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LIEBE:

Design of a molten metal target based
on a Pb-Bi loop at CERN-ISOLDE
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Introduction/context...
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Introduction/context (1)

Aim of LIEBE target: validation of conceptual design for the EURISOL direct
target by developing a prototype for CERN-ISOLDE.

Some keywords: high power target, short-lived isotopes, ...

» Collaboration started in May 2012 for the LIEBE (Liquid Eutectic Lead Bismuth
Loop Target) project:

WP definition WP holder Coordinator
WP1 : Coordination CERN T. Stora

WP2 : Conceptual Design and simulations SCK-CEN P. Schuurmans
WP3 : Construction, assembly CERN M. Delonca
WP4 : Instrumentation CERN T. Mendonca
WP5 : Safety and Licensing CEA A. Marchix

WPG6 : Target characterization and analysis  PSI D. Schumann
WP7 : Radiochemistry SINP S. Lahiri

WP8 : Offline commissioning IPUL K. Kravalis
WP9 : Online operation CERN T. Mendonca
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Introduction/context (2)

- ISOLDE: on-line isotope mass separator @ CERN

~“— Proton beam from PSB:

el |
— B 1.4 GeV
A 2 JA

3e13 protons/pulse
Cycle: 1.2 s

& W 3 kW average power
lem !

Instantaneous power: =1 GW
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Introduction/context (3)

R TRIUMF

ISOL Method

This method involves the interaction of light
ion beam onto a thick high-Z target
material,

The fragments are imbedded into the bulk
of the target material.

® The radioactive atoms diffuse to the surface of the grain material,
® (diffusion process with efficiency gp
® Then the atom undergo desorption and move from place to place
randomly until it find the exit of the target container,
® effusion process with efficiency &g
® The radioactive atom enter the ion source where it is ionized,
® ionization process with efficiency g
Y=®,06 (NA/AT) & & &

@ Pierre Bricat Sth High Power Targetry Workshop, FermiLal hicago 20-23 May 2



Proposed design...
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Proposed design (1)

- Proposed by EURISOL

Condenser for

Towards ion
, lead vapours

source

tnc!n’on volume

.

Heat exchanger Pump
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Current front end + target

Proposed design (2)

<. \Main loop
V.

Current
target unit
Diameter:

300 mm
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Proposed design - main part (3)

F
Container * & =

Diffusion
chamber

+ heating/isolating elements all
along the loop

* D. Houngbo, SCK-CEN
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Proposed design — HEX (4)

“Casserole” in between
water and LBE

& EN Water block
STI 5/23/2014 5t High Power Targetry Workshop 11
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Proposed design — HEX (5)

5 working temperatures defined in
step of 100 °C

S inlets on each side

1 outlet on each side

For each working temperature
defined, only two inlets are used.
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300 °C
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Diffusion simulations ...
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Diffusion simulations (1)

- Diffusion: model from Fujioka et
al. (NIM 186 (1981) 409)

Droplets: —— 100 um —— 150 um

200 um

Jels - =-100 um - - -150 um - - -200 um

0.1+

Released fraction

0.01 Huzremmy

1E-3

Static units

0.01 0.1

Isotope half-life, T, , (s)

Courtesy T. Mendonca, CERN
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With T, = characteristic dif fusion time = az/nz*D
a = radius of droplet D=
dif fusion coef ficient of talliumin LBE
Ty = mean life of isotope

» Diffusion optimized for droplets
shape

* Need a grid on the container to
create the shower

Holes diameter: 0.1 mm, E
Thickness plate: 0.5 mm S
Material: SS304L
5t High Power Targetry Workshop 14



Diffusion simulations (2)

. Diffusion 7THg (T,,= 130 ms) as reference:

Improvement of diffusion with temperature

» Increasing droplet radius will decrease
Temperature (°C)

3 200 400 600 800 1000 1200 the I:elea_sed fr?C.tlon
Rl | R R R > Diffusion efficiency of 38% for 100 ms,
‘éﬂ 1" | | | ol 44% for 200 ms in the diffusion chamber
c sox10°4 -4 1 . I S W — 5 0.
= D=3.1x10"exp(-15884/RT) i B
s T 5 | 57
N@ 6.0)(1 0'3 e S AR Lo O [ Siizismpanntniniias _ Release eﬁiciency VS. residence t|me in Chamber
£ ? : o | t =70ms,r. =100 um, D=3.5x10° mm%s
= irrad droplet
= : : & 1.0 I L I T T L I e s e s = 10s
(3] : : (@] : i 1s
% 8] 0.8 i T e b -
8 : ; O : i : ’ | 1500 ms
= 20x10‘3_oo O RPN SOOI IOV SO NP & 074 il
S o - : - S I
g iy & o 064 7
E o] = - ;
o 0.0 L i : ; — — — $ 0.5 ~ 4130 ms
400 600 800 1000 1200 1400 @ 0.4 li 1100 ms
Temperature (K) o L
i 0.31 : ; ; i T
Maximum operating temperature |Im|ted by 0.2 i y
R " e S OV SUNNN OO OO UV SN JOVO. SOV (OO NURON AU O, O
vapor pressure of LBE 0 A S R T
0.0 +— —ttt—t—t—t—t1—
00 02 04 06 08 10 12 14 16 18 2.0
residence time in diffusion chamber (s)

