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HBS — High Brillilance neutron Source

Powerful accelerator based pulsed neutron source
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HBS — High Brillilance neutron Source

Powerful accelerator based pulsed neutron source
Timeline

HBS Upgrade

Accelerator Demonstrator Demonstrator
Prototype Target 1TMR 2 TMR
Instrumentation 3 Instruments 15 Instruments
Infrastructure
= Doon = 2832 2025 =y 2028 =

e  Accelerator driven pulsed neutron source

e  Optimized for neutron scattering on small samples
e National medium flux neutron facility

e Reasonable costs (~400 MEUR)
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HBS — High Brilllance neutron Source
HBS prototype at Big Karl @ COSY inside the FZJ
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BRIEF HISTORY OF TARGET DEVELOPMENT

Special requirements placed on the target of HBS

100kW at 100 cm?2
(70 MeV @ HBS)

Maximum

« A strong and brilliant »
neutron output

neutron beam

_ ' = HBS shall get a full suite of instruments with
High heat load competitive performance

@® = competitive strong neutron flux is necessary

high peak current L
(100 mA @ HBS) » Blistering
HBS - High Brilliance neutron Source

= smaller target could enhance the brilliance »
—> minimize the size of the target

5000 h/y operation

HBS shall provide a strong and brilliant neutron beam.

*compared to existing spallation sources ‘J J U L I C H
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BRIEF HISTORY OF TARGET DEVELOPMENT

Cooling concept is inspired by LENOS (LEgnaro NeutrOn Source facility) target:
Thin Target + Backing plate with coolant holes

- LENOS proves: wanted power density is possible with micro channel cooling

Y p = 3.5 kW/cmZ with 1.2 cm diameter beam and water coolant
2
7

Proton beam

Lithium

5 MeV, 50 mA¢qk Vo I -
5 kW on the target ' N . L | g =TSSR
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BRIEF HISTORY OF TARGET DEVELOPMENT

Cooling concept is inspired by LENOS (LEgnaro NeutrOn Source facility) target:
Thin Target + Backing plate with coolant holes

- LENOS proves: wanted power density is possible with micro channel cooling

BUT!

We like to avoid attached materials (risk of hydrogen accumulation in the bounding)
- could affect lifetime and reliability

We like to reduce the temperature profile inside target by switch from one sided heat removal to

volumetrically heat removal

- reduces temperature gradience and hence mechanical stress

IJ JULICH
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BRIEF HISTORY OF TARGET DEVELOPMENT

-~ | =11 cm

holes are fine for small targets (1-2 cm diameter) but do not work with
9595968695900695%696%59%50%% ’0@ larger targets (~ 10 cm length)

|

~5mm /¢
Holes: - very little free flow cross section
RO O ON — Y _ N
a) - water heating would exceed boiling temperature
_— Ducts: + high free flow cross section
b) DDDDDDDDD - inhomogeneous proton stopping range
/ | ///\ Horizontal channels: + homogeneous proton stopping range
¢) \-/v__ . - insufficient free flow cross section

Fishbone structure: + homogeneous proton stopping range

P@DHWWMMPPPM& / + sufficient free flow cross section

l) JULICH

Mitglied der Helmholtz-Gemeinschaft 11/21/2022 p.9 Forschungszentrum



HBS Target — Brief History of Development

Target 1.0 o : :

Two main risks effect the target integrity,

« High average proton current of 8.74x1015 s
— Hydrogen embrittlement and blistering

« 100 kW heat load at the target surface of 100 cm?
— Heat removal capacity

Target 2.0

TargetZ.Fp—;—w
= MZ/ | \\ \

P e

x Mechanical stability, thermal behavior
v’ Particle transport properties

v" Hydrogen implantation ‘ J U LICH
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HBS Target - Current target design

Target consists of three parts

= Main body is fabricated out of one single
piece

= Approx. 2.75 kg tantalum

Unit: cm A cut view of the main target

180° turnaround for coolant flow main target adapter for inlet and outlet

@) JULICH
Mitglied der Helmholtz-Gemeinschaft 11/21/2022 Page 11 J Forschungszentrum



HBS target —why tantalum?

Relevant properties of Tantalum

= High Neutron Yield

= High hydrogen solubility ~ 0.76 atomic percent; and diffusivity

= High yield strength ~ 172 MPa

= Ductile material with low embrittlement in the radiation field ~ till 11 DPa
» Good thermal conductivity ~ 58 W /m /K

= High melting point ~ 2996 °C

» Good mechanical workability and weldable

» Chemically as inert and erosion resistant as possible

= Low potential for activation (mainly 182-Ta with T,,=114.5d

- Tantalum is not the best material in any property, but performs very well in every property and

has the best properties holistically!

