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What is the Spallation Neutron Source?

* SNS is one of two U.S. Dept. of Energy — Office of Science
user facilities for neutron science at Oak Ridge National
Laboratory (ORNL) in Tennessee

* The SNS provides intense pulsed neutron beams for scientific
research and industrial development

* SNS produces neutrons with an accelerator-based system that
delivers short (microsecond) proton pulses to a target-
moderator system, where neutrons are produced by a process
called spallation

» State-of-the-art neutron instruments provide a variety of
capabilities for researchers across a broad range of disciplines,
such as physics, chemistry, materials science, and biology
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The SNS was constructed under a
partnership of several U.S. laboratories

Construction cost: $1.4B

Front-End Systems Accumulator Ring
(Lawrence Berkeley) (Brookhaven)

Target
(Oak Ridge)

(Los Alamos and
Jefferson)

Lawrence R Instrument
ol | o | Bk Systems
s ‘ j " (Argonne and e e
Oak Ridge) A

e
/ Tak Iljdge
—

K \.

\ ‘LlosAkmos ]

. \

L

*’ OAK RIDGE NATIONAL LABORATORY
MANAGED BY UT-BATTELLE FOR THE U.S. DEPARTMENT OF ENERGY




SNS Accelerator Complex
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Where we started (1999)
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First beam on target, first neutrons and Technical
Project Completion goals were met in April, 2006
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Neutron source’s test drive

‘OAK RIDGE NATIONAL LABORATORY
Lab scientists, engineers, instrument specialists and others gather moments before the first neutrons were produced Friday at the $1.4 billion Spallation

Neutron Source. The facility will allow cutting-edge studies of materials.

Neutron source’s test drive paves the way for research

Fri 28 Apr 2006 02:20:13 PM
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BY BOB FOWLER
fowlerb@knews.com

B “We’re now officially a
mew-&—'rbeyxeﬁmnymhngneum\sm neutron source.”
's premier science

A proton pulse hit the target at 2:04 pm. Friday Thom Mason,
and trillions of neutrons director
Neutron Source facility.

“There was a loud cheer, and everyone clapped,”
said Thom Mason, project director. “There was a
ot of relief: i “It made a nice, pretty ” he

One of several diagnostic screens shows the suc-
cessful delivery of protons to a mercury target,
producing neutrons for scientific research of ma-
terials.

A beam with 210 trillion proton pulse then hit
the target to release mutmns,hgsaid.Aik:;
phorescent screen on the target showed the

See NEUTRONS on A8
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Instrument
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Neutron production serving a growing
instrument suite is our mission: ~5000 h/y

Wide Angular-Range
- Nanoscale-Ordered Materials Chopper Spectrometer Fine-Resolution Fermi Chopper
Backscattering Diffractometer (NOMAD) - BL-1B (ARCS) - BL-18 Spectrometer (SEQUOIA) - BL-17
Spectrometer (BASIS) -
BL-2

D of fluids, fluids,
condensed matter, materials science
Garrett Granroth - 865.576.0900 - granrothge@ornl.gov

in
Ys matter
Doug Abernathy - 865.576.5105 - abernathydi @ornl.gov

Liquids, solutions, glasses, polymers, nanocry and science,
partially ordered complex materials

Joerg Neuefeind - 865.241.1635 - neuefeindjc@ornl.gov

Dy of
molecular systems, polymers, biology,
chemistry, materials science

Eugene - 8655745109 - gov Ultra-Small-Angle Neutron . -
Scattering Instrument Vibrational Spectrometer (VISION) -

[USANS) - BL-1A (2014) BL-16B

e Life sciences, polymers, materials science, L4 in Yy y
%3 LA earth and environmental sciences Christoph Wildgruber - 865.574.5378 - wildgrubercu@ornl.gov