@ EN . Courtesy T. Mendonca, CERN
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Diffusion simulations (3)

- Conclusions

Diffusion efficiency is improved with:

Droplet shape

Temperature
Falling time of the droplets (lower outlet velocity, longer falling
distance)
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Numerical results...
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Numerical results — HEX (1)

Power contributions:

Beam Pump
Pump Radiation
- HEX
Beam 330 to 990 W
Pump 2200 W

EN .
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Pump power extraction

Need to keep the target at the desired working temperature for
temperature ranging from 200 °C till 600 °C

Temperature (* C) | 200 | 300 | 400 | 500 | 600
Power losses (W) 40 20 1500 | 260 | 500
Radiation power extraction
Temperature (° C) | 200 | 300 | 400 | 500 | 600
Power losses (W) 36 87 | 150 | 260 | 420
- 200 300 400 500 600
Power (W) it A it A i A rin ax tin A
heam 250 G40 330 G40 330 4490 330 a0 330 Ga0
puImnp 2 200
radiation 36 BT 150 20 420
pruarp 410 =i 1500 2l [ 500
HEX | 245 | SO | 2365 | |SOES] | 2 230 | IS | 2 o0 | [BI6RE) | 1 o0 | [EEEE)
5/23/2014 5t High Power Targetry Workshop 18



Numerical results — HEX (2)

-« Assessment of HEX behavior with CFX

Dimensioning of an HEX:
P = H % S x AT},,, with AT;,,,=

AT, — AT,

AT,
n (A—n)

and H =

Power to be extracted by HEX

200

300

400

500

600

min

min

max

min

max

min

mazx

min

max

2 454

5 954

2 363

3 863

2 230

3 730

2 010

3 010

1 610

3 110

Water

T inlet (OC) 27

Flow rate (I/s) 0.22

o

LBE

Variable |

EN .

s ;04
STI

5/23/2014

Problem: The HEX must extract
@ 600 °C than @ 200 °C BUT power extracted
depend on the surface of exchange, the average
heat exchange coefficient and the temperature of

both fluids involved -> need of a variable HEX!

5t High Power Targetry Workshop
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Numerical results — HEX (3)

. Example @ 600 °C Summary of results:

g ANSYS
Lo .'f . :“'}43- i T max P extracted
g e e Y [ ey water (°C) (W)

3.4720+002 ey =8 ., —

.47 5e-+HH2

s O AT e e P PR
3 367e+002 il .-.'_ '{H o i . 200 78 o i
}

3.3150+002 i P,ﬂ y = =

Wz || WY A S 300 °C 83

3. 2108 +002 W e N
[ i e {j

Ios4er00z 1) 'rlI“ 1R I

R HI"IIH: 500 °C 68

]

Temperate
lemp Iba 2
. B T00e+002
B.532e+002
B 38 3e+002
B 195e+002
& 02 Te+002
T BS0e-+002
. I Ee+0E
T.522e+002
T.254e+002
l T.185e+002

.01 Tes 002

K]

i -I-II | -4 --.I _. . = _:,1.::-;_._-'..
|II.|II ﬁl_ - | | = :-'| ..-"'
@ EN .
~adballs o0}
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Numerical results — HEX (4)

« Conclusions

. Temperature and power extraction are in the proper range (values have been
checked over the full range of temperature, from 200 °C up to 600 °C)

. Further analysis must be computed considering bad thermal contact between
the different parts

. Prototype will validate the design

. Temperature controlled with heating elements installed all along the loop
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Numerical results — Beam impact (1)

Pﬂ;auu-ﬂ ers lgni:._s Prul‘.u? lehwﬁ
- Assessment of beam impact with Fluka & Ph 7 *"_f‘
Ansys Autodyn [ T ]
. Geometry considered lm::::\m:h:url:tIl:::mk\ T | —

Isolde beam parameters

AUTODYN-30 w12 1 fram ANSYS

Mlalenal Locatios

Container: Stainless Steel 304, solid part,
Lagrangian part
Liquid: LBE, SPH elements

@\ 6:; EN . Use of 40 gauges along beam axis
N ST

- 5/23/2014 5t High Power Targetry Workshop 22
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Numerical results — Beam impact (2)

+ Material definition Standard variables @ 600 °C.