IJ JULICH
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HBS Target — main body

Reinforcement braces

packflow)

- - I
N i

Beam stop cover

Beam stop (water)
Neutron producing layer
with water cooling structure

with 8 m/s and approx. 5 bar (abs.)

= Approx. 2.75 kg tantalum

» Made out of one single piece

Prototype of the 100 kW HBS target

l) JULICH
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HBS Target — Coolant Flow

» Coolant: Water

» Velocity: 8 m/s ~ 1.3 kg/s

» |Inlet Pressure: 5 bar (abs.)
» Pressure loss: ~ 2 bar

» Water heat up: ~ 10 K

» Serial coolant flow first through micro channels
and second through beamstop

Beam stop
Eroded microchannels for cooling BESSSSEISSSSSISSSSIESSSiS =SS s

@) JULICH
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HBS Target — Coolant Flow

» Coolant: Water

» Velocity: 8 m/s ~ 1.3 kg/s

» |nlet Pressure: 5 bar (abs.)
* Pressure loss: ~ 2 bar

» Water heat up: ~10 K

» Serial coolant flow first through micro channels
and second through beamstop

Beam stop
Eroded microchannels for cooling BESSETST o o e
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NEUTRONICS SIMULATION

Model

e Monte Carlo code: FLUKA 2020.0
e Cross section: ENDF/B-8R0 and JENDL40-HE.

e Proton energy: 70 MeV
e Target: Ta target with internal water channels
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Neutronics optimization

Bragg curves of 70MeV protons

400 : r : : 60

350
50

300

40 |

250 }

200 +

150 |

100

Energy deposition [MeV/cm /primary]
Energy deposition [MeV/cm /primary|
o

10

L . . . 1 A

V] L L 4]
(@) o 0.2 04 0.6 0.8 1 (b) © 1 2 3 4 5
Depth in Tantalum [cm] Depth 1n water [cm]

50

Bragg curve of a 70 MeV proton beam in (a) Tantalum and (b) Water

« Penetration depth of 70 MeV protons in solid tantalum is 0.55 cm.
» Penetration depth of 70 MeV protons in water is 4.25 cm.
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Neutronics optimization

1 cm thick solid tantalum target

100% (0.61, 99%) , 1
(0.65, 100%) Protons _
80% | .
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Percentage of (1) stopping protons, (2) neutron production by 18Ta (p, n) 181w
and (3) energy deposition along target depth of the thick target
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Neutronics optimization

Proton fluence and Energy deposition

Target Beamstop(water) . Ta _
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» proton fluence is nearly homogeneous within the tantalum target
* homogeneous energy deposition within the complete target
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Neutronics optimization

Blistering minimization

The distribution of stopped protons The percentage of stopped protons along target depth
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4.4% of protons accumulate in the metal target |
95.1% of protons stop in the beamstop -
0.5% of protons stops in the Ta wall behind the beamstop

Neutron production of this thin target can be as high as 99% of a thick target
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Neutronics optimization

Neutron output maximization

P Target - Beamstop(water) - Ta >
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Most 181Ta (p, n) 181W reactions take place in the metal Ta of the target.

Most neutrons are produced where the energies of protons are highest.

0.61 cm is a proper choice for 70 MeV protons to produce a high neutron output.

Average neutron yield: 1.45x10% s1, .
@) JULICH
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Neutronics optimization

Displacement Per Atom (DPA)
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« Maximum values of the proton-induced DPA mainly concentrates at the end of target.

» Neutron-induced damage is quantitatively smaller and more evenly distributed compared.
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Neutronics optimization

Lifetime estimation: Displacement Per Atom (DPA)

Minimum target

Annual does [dpa/fpy] lifetime[years]
Reference Calculated
values values
_ Protons-induced 11 [1,2] 1.93+0.02 5.70
Nominal target _
Neutrons-induced 0.14 [3] 0.12+0.02 1.17

» Calculated values are obtained from FLUKA 2020.0 for GNU/Linux operating system.
» Values corresponding to 11 dpa are obtained based on proton damage rates.
+ whereas 0.14 dpa are calculated with the damage rates of neutrons.

Reference

1 T.S. Byun, S.A. Maloy, J. Nucl. Mater 377(1), 72 (2008).

2 J. Chen, H. Ullmaier,etc, J. Nucl. Mater 298(3), 248 (2001).
3 J. Chen, G. Bauer,etc, J. Nucl. Mater 318, 56 (2003).
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HBS target prototype manufacturing

Target under wire-cut EMD process

— S EDM machined Target prototype

I /.
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€
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P P O P e = =

JULICH

Member of the Helmholtz Association 11/21/2022 Forschungszentrum



HBS target prototype manufacturing & testing

CT measurement of cooling channels

* Investigation of the production-related tolerances, especially microchannels

""""Tm

"4 X-ray tube

A A AT

A

A

3D computed tomography images of the HBS Computed tomography at ZEA-1
target prototype

