FLUKA 2014
0 . .-| P TR
0 02 04 06 08 1 12 14 16 18 2 22 2.2
P (GeV/c)
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Perfect focusing vs nf vs focus

ESSvSB, 1 horn, no reflector

CNGS, 1 horn + 1 reflector

X 10-” B

:I (I ! [ ! L L L [ | [ | 0.35 perfect focusing
6000 ot with 24 mrad F with 1500 mrad

B  acceptarice (%28) | [ L/ acceptance (x14.7)
5000 :_ ........ 0.25 _
4000:_ present focusing (x7)
3000(—

- no focusing
2000

B i R E—

- GeV

1000 _ .............. S —

% 10 20 30 40 50 60 70 80 90 100 ﬁ
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notes @

. ils 'mWPZ »
Horn evolution ]

Evolution of the horn shape after many studies:
in general best
configuration for low energy beams
very good
physics results but high energy deposition and stresses on the conductors
best physics results, best rejection of wrong
sign mesons but high energy deposition and stresses
best compromise between physics and

J J o

reliability
» 4-horn/target system to accommodate the MW power scale

initial design

| horn+reflector o
/ I| ———— | test horn
l = Hg target "- W———:;ﬁg)\wa
|1|_\\ | 600 kA

0 50 100 150

230 cm

[ ~300-350 kKA

simpler optimiz
=< shape with
reduced current!

final design

NV@ Nufactl4, Glasgow 31



Horn cooling, EUROnu

Sartece: West soue [W'] e t: Se soarce ol

{ I
power distribution on Al conductor

secondary particles (66%) + joule [’ La Corne
(34 %) | |

Projet EURONnu

. L'ensemble de la Corne

cooling system

YV VVYY

IPHC Strasbourg 02/05/2011 Valeria Zeter

Planar and/or elliptical water jets

30 jets/horn, 5 systems of 6-jets longitudinally distributed every 60°

Flow rate between 60-1201/min, heat cooling coefficient 1-7 KW/ (m?K)

Longitudinal repartition of the jets follows the energy density deposition

{hcorner ’ hhorn’ 1‘linner ’ hconvex}= {38! 1! 65! O 1} kW/ (mZK) fOI' TAl-max = 60 OC
NV@ Nufactl4, Glasgow
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4x44 kA module

APC-Paris-12-15 June 2012 4X44kA PSU Module: PSU Design for 4 Horns/EUROV-WP2

Mechanicals characteristics
discharge

thyristors

Capacitor charger

fB 4 A

) €] %H +12kV charger
o ol
o <) :

I

3.5m
|
B - 1.55m® ] m

L el

recovery striplines

| {p e | >
—Lry |—||_ v

T v charger 'coil 200mH coil 2mH
P R Pulse power Dimensions, Weight
h - Supply 44kA m KG
2 36m widthX heightX
depth
discharge switches 1.55X4X1.35 1600
recovery coil 0.7X1.7X1.1 2200
charge coil 0.55X0.3X0.75 190
capacitors 0.63X4X1.73 1700
charger 0.8X2.53X2.1 2400
supports 300
CNRS-IPHC Pascal POUSSOT TOTAL 2.5X4X3.5 8400 8

NV@ Nufactl4, Glasgow
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2.a) 4-rings, v at 14 Hz-simultaneously

EUROnNnu modifications

Capacitor Area PSU Power. Cost
charger consumption
4 x 14 Hz x 1.7 x1 X 2.5

4 horn/target
Dipoles, He vessel
Accum.rings  Quads

Beam switching yard

linac ——
— —
=
- — =
2.8 ms
1.5 us Neutron users (or not)
i \| >| for 32.9 ms
O ms | 35.71 71.4
< 24 >

H-, 1-horn at 14 Hz



2.b) 4-rings, v at 14 Hz-simultaneously, 4-horns
chained in series, transformer

EUROnNnu modifications

CERELEn Area PSU Povver. Cost Remarks
charger consumption
transformer to reduce C
l1x14 Hz x1.2 x 8 X 2.6 lower recovery eff.

1 horn fails-all stop

4 horn/target
Dipoles, He vessel

linac Beam switching yard Accum.rings  Quads

2.8 ms
—>
1.5 us
U \I Neutron users (or not)
for 32.9 ms
O ms 35.71
< 8 )

H-, 1-horn at 14 Hz