@ Material Data Input - LBE == . P, Cp’ k

U 4
Reference Density J[g.ﬂ'cmS] . US = CO + S *k ”p

leos = < 2| - Shock EOS (Linear model) 1
Gruneizen coefficient 2 580000 [hone] . S — E * (1 + F)
Farameter C1 /[T E45000+003 " [[més) G runeilsen mOdeI a * K
Parameter 51 +/ [1.730000 fhone) ' =
Parameter Quadratic 52 0.000000 (] p * Cp
Relative volume, WE /70 0.000000 [hone]
et velime VEAT i S U, = shock velocity, I' = Gruneisen coefficient,
Parameter C2 0.000000 [ms] . . L.
Parameter 52 0.000000 [none] Mp - pa rtl Cl e Ve I OCIty, CO a n d S = fl ttl n g
Reference Temperature 893.000000 [K]
Speciic Heat 140.339334 [ /kgk] pa ram ete rs
Thermal Conductivity 15.800000 [Jémk.z)

[+]Strength |None = ﬂ . .

— T ) Failure mechanism
Hicko Terle Lint [1.50000022005 _|kPe] - Hydrodynamic tensile limit
Rehkeal Yes ;I .
Ciack Soltering o = - 2 values considered: -150 kPa and -1.9 GPa

Stochastic failure IND =] - (no Value avallable for LBE)

Courtesy E. Noah, Un Geneva
STI 5/23/2014 5t High Power Targetry Workshop 23
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PRESSURE (kPa)

Numerical results — Beam impact (3)

- Analysis for 50 ps (1 pulse = 32.6 us) — under hydrodynamic
tensile limit

AUTODYN-E0 w132 1 from AMSYS
Gauge History ( Ident 0 - liebe1pulse5-high-press ) MIE STRESS #4) !
FETelS
I 3111405
: : ; : 5 } TRE R4S
VAL [0 - SR - S L -
i i | i i o000
2*105_ .............. ........ ______________ ________ E_ i _____ - [
‘ i —|- I TS
0*100_ \ _ _ — R
' i \f Y B oweas

i i | i i -
5 1 \ | .
'2*1 O I I " A | ST YW R TN T TTTTY
| | | | | 3 67w
; ; i ; ; 00000 4000

5 : : ‘ : : — (1)Gauge# 1
A0 o o R S (2)Gauge# 4

i i i i [ [ (3)Gauge# 12 Shock waves deposit energy onto the weakest
point of the container (grid part).

Stresses up to 350 MPa (Yield = 390 MPa)
@\ & EN in less than 1 ms.
oA _ STI

5/23/2014 5t High Power Targetry Workshop 24




Numerical results — Beam impact (4)

Analysis for 50 us (1 pulse = 32.6 us) — over hydrodynamic tensile
limit

:

9000+
2 B0
& 200 e-HN

AUTODYN-30 w121 from ANEYS

T S20&+00
T SB0e-+I0
T e+
& G-+
& ABDe+I0
& 1200
5 TB0e-+I0
5 A0 &0
5 -+
4 EBOe+00
& 30000
3 S50 e+
3 E00e-+00
3 2 e+
2 500e-+00
2 530 e+l
2 160e-+00
1 B0 e+
1 44000
1 00 e-+00
T 0001
30001
0 D00 e+

M:tenal Locabion

LEIE

oo dd

I TR T TT T T T

Deformation scale: *9
Cavitation in the liquid will induce splashing of the LBE

and projection of droplets with very high velocity in the

@\ 5 :: EN . diffusion chamber.
) STI 5/23/2014 5% High Power Targetry Workshop 25
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Numerical results — Beam impact (5)

- Conclusions & Outlook
«  The geometry needs an improvement to avoid resonant shock waves

« Impact of beam onto the container should be further investigated:

Negligible impact expected
Need more detailed simulation to prove it

«  Simulation must be computed for longer time

&)
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Conclusion & next steps...
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Conclusion & next steps

Preliminary design is available, under
optimization

Test of the Heat Exchanger foreseen

Optimization of the irradiation container under
beam impact on-going

Off-line tests scheduled in the near future

EN
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Thank you for your attention!
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Back up slides...
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Introduction/context (4)