Michael Agamalian - 865.576.0903 -

magamalian@ornl.gov

Hybrid Polarized Beam
Spectrometer

G (HYSPEC) - BL-14B

Atomic-level dynamics in single

crystals, magnetism, condensed
matter sciences

Spallation Neutrons and Pressure | " e 7% / 3 7z
Diffractometer (SNAP] - BL-3 | " . ( / (NSE) - BL-15
Materials science, geology, earth and

environmental sciences
Chris Tulk - 865.576.7028 - tulkca@oml.gov

Michael Ohl - 865.574.8426 - ohime@ornl.gov

Barry Winn - 865.809.6819 « winnbl@ornl.gov

Magnetism Reflectometer «
BL-4A
Chemistry, magnetism of layered

systems and interfaces
Valeria Lauter - 865.576.5389 - lauterv@ornl.gov

Fundamental Neutron

Physics Beam Line - BL-13

BL-4B ¢ 3 4 o % D Fundamental properties of neutrons
Geoffrey Greene - 865.574.8435 - greenegl@ornl.gov

Liquids Reflectometer -

Interfaces in complex fluids,
polymers, chemistry
John Ankner - 865.576.5122 - anknerjf@ornl.gov

, \ § Macromolecular &g sipgje-Crystal Diffractometer
Cold Neutron Chopper ' Neutron (TOPAZ) - BL-12

Spectrometer [CNCS) - BL-5 ! d fractometer
(MaNDi) - Atomic-level structures in chemistry,
Condensed matter physics, materials science, ; = biology, earth science, materials science,
istry, biology, envi science _' - 4 * BL-11B (2013") condensed matter physics
. . @ 1 ; Christi Hoff - 865.576.5127 -
Georg Ehlers - 865.576.3511 - ehlersg@ornl.gov 8 \versatile Neutron |y E O —— fativa Hofimenn - 662 e

Elastic Diffuse Scattering Imaging drug

A ! , DNA

Extended 0-Range Small-Angle Neutron Snectrometer (CORELLD - Instrument atSNS e
Scattering Diffractometer (EQ-SANS) - BL-6 BL-9 (2014 (VENUS) - BL-10 565.963.6180 - coates|ornl.gov

Life science, polymer and colloidal systems, materials science, Detailed studies of disorder in - nergy selective imaging Pownel’ lli"raclnmeler [POWGEN] -

earth and environmental sciences crystalline materials materials science,
William Heller - 865.241.0093 - hellerwt@ornl.gov Feng Ye - 865.576.0931 - yef1 @oml.gov BL-11A
Atomic-level in Y, science, and

condensed matter physics i i spin
Ashfia Huq - 630.986.7321 - huga@ornl.gov

processing, environmental
sciences and biology

Hassina Bilheux - 865.384.9630 «
bilheuxhn@ornl.gov

*

Scheduled commissioning date

Engineering Materials Diffractometer
(VULCAN) - BL-7

- issioning, or Mechanical behaviors, materials science,

- In design or construction materials processing

Ke An - 865.919.5226 - kean@oml.gov
- Under consideration

06-G00400R/gim
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kW-Class Spallation Neutron Sources

* ISIS TS-1 at RAL
— 40/ 30 Hz, short-pulse (SP)
— 800 MeV H*
— 160 kW

— W plates target with Ta
cladding

)/

w
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3
J

T. Broome, ISIS
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kW-Class Spallation Neutron Sources
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* ISIS TS-2 at RAL
— 10 Hz, SP 800 MeV H*
— 32 kW

— Monolithic W rod target
« with Ta cladding

L. Jones, ISIS
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kW-Class Spallation Neutron Sources

* LANSCE at LANL,
— 20 Hz, SP 800 MeV H*
— 100 kW
— W disks target with Ta clad

Steel Insert HARP
Window
Upper Steel
Reflector
Upper 2 Layers
Heatsink Upper
Plate Beryllium
Reflector

Water Pre-Moderator
Feed From Lower

Heatsink Plate
Middle
Middle Heatsink
Beryllium Plate
Reflector
Upper
Target
3 Port'Liners With Beryllium
Cadmium Plated | Reflector/Filter
Interiors
| “Window”
Lower thmn.er
Heatsink aluminum
Plate arey
Lower Vacuum Tank
Beryllium Middle Plate
Reflector Containing B Modentor Support Tabs