CT measurement results: average machining errors is 0.02 cm

@) JULICH
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HBS target prototype manufacturing & testing

CT measurement of cooling channels

* Investigation of the production-related tolerances, especially microchannels

An overview of the color map of deviations between scan data and CAD design

CT measurement results: average machining errors is 0.02 cm

Analysis software: VGSTUDIO MAX 2022.1 U A ’ JULICH
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HBS target prototype manufacturing & testing

CT measurement of cooling channels

* Investigation of the production-related tolerances, especially microchannels

Accumulative deviation distribution

90% at 0.26 mm

60

50

Normalize surface [%]

40
30
20
10
9 0 0.1 0.2 0.3 04 0.5 0.6 0.7 0.8 0.9 1.0>
Deviation [mm]

Accumulative deviation distribution of the manufactured HBS target prototype

CT measurement results: average machining errors is 0.02 cm

Analysis software: VGSTUDIO MAX 2022.1 g ’ JULICH
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HBS target prototype manufacturing & testing

CT measurement of cooling channels

« Percentage of stopped protons in targets of different thicknesses

Target

thickness [cm
0.61
0.62
0.63
0.64
0.65

0.67
0.68

Member of the Helmholtz Association

Percentage of

stopping protons

4.6%
6.6%
11.9%
25.2%
51.5%
81.1%
95.7%
98.9%

11/21/2022

Machining error of target thickness is 0.02 cm.
Fabricated target is 0.63 cm thick and
approximately 12% of protons will accumulate there.
Compared to the nominal design, the number of
protons parked on the target will increase by 157%.

l) JULICH
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HBS target prototype manufacturing & testing

CT measurement of cooling channels

« Life time estimation of the nominal design and the fabricated prototype based on
hydrogen concentration

Proton current Critical Number of | Number of H Lifetime
at HBS hydrogen Ta atoms atoms at [years]
8.74x1015 s-1 concentration critical point

in Ta
Nominal target 17% [1] 1.0 x1024 1.7 x1023 18
Fabricated . o -
prototype 17% [1] 1.1x10 1.9 x10 6

[1] T. Schober, “Vanadium-, niobium- and tantalum-hydrogen,” Solid State Phenomena, vol.
49-50, pp. 357-422, 1996.

l) JULICH
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HBS target prototype manufacturing & testing

CT measurement of cooling channels

* Lifetime estimation based on DPA

Minimum target
Annual does [dpa/fpy] lifetime[years]

Reference Calculated
values values
_ Protons-induced 11 [1,2] 1.93+0.02 5.70
Nominal target _
Neutrons-induced 0.14 [3] 0.12+0.02 1.17
Target Protons-induced 11 [1,2] 2.01+0.02 5.47
prototype Neutrons-induced 0.14 [3] 0.12+0.01 1.17

» Calculated values are obtained from FLUKA 2020.0 for GNU/Linux operating system.
» Values corresponding to 11 dpa are obtained based on proton damage rates.
» whereas 0.14 dpa are calculated with the damage rates of neutrons.

Reference

1 T.S. Byun, S.A. Maloy, J. Nucl. Mater 377(1), 72 (2008).

2 J. Chen, H. Ulimaier,etc, J. Nucl. Mater 298(3), 248 (2001). oo

3 J. Chen, G. Bauer,etc, J. Nucl. Mater 318, 56 (2003). l J U L I C H
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Summery and Outlook

» HBS Target is designed to operate with 100 kW thermal load at 100 cm?
surface area.

» Risk of hydrogen blistering is minimized by material selection and target
design optimization.

= The microchannel target is manufacturable and the machining error of the
prototype is acceptable.

» Expected lifetime is 1 year.

Next steps:

= critical heat flux measurement (burn out) to investigate the limit of the heat
removal capacity.

f(‘:\\\\‘ AASSN- S &‘\‘T& SSav
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HBS TEAM

g‘ Zi[ld\ entre for Neutron Science

J. Baggemann
Th. Bruckel

T. Cronert

Q. Ding

P.-E. Doege
T. Gutberlet

J. Li

K. Lieutenant
E. Mauerhofer
M. Rimmler
U. Ricker

A. Schwab

J. Voigt

P. Zakalek

- Core group:
design,
verification,
instrumentation
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ZEA-1:
Y. Bessler
R. Hanslik
R. Achten

- Engineering

IKP-4:
O. Felden
R. Gebel
A. Lehrach

- Nuclear physics
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J.P. Dabruck
R. Nabbi

- Nuclear simul.
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UNIVERSITAT
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C. Lange

T. Langnickel

Ch.

Haberstroh
M. Klaus

S. Eisenhut
- AKR-2, liquid H,

.__“ 2
Institt for Angewandte Physik

H. Podlech
O. Meusel

- Accelerator
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