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Spallation neutron sources

SIS, UK 0.2 MW ESS, Sweden The STS objective is to become the highest
MW class 2 MW construction in progress o
planning late-2030s § MW upgrade Blomed peak-brightness source of cold neutrons
2027 Start of User Program
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FTS and STS

FTIS (upgraded)

Short (<1 us) proton pulses

1.3 GeV protons

45 pulses/second

1.8 MW, ramping up to 2 MW beam power
44 .4 kJ per proton pulse

Hg target

Large beam footprint (140 cm2)

4 moderators (water & hydrogen)
Moderator viewed area 10 x 12 cm2
Coupled & decoupled moderators
In operation since 2006

Short (<1 ps) proton pulses
1.3 GeV protons

15 pulses/second
700 kW beam power
46.7 kJ per proton pulse

Rotating W target (Inconel shroud, water
cooled)

Smaller beam footprint (~ 60 cm?)

2 coupled moderators (para-hydrogen)
Moderator viewed area 3 x 3 cm?

Start of operation ~2037-2039



ORNL Second Target Station (STS) pms

e Highest peak-brightness short-pulsed
spallation source of cold neutrons

« Smaller samples, more exfreme
condifions, shorter irradiation fime

« Supportsup to 18 neutron scattering
and imaging instruments

1 out of 4 proton pulses

‘ 15 Hz
Accumulator
Ring
1.3 GeV proton linac, 60 Hz, 2.8 MW capable A’
lon 1 1.—1 — —1 — — Second
Source Target
3 out of 4 proton pulsgs Station

First
Target
Station

45 pulses/second

Schedvuled completion ~2037 2 MW

OAK RIDGE

National Laboratory



ORNL Second Target Station (STS)

e Rotating W target
e 1.3 GeV 700kW proton beam (<1 us)

« Spallation neutrons moderated in
coupled low-dimensional (flat)
cylindrical and fube moderators

l
]
I
]
|
i .
. ; . | i
designed for high brightness &
.l |
j Be reflector Cylinder moderator
il
|
|
|
|
|
Y

« Para-hydrogen at 20 K

5m

« Water premoderator, Be reflector

« Tightly coupled with the target

* Neutronics support: .y L I/E

« Neutron brightness, lifetime due to
radiation damage (dpa), energy STEEL I\
deposition, prompt and activation | SHIELDING |

dose rates, radiation shielding

OAK RIDGE MODERATORS TARGET

Water premoderator Tube moderator Target




Extensive use of Unstructured Mesh (UM) at STS

transport tools
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Modern rad

Automated CAD to MCNP conversion
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Extensive use of Unsiructured Mesh (UM) at STS

Use of unstructured mesh models delivers high spatial-resolution data on energy deposition
and dpa that provides input for structural analysis and determines lifetime
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UM-based evaluation of various target designs

Monolithic Frontal round Tri plate Canneloni Wedge fondue Lasagna BLM He

0 -0 o 1 0 . -0 o 1 we
-20 -10 ° 10 20 om -20 -10 o 10 20 om e e - " 0 e -20 -10 o 10 20 em -20 -10 ° 1 20 om
" Time-emission spectra at 5A oo L Time-smission spectra at SA rens Time-emission spectra at 5A " Time-emission spectra at SA . Time-emission spectra ':_SA —
[y —— Ear—— 2007 ——— — - JEra—— )
5 p T E. . o i s compon st
. 4~ Fronta round 30ce 1 5= i pnen 0o wm i~ vars, cannlond 30cemt . ﬁ," \\ T ’ . £~ 8L e Compliant gocm
S 2 . " 3 Y
H Fim HD H H H
" [ 198 H i E H
H 5 Eya By H H
: H H H H :
E Pl 210 : H i
b i i i
g 13 Eors H H
H H £ H
H fon 3 H i
Tos 3 fos H H £
0.5 o
100 00 300 a00 oo
o E £ - :
Time (us) Time (ps) N " xw‘\m.lh!m e
Energy spectra
Energy spectra Energy spectra Energy spectra
pyr——
: — eterence 3o Faon .
- T a0 H 3 o 3 ]
i o T .. i - vt o sove i H
E we 3
: 3 i £ 3
[ § H H H
H | P g H H
i § i i i
i e H i
g2
] Y . AT L M ) T
212 L i PO R e 3 S EA i W
H g 5 i 5 = e £ WS W iy
10 . H IR
H v T S I PPy LS N
H H
H 2
H i

National Laboratory

W a3 o

E ,. >
Energy (eV) b

w0 ot
Energy (eV)




UM-based automatic multiphysics optimization workflow

Unstructured Mesh (UM)