Gadolinium “Window” thinner
Water Mdoerators aluminum area in
LH pressure vessel
Lower Target

J. O'Toole, LANL
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kW-Class Spallation Neutron Sources

* ISIS TS-1at RAL iE i
_40/50Hz, SPBOOMeV HY T n Gt
— 160 kW = R
— W target with Ta cladding

* ISIS TS-2 at RAL
— 10 Hz, SP 800 MeV H*
— 32 kW
— W target with Ta cladding

* Lujan LANSCE at LANL,
— 20 Hz, SP 800 MeV H*
— 100 kW
— W target with Ta cladding
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MW-Class Spallation Neutron Sources

« SINQ at PSI
— Continuous beam, 570 MeV.H*

* SNS at the ORNL
— 60 Hz, short-pulse, 1 GeV H*

* JSNS at the JPARC




PSI: Swiss Spallation Neutron Source SINQ

» Solid lead in Zircaloy tube array target

» Water-cooled, stationary SS316L vessel,
AlMg3 safety hull

- MEGAPIE experiment: molten lead-bismuth [

SINQ - Target

S

Pb / Zircaloy target Target bulk shielding W. Wagner, PSI
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Neutron Source Target at J-PARC

* Mercury, stationary, SS316L vessel
* Ca. 20 tons of mercury, circulates at 11 liters/sec
 Magnetic pump, HX, storage tank all on target trolley
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On the horizon ...

* CSNS
— 25 Hz, SP, 100-200-500 kW, 1.6 GeV H+
— Ta clad W plates target (ISIS TS-1 type)

* ESS
— 14 Hz, long-pulse (2.86 ms)
— 5MW 2.5 GeV H+

— Helium gas-cooled, rotating target of
tungsten blocks

F. Mezei, ESS
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The SNS uses mercury as the
spallation target

* More than 20 tons of it — circulating through a target module
y ) |

* The target module is a replaceable component
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Target Systems




Target Monolith 3-D model

=

o7
'/

4QO” (10 m) Target and Cart
Diameter liner Assembly
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Core of SNS target monolith

Reflector Beam
Plug l Window
50 =5 i.gﬁ'\qq

M

Inner Proton ‘

4




From CAD to hardware ...
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Top of monolith
Inner reflector plug installation
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Target Process System

In-cell air cooler Mercury pipe shielding

Target vent

Core vessel drain pipe

/ Mercury
Transport utilities pump

Floor shielding ,
Primary

confinement
exhaust & filter

\\
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Mercury Process Loop

Total mercury inventory 1.59 m? (21.5 tons)

Nominal pump speed / flow rate 400 rpm / 24 L/s

Heat exchanger

Storage and collection vessels

% OAK RIDGE NATIONAL LABORATORY
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Target Service Bay

Ventilation ' R e . AW
Supply e WL o A = 2 2O e = Ventilation
e ; - ' | &/ Exhaust

_, W A
) B
a J] / 1 -

- Servicmj"i Size: 31.4 meters x 4.3 meters
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Remote handling is done via a servo-manipulator
and 4 through-the-wall manipulators
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SNS mercury target was a first of a kind
design: MW class, liquid metal and short-pulse

|
ottt sapegen

‘Strgs ;r ySis and
— Coupling with moderators e o /7 -l
and reflector e ~) ‘ Vo o

i 4/ / . load cone o
— Power deposition v S %Q ' / J

— Radiation damage A “Oft- fl{ <
iy

— Afterheat, waste _+ Bea nmé

radionuclides S SO - O i pear profile
— - 4

* Thermal hvg %) — Vacuu tests
_— Proce '—" uring acceptance

tests
fae nSLerﬂ
oW an erature’

— Shroud integrity after
mercury vessel leak




SNS Mercury Target Module
Mercury vessel surrounded by a water-cooled shroud
Both are made from type 316L stainless steel