- Specificity of RIBs (Radioactive lon Beam) production via the

ISOL (Isotope separation on-line) technique: Isolde target unit

Extraction
electrode

Diffusion Effusion

Target lon source

==

Primary beam Leaks

Isotope
production
Decay loss
S T I 5/23/2014 5t High Power Targetry Workshop

T T

Transfe
line

Plasma

Extracted ion beam

Condensation

Decay loss | Leaks Neutrals

Condensation
Release loss Sidebands

Decay loss

Leaks

Multiply charged
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Introduction/context (5)

- Specificity of RIBs (Radioactive lon Beam) production via the
ISOL (Isotope separation on-line) technique: Isolde target unit

Radioactive ion beam (RIB) intensity:

Heated: decrease adsorption in

effusion process - _ ] ) .
Cooled: trap condensable isobaric * RIB intensity Target density D|ffu5|o.n.+effu5|on
contaminants [s1 pAl] [atom cm?] efficiency
e el ——————¢ IRIB = (0' prod ° Ntarget | prim—beam)'gion
— | A e N
onization

[cm?] intensity efficiency
| Al Diffusion improves with temperature 4 [sTuAT]
STI 5/23/2014 5t High Power Targetry Workshop 33
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Diffusion/effusion simulations (3)

. Effusion: Monte Carlo

> The effusion efficiency is dependent on the geometry of the
container/diffusion chamber, the sticking time, the mean free path
and number of collisions with droplets and surface of containment.

Sticking times of ~10'2 s — negligible
effect in efficiency

o TempEmm ey [ e tdif=100ms o tdifi=200ms ]
200 400 600 800 1000 1200 .
120" ——— — 71— » Effusion release
0.35 E .. .
_ © _ efficiencies between
1.0x10™" I
" 0304 - - 22% and 34% for
| & R £ . . .
T 8.0x10"- 5 s e | residence times in the
> ' 8 | e I diffusion chamber
= 6.0x10"% 1 g
2 e 1 between 100-200 ms
- © s \\ \\ 4
2 4.0x10™- 2:3 015 % S
- . & 1» Estimated release
2.0x10™ = 0.10 - . . . .
— _ L efficiencies  (diff+eff)
400 600 800 1000 1200 1400 0.05 . . ' . . . ?“ Of - 8% for 100 mS
Temperature (K) 6 7 8 9 10 11 12 d % for 200
Height of diffusion chamber (cm) and ~ 15% tor ms.
5 :: EN - Thanks to T. Mendonca
bt
STI 5/23/2014 5% High Power Targetry Workshop 34
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Concept 5 Results

1 kg of LBE in Feeder
Volume,

2 feeder grids of 2520
apertures

1-mm or 0.5-mm thick
feeder grids

2520 evacuation
apertures

1.5-m/s inlet velocity
~(0.2-bar pressure drop
Stable uniform flow
between 500 K — 1500 K

ool O O O O

Static-Pressures (Pa)

“  Feeder Volume  —



Numerical results — HEX (3

‘elocity
Wl wahar
o 5. 106a+000
-  Example @ 600 °C
I — —
Temparatura P i - #.130e+000
bemp waier
3 5244002
347204002 3.1542+000
2.4182+002
3367002
3,3180+002 2.178a+000
32034002 [
3 2106+002 III
3 15Ba+a02 1. 2024000
(! [m 1]
3t0eer00z ||
Iosdeanz |
2001002
[%]
o T ax Water =79 °C Velocity in water and LBE
L ANSYS Pressure ,
e pressure wates
w . - 1.087e+005
:'ﬂm‘wﬁ 1.071e+005
PR 1.055+005
B 195e+002 1.039a+005
8.0274+002 1.023e+005
T B59e+002
7 8506+002 1.007e+005
T E22a+002 9 906e+004
7.354e+002 9 T745e+004
7.185+002
. 9 584e+004
[K] 9. 4238+004
9 261e+004
[Pa] |

Pressure in water for case LBE @ 200 °C
-
STI 5/23/2014 5t High Power Targetry Workshop 36




Numerical results — HEX (4)

Summary of results:

T

max

water (°C)

ER R - -

P

extracted

(W)

o)
-
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s
STI

3610 / /
2 3110 / //
©
g — 200 °C
g / — 300°C
() o
o 2610 / 400 °C
z / — 500°C
g / / e 600 °C
2110 / //
1610 /
200 250 300 350 400 450 500 550 600
Temperature LBE (Deg C)
Power to be extracted by HEX
200 300 400 500 GO0
min max min max min | max min max min max
2454 | 3954 | 2363 | 3863 | 2230 3730 | 2010 [ 3510 0 1610 3110
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