Parametrization with CREO Design completion with SpaceClaim generation with AttiladMC

or SolidWorks

B = Hybrid UM/CSG MCNP model
DAKOTA ¢ S

Optimization

|

<

z Structural Neutronics
g analysis analysis

L. Zavorka et al., An unstructured mesh based neutronics optimization workflow, NIM A 1052 (2023) 168252.




Coupled target-moderator-beam optimization

Cylindrical moderator: 6 parameters

P \ Rge [’ & ’
\ 1 i min max hs P5
\ Rh2 (mm) 35 80 R e
/,””/§ \ t_pm_side (mm) 15 40
{\\\\\\\\\ f t_pm_bot (mm) 15 40
"\Sunnnum tpm_top(mm) 10 40 | SRR . v i s s RN
r_be (mm) 175 200 (el messserl sy

x_shift (mm) -20 20
min max

T_len (mm) 120 240
t_pm_top (mm) 10 35
t_pm_right* (mm) 25 35
t_pm_bot (mm) 10 35
t_pm_Lleft* (mm) 10 35 2
r_be_t (mm) 175 200 E 81

x_shift (mm) -20 20

~
1

()]
1

Aluminum Wall Thickness (mm)
bri
Relative TINT brightness [—]

4
31 -
54 0.6 -

[y
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Coupled nevuironics-structural stress optimization

- Simultaneous calculations of brightness and energy deposition

— Factor of safety (Measure for the mechanical performance, Goodman diag.)
Brightness....

3.
3.60
345 FOS Brightness
— 16 *L8 375
: : 3.60
' 3.45
. 1.4
. 3.30
: 3.15

30 40 50 60 70 80 90 100 110 120
20 -0 0 10 20 [cm] 12 00
Factor of safety 285
F2.70
—- 1.0 —-2.55

T T T
40 60 80 100 120
sigma_x

0.75

0.50

i
i
i
°TForitlustration only
-1000 -800 -600 —400

ddddd




Final design neuironics calculations

* Final design reviews scheduled for the summer of 2026

e Target and shaft
— Final energy deposition under various protons beam conditions
- Final radiation damage calculations
— Temperature sensitivity studies (only tables, no model sensitivity)

« Moderators
- Optimization of the final-design geometry
— Final neutronics evaluation
- Final energy deposition and radiation damage calculations
— Sensitivity studies

%OAK RIDGE

National Laboratory




Target and shaft final design

o Aftila4MC'’s Part-By-Part (PBP) mesher
- More efficient meshing with "dirty” models

N

N
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\ \ — Faster running time (hours > minutes)
4_ R L Ta;g;ett §
sha , Ak o e .
§ « Cottonwood deterministic solver
Al % : - CADIS/FW-CADIS with arbitrary mesh refinement
Staves — 8§ % 5 — Discontiguous mesh with voids and overlaps

A\
§
.
%

an§ )
N istance between objects: 4693mm N 7/ : — Runs fOS'I'er E
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Target heating for different proton beam conditions

Energy
(J/cclpulse)

1.00E+02

Nominal 60 cm?

5.01E+01
2.51E+01
1.26E+01
6.31E+00
3.16E+00
1.58E+00
7.94E-01

3.98E-01

2.00E-01

1.00E-01

5.01E-02
2.51E-02
1.26E-02
6.31E-03
3.16E-03

Total 378 kW
Tungsten 293 kW
Max 38.1 J/cc/pulse =

R

\
W

[T TTTTTTITTT T T T

1.58E-03
7.94E-04
3.98E-04
2.00E-04

1.00E-04

Energy
(Jlcelpulse)
1.00E+02

Overfocused 57 cm?
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2.00E-01

1.00E-01

5.01E-02
2.51E-02
1.26E-02
6.31E-03
3.16E-03
1.58E-03

Total 379 kW
Tungsten 296 kW
Max 40.0 J/cc/pulse

7.94E-04
3.98E-04
2.00E-04
1.00E-04
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Nominal Corner

Total 370 kW
Tungsten 274 kW
Max 38.2 J/cc/pulse

W
L

Diffused 94 cm?

Total 371 kW
Tungsten 263 kW
Max 25.8 J/cc/pulse

e
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nergy
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Radiation damage for target and target shaft

Inconel-718

Tungsten: 8 dpa /10 years dpalpuise Stainless Steel Shaft

1.00E-07

. e 5.62E-08 Max: 4.8 dpa/40years
Limit: -- (not structural) !3-;35—33 o P y
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— 5.62E-09
— 3.16E-09
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Moderators final design - optimized
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Final design neutronics performance

Time-emission spectra at 5A

leld
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MRA lifetime and heating rates Si production

(thermal flux)

- Total heating (including 27Al(n,g)) I() j
= oo

« MRA: 31.2 kW A \\W\A E %é;g:ogg :

- Backbone: 27.2 kW =2 ==l NG :

- Lifetime ~ 6.5 years due to dpa in Al ) =il :

« Assuming 40 dpa limit ;ilggz i >

Limiting is dpa in Al Cylinder

3.98E-01
2.00E-01
1.00E-01
5.01E-02
2.51E-02
1.26E-02
6.31E-03
3.16E-03
1.58E-03
7.94E-04
3.98E-04
2.00E-04
1.00E-04
‘L Y
M L} u
Maximum 6.2 dpa/year } bottom
dpalyea
7.00E+00
5.56E+00
4.42E+00
1E+00
2.7
2.21E+00
1.76E+00
1.40E+00
1.11E+00
8.81E-01
7.00E-01
5.56E-01
4.42E-01
3.51E-01
2.79E-01
2.21E-01
1.76E-01
1.40E-01
1.11E-01
8.81E-02
7.00E-02