Target-to-Core
Vessel Inflatable Seal

Velogity: Magnitude (m/s)
2.0 2.6 3.3

"
T O <
» . S quasi-stagnation region at the
: center of the window

ulk mercury flow has two
supplies and one return

% OAK RIDGE NATIONAL LABORATORY
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SNS Target Module Design

Mercury flow is comprised of bulk and channel regions

* Bulk flow is nearly stagnant where the two bulk mercury
supplies meet at beam entrance window

Channel mercury flow
Vo 24 ~3.5m/s

*¥ OAK RIDGE NATIONAL LABORATORY
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Early project phase:
A focused R&D program addressed identified
technical risks early in the project

- Steady state power handling
— Cooling of target vessel window — wettability of mercury on stainless steel
— Hot spots in mercury caused by recirculation around flow baffles

* Thermal Shock

— Effects of pressure pulse due to short-pulse beam interaction on mercury vessel

» Materials issues
— Radiation damage to structural materials
— Compatibility between mercury and other target system materials

 Demonstration of key systems:
— Large mercury loop operation
— Remote handling

*’ OAK RIDGE NATIONAL LABORATORY
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An aggressive R&D Program sufficiently
resolved all known issues by 2002

Nu (Nusselt Number)

Trefethen Johnsonl World
Johnson2 Storomquist Socie
English and Barrent English and Barrent 2 Heat t
100 (| *Untermeyer Untermeyer 2
Seban Isakoff 1
Isakoff 2 Johnson 3
Styrikovich MacDonald
Elser Ampleyev
Subbotin Petukhov
#MTHL Experimental Results
T
CFD Prediction for MTHL
Rectangular Geometry
M
| ™
10 —
——
F |
—
R S—
10 100 1000

Pe (Peclet Number)

&

above
153.0
150.0
147.0
144.0
141.0

138.0
135.0
1320
129.0
126.0
1230

t points along inlet channel

Temp (degC) "“°W

0 0003 0.0004 0.0005 O 0008 00007
2-11-00 R2 below

Time (s)
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Constant volume heating process leads to
large pressure pulse in mercury

Peak energy deposition in Hg for a single pulse = 13 MJ/m3”
— Peak temperature rise is only ~ 7 K for a single pulse, but rate of rise is 107 K/s!

 This is an constant volume
process because beam
deposition time (0.7 us) << time
required for mercury to expand
— Beam size / sound speed ~ 30 us

» Local pressure rise is 38 MPa
(380 atm compared to static
pressure of 3 atm!)*

« Mercury expansion and wave
reflection at the vessel interface
lead to tension in the mercury
and cavitation e

PROTON BEAM " HEATLOAD (W)

*SNS @ 2 MW
OAK RIDGE NATIONAL LABORATORY
MANAGED BY UT-BATTELLE FOR THE U.S. DEPARTMENT OF ENERGY




Pressure pulse effects on vessel structural
response are simulated with an explicit
fi n ite e I e m e n t tECh n i q u e B.W. Riemer / Jnl. of Nuclear Mater. 343 (2005) 81-91

* Includes an empirical model for cavitation in mercury
 Benchmarked with Hg target test data obtain at LANSCE — WNR
 Needed for estimating the fatigue life of the vessel

1
Step: Step-1, SN8 BAF3 Target 0 to 20 micro-ses, 1.1 MW
Increment : Step Time =

Primary Var: &, Tresca
Deformed Var: U Deformation Scale Factor: +5.000e+02

Vessel dynamic stress Mercury pressure evolution

LANSCE - WNR: Los Alamos Neutron Science CEnter — Weapons Neutron Research ¥ 0AK RIDGE NATIONAL LABORATORY
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Cavitation Damage was identified as a

concern late in the SNS project design ps

 Confirmed in late 2001 that beam-pulse-induced
cavitation could severely damage SNS target

* Revisited liquid vs. solid target decision

— Too late and too expensive to build a facility capable of
handling both types

— Well-defined decision criteria and time frame (~ one year)
established

LANSCE — WNR: Los Alamos Neutron Science CEnter — Weapons Neutron Research

Formed advisory team with world-wide leaders in cavitation

Negotiated access to LANSCE for two sets of in-beam tests with
dedicated beam

Strengthened collaboration with J-PARC: coordinated R&D plans;
access to an important off-line test apparatus and academic resources

Established several other off-line test capabilities at ORNL

Re-constituted a solid target design team to prepare fallback design

MANAGED BY UT-BATTELLE FOR THE U.S. DEPARTMENT OF ENERGY



ISOLDE molten lead target cavitation
erosion predated SNS experience, but
this was unknown to us

LALimm
n Nsi
ZliMAaPR 1 .TT1F

J. Lettry et al. / Nucl. Instr. and Meth. in Phys. Res. B 204 (2003) 251-256

*. OAK RIDGE NATIONAL LABORATORY

MANAGED BY UT-BATTELLE FOR THE U.S. DEPARTMENT OF ENERGY



Accumulated Energy (MWHr)

Power on target & accumulated energy

Major Remote Handling Component Replacements

% 1200
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I 1000
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Target lifetime and power levels exceed initial
expectations, but have room for improvement

4000 : MWh [P, [KW]* |
_, 10 dpa is reached at ~5000 MW-hrs Gk
| - . mTL| 3055 379
3500 mT2| 3145 771
T3 2791 845 || Cavitation / inclusions?
MTa 3252 Ta2
3000 uTs 2362 938
|- 6] 617 916 Weld defect
2500 uT7| 98 | 913 || Weld defect
uts| 3345 | &7 |
4 *Threshold power: 20KW

2000

T8 through 135epl3

1500

1000

v

|

1000 1100 - 1400 - ?

Operating hours above given power level

800 900

Power [kW]

600 700
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Targets are examined using a variety
of techniques for PIE

* Two to five cuts have been made in
Targets 1-7

— Remotely operated annular cutter
- Targets have been inspected using:

— Through shield-window high-resolution
photography

— Direct photography of disk specimens

— Internal examinations using security video
cameras and articulating video-probes

el

Inner wall spe%[
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Significant cavitation-induced erosion on
inner wall

Left offset Center Right offset

Target 4

Target 5

View from inside target

looking into the beam JRATORY

INT OF ENERGY



Relative deposited beam energy density at

specimen locations does not correlate well with observed damage

* From design basis beam profile on target
» Damage pattern is more narrow than beam horizontal width

» Why the “@” pattern of erosion?

-0

Outline of mercury

* OAK RIDGE NATIONAL LABORATORY
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Saturation time on bulk mercury
correlates well with damage pattern

SDV_SATIIHE * Spots above / below beam axis match with damage zones
860.5 [us] « Central spot is narrower than beam spot
8053 » Spots at end of bulk supplies where there is no beam

516.3
Ao ﬁ

430.2
344.2
258.1
172.
86
0

RN §IIAR
AL A B ‘ Ry
BV . SRy
Sl
: 'y j‘&“%-;_

158

H Higher saturation time at the wall = increased damage potential

B. Riemer £S. Kaminskas
OAK RIDGE NATIONAL LABORATORY
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Outer wall at beam entrance has
much less damage

* T3 outer window channel surface
— Where was the leak?

View from inside target
looking into the beam

% OAK RIDGE NATIONAL LABORATORY
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T3 offset outer specimen eroded
region at top edge had a deep pit

» Partial through-wall hole
suggests actual leak might
be nearby

* We went to the limit of our
abilities to cut and examine
the target

— Improved capabilities
continue to be sought

* OAK RIDGE NATIONAL LABORATORY
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Saturation time on channel Hg has high
value near point of near through-hole

SDV_SATTIME
(Avg: 75%)
359.2

1 these
cations

% OAK RIDGE NATIONAL LABORATORY
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Leaks from the target vessel were confirmed
for Targets 3, 6 and 7 by pressure decay testing

Interstitial Pressure-decay Tests

© Target 3

* Target 6 - Test 1

N © Target 6 - Test 2
& 'y -

o, %6, R A Target 7 - Test 1

A‘AA“ A Target 7 - Test 2

(psi)
8
S 2
*
*
*

&
S
ooooooo

0 5 10 15 20 25 30 35

In the cases of T6 and T7, erosion failures seemed unlikely based on beam
delivered 1o target and average power