Si production not limiting

dpa in steel backbone not limiting =

R T T S S A S N N N N S A i + 4+ 4+ +
=
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Hydrogen ortho/para fraction sensitivity study

« Default para-hydrogen fraction is 99.9%

« Sensitivity study was performed in the range of 95% to 100%
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Tube: Peak brightness
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para-H

—— JEFF 4.0 - 14K
—— JEFF 4.0 - 15K

Hydrogen temperature sensitivity study o =

—— JEFF 4.0 - 19K

XS [b/atom]

« Default hydrogen temperature is 20 K

=
(=)
=}

ENDF/B-VII scattering
kernels were scaled
based on JEFF 4.0
relative ratios

« Sensitivity study was performed in the range of 18 — 22 K

Peak brightness 10-5 104 103 102 10-! 10°
Energy [ev]

lell Time-emission spectra at 5A

— CYL ENDF/B-VII 20 K
2.00 - - -}- cYLscaled 18 K
_I' > —J:- CYL scaled 22 K

Wavelength (A)
10! 10°

1.75 1011__

1010

| I
! ~=- CYL scaled 18 K

neutrons/cm?/eV/sr/us/pulse

{0 H —— CYL ENDF/B-VII 20 K
1
1

—-- CYL scaled 22 K

neutrons/cm?/eV/sr/ps/pulse

el b Y
" 100 o W %0 B T CE SR
« Max ~1% increase in performance is observed for 2 K rise in temperature
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Hydrogen density sensitivity study

« Default hydrogen density is 0.0731 g/cm?3for cylinder and 0.0721 g/cm?3 for
tulbbe moderators

« Sensitivity study was performed in the range of 0.068 — 0.074 g/cm?3

Peak brightness

Time-emission spectra at 5A
lell P Wavelength (A)
2.5 —— TUBE 0.068 g/cm? 10t 1?"
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s --]- TUBE 0.074 g/cm3 ;‘;1011
' 2
@ g
ag 3 fl
4 i85 ';E !l - ] = n
E g 100 il
5 £ e | H s l —— TUBE 0.068 g/cm® 4
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FH c w0 .. TUBE 0.074 g/cm®
c 1.10 v — . — — .
T T B gt A L e
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0.95 | hil T HHILEE Tl i el
T R IR ATHIN
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o 100 200 300 400 500 10-® 10 103 1072 107! 10°
Time (ps) Energy (eV)
« Max ~1% increase in performance is observed for 0.002 g/cm? rise in density
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Moderator misalignment study

« Max. misalignment defined as 1.5 mm

vertical shift and 1.2° rotation

Maximum misalignment of the moderators
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Conclusion

e Wide range of neutronics analyses performed towards the STS

e Automated cou

final design
FInal design positions STS as the

Unstructured mesh is the key Iins

nighest peak-brightness source
rTument in the design process

and allowed us to develop the |
efficiency and deliver results wit

inal design with increased
h higher quality

oled multiphysics optimization can be applied

during the design process at other neutron sources
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Case study I: Target Viewing Periscope (TVP)

UM FROM PBP MESHER

. OGHOUSE § G ¢ :
e TVP monitors the pro’[on DAIRH ol H'E"D'jN R C R 2.5 M UM cells, still too fine
beam profile on the target ROOM

A

» 5m tall,10 x 20 cm opening =

e Represents a streaming gap

400

e Need to calculate;

- Energy deposition
(cooling design)

- Dose rate around the
doghouse
(protection
of electronics)
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Weight windows (WW) for the TVP analysis

e Energy-dependent deterministic weight windows calculated
with Cottonwood for both neutrons a photons

« FW-CADIS starting with a secondary neutron source in the target
e HILO2K materials library used for neutrons up o 1.3 GeV

UM MODEL IN MCNP PLOTTER WW FOR 1 MeV NEUTRONS WW FOR 1 MeV PHOTONS
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 Energy deposition in the entire
TVP to determine its elongation

Energy deposition in the TVP

oy . . Y
« Energy deposition in the 15t mirror
to guide the cooling design: ‘
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Total prompt dose rate around the TVP doghouse

Y

Dose rate at 1 foot from
| the doghouse: 10 rem/hr
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Case study ll: Target Shaft

% Y
 Energy deposition
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Silicon production in the MRA

» Silicon production via thermal neutron (E < 0.414 eV) capture in
aluminum

« 27Al + ny, — BAl +y ; BAl - 28Gj + B~

* Max thermal flux is 0.095 n/cm?2/proton or 5.75E+21 n/cm?2/year, which
is 3.73E+22 n/cm?2/6.5 years (lifetime limit due to dpa), which is below
the dose limit* of 6 NF+22 n/ ~m 2 ﬁ
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