— T6: 617 MW-h, Pave = 916 kW
— T7: 98 MW-h, Pave = 943 kW

A facility stand-down was imposed to investigate and understand T6 and T7
leaks before operations could resume

It was speculated that mercury window flow passages might have become
blocked, thus leading to overheating and failure of beam windows

Thebwindow flow supply passage was inspected using an articulating video-
probe

EEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEE



Mercury vessel assembly welds
Path for video-probe access

¥ OAK RIDGE NATIONAL LABORATORY
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Video-probe inspections found leak at
transition cover weld joint Pre-nstallation.

» Pre-installation inspection was I E
done to look for foreign objects

— All clear, but clues to a problem were
missed

* Use of leak detection fluid with
external air pressure revealed leak
at mid-span of weld

)
< 2 -8
vV A fap AR
L AmBo

Post

Cover plate
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Remote Handling is critical to SNS operations

» Since SNS operation began in 2006, a significant amount of
remote handling operations have occurred

* Remote handling at SNS encompasses:

— Major component replacement & operational planning for
* Targets
* Proton Beam Windows (PBW)
« Shutter and Core Vessel Inserts (CVIs)
* Ring Injection Dump
* Inner Reflector Plug
— Target module Post Irradiation Examination (PIE) operations

— Major component waste shipment operations
* Shipments for target and PBW modules
« Shutter Plug segment shipments

%O\K RIDGE NATIONAL LABORATORY
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Accumulated Energy (MWHr)

Power on target & accumulated energy

Major Remote Handling Component Replacements
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Target Replacement Operation

» Removal and reinstallation of the
following components take place during

each target replacement: .
— Four pieces of in-cell shielding (14 tons of B & "\ ~
steel) 3 < T
— Nine process and utility jumpers at the back f-_-f; e
of the target cart (1/2" fiftings in addition to Ve -4

instrumentation connectors

— Two 2" and two 6" water coolant and
mercury process lines

— Seven process and utility jumpers at the
target (1/2" to 27)

0

" 11 -14 days to replace a target
S Goal is <= 7 days

— Handling of multiple pieces of tooling
— Capture and return of released liquid mercury from open pipes
— Requires five person crew / one shift operation
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Proton Beam Window Replacement
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“““““
‘‘‘‘‘‘‘‘
0
108

Shielded Cask and Hoist New PBW with guide can and
counterweight being installed

Cooling lines cut prior to
removal with long
handle tools

Old PBW during —
retraction into cask
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SNS Second Target Station (STS)

« Scope of STS includes design, build, install, test, and commission a second
target station at SNS consisting of:

— New spallation neutron source and supporting systems

— Extension of SNS accelerator systems to as much as 3 MW (energy, current, duty factor)
— Conventional support buildings

— Initial neutron beam instruments
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Concepts for STS is a short-pulse, 300 -
500 kW beam at 10 Hz

* Three credible target options under
consideration:

— Stationary tungsten plate target
» Water-cooled
* Good radiation lifetime

— Rotating tungsten target

» Water-cooled, minimal in spallation zone gives
brightness advantage

« 20+ year radiation lifetime

» Waste shipping and handling tbd. .
— Mercury target g3

- Established technology

» Good radiation lifetime

* Pulse issues (cavitation)
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Summary

* The SNS has gone from forest to neutron production in 7 years
and was completed on schedule and within budget

* Presently there are 16 instruments available in the user program
— ultimately 25 will be operating

» Overall neutron production availability has exceeded 90%
— Except for FY13 ®

» The mercury target has exceeded some early estimates for
lifetime and power, but there have been premature failures
— Cavitation damage is expected to become worse as power is increased

— We are learning more about the unique mercury target and working to
extend its lifetime as power is increased

* Plans for a second target station are underway
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Merci beaucoup!

http://neutrons.ornl.gov



