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Motivation: Nuclear Materials under Extreme Conditions
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https://cen.acs.org/energy/nuclear-power/Radioactive-
waste-stranded-US-shifts/96/web/2018/08

https://www.iaea.org/newscenter/news/improving-

https://www.ans.org/news/article-367/hydraulic-
safety-of-ageing-nuclear-power-plants-in-lockdown

testing-completed-on-akkuyul-reactor-vessel/

NUCLEAR FUEL STRUCTURAL

MATERIALS

Harsh Environments: intense irradiation, high-temperatures with steep
gradients, stress, evolving microstructure and chemical composition, etc.
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lon-Beam Experiments to Study Irradiation Effects in Materials

Tandem Accelerator (E < 25 MeV) Large lon Accelerator Facilities (E > 100 MeV)

available in many laboratories worldwide limited availability

GSI, Darmstadt
(Germany)
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Linear accelerator
20% speed of light v
(20 AMeV)

Ring accelerator

90% speed of light
(2 AGeV)
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Helmholtz Center for Heavy lon Research — Darmstadt, Germany
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Plasma Physics ~ /

Atomic Physics ~

Research with swift heavy ions:
- World’s largest heavy ion accelerator facility

- Nuclear physics, atomic physics, Biophysics,
plasma physics, materials research
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High-Energy Physics with Swift Heavy lons: Early Stage of the Universe

http://www.physics.purdue.edu/henp/

S 200 FOPI-Detector at GSI
= E - Quarks and Gluons Detecting all particles produced
™ < \ - during ion collisions
v 3 o
2 g s ey
.,E & :% 63%0;?%&:
8 100} l r; D’? ( Critical point?
= o .
i ©  Hadrons /
5\51'00
5
_/ Neutron stars
0 : 7/

Nuclei Net Baryon Density

Quark-Gluon Plasma

At extremely high densities and temperatures,
protons and neutrons ‘melt’ in their constituents
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Swift Heavy lons in Biophysics: Cancer Therapy

Ion beam
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Microprobe at GSI:

Targeted irradiation of
nuclei of living cells

Heidelberg lon-Beam Therapy Center:
Tumor treatment with energetic carbon ions
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Application of Swift Heavy lons in Materials Research

NUCLEAR ENGINEERING GEOSCIENCE ACCELERATOR TECHNOLOGY
Radiation damage Fission-track dating Degradation of components

ION-BEAM APPLICATIONS SPACE TECHNOLOGY
Nano-structuring Single-event upsets
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Irradiation Experiments for Synchrotron X-Ray Characterization

0 e —

2
beam-spot size (~1 cm )

E ——_-—9
Sample chamber
diameter: 100 ym

thickness: 50 uym
thickness: 12.5 ym

M. Lang, et al., Journal of 00 20 40

60 80
Materials Research (2015).

penetration depth (Lm)
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UNILAC: M-Branch A

197Au (950 MeV)

10" — 1074 ions/cm?

/

Small Volume Irradiations

= High energy and ion range

= Small beam spot

= Fluence series
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Irradiation Experiments for Synchrotron X-Ray Characterization

Advanced Photon Source
prre 2

= synchrotron X-rays (25 keV)

= focused, intensebeam/

XRD
X-ray diffraction
(004) peak \ increasing

5 ion fluence

Intensity (arb. units)

1.39 1.40 1.41
d-spacing (A)

Structural properties

= unit-cell parameter
= microstrain
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320 mm

ionization
chamber (1)

MAR ionization
detector chamber (2)

@ divalent oxygen @ tetravalent actinide

@ oxygen interstitial . trivalent actinide
oxygen vacancy

©00000606.0.0
© 06 0 0 0 0:0:0
0202602, 0o% 002

Maik Lang - University of Tennessee

M. Lang, et al., Journal of
Materials Research (2015).

XAS

X-ray absorption spectroscopy
2
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Pt <--2.0eV

L

a —— @ =5x10"cm®

2 unirradiated

o

< /71—
40.40 40.45 40.50 40.55

Photon energy (keV)
Electronic properties
= oxidation state
= local bonding
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Example: Radiation Effects in Nuclear Fuel Type Materials: AO,

(C3-L- Tracy, j{ al., % 015) Redox response of actinide
. ommunications 0, . - . - . .
XRD 950 MeV Au ions materials to ion irradiation
0.08 . .
] . = partial reduction of Ce** to Ce3*
0061 T ¢-|d=58%0.6nm determines radiation response
2 S S B ®-1d=6.1+0.1nm
. }i —E
XAS Ce K-edge
f@ f1 f2 f3 -
La|Ce|Pr|Nd 2
o
]| 3
3 microcrystalline
Ac|Th|Pa| U 5
o 4+ | 4+ | 4+ N
5+ | 5+ = >)f<-2.0eV
6+ ©
=
o
pa

— ® =5x10" cm”
unirradiated

H. Ohno, et al., NIMB
266, 3013 (2008).

A. Iwase, et al., NIMB 40.40 40.45 40.50 40.55
267, 969 (2009). Photon energy (keV)
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Irradiation Experiments for Spallation Neutron Characterization

irradiation holder pressed powder
- sample
(J 1) e

O 5
L ON® —~_'.‘"

10]|01®
(J

e N —
UNILAC: X0-beamline T .
197Au (1.6 GeV) -
o 10"3 ions/cm? N
Large Volume Irradiations ‘_ / i
= High energy and ion range - (Cﬁ't:i:f'sdloﬁ?:;)
Al sample holder L
= Large beam spot (front view) 50 - 100 pum

= High fluences
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Irradiation Experiments for Spallation Neutron Characterization

Accumulator Ring

". A hY

H- stripped to p._____:_'{ \.
¢ W
Linac ‘ : |:.% .
402.5 MHz 805 MHz
TT SRF.p=061M SRF.p=081 ]
{

Injector 2.5 86.8 186

|IAEA-CN301-195

1000 MeV

Slide 12/18

Target

The Nanoscale-Ordered Materials
Diffractometer (NOMAD)

= neutron wavelength: 0.1 — 3 A
= flux on sample: 108 cm2-sec™’
= large detector coverage

= extending to very high Q-values
= high-res pair distribution function (PDF)
= sample mass: 100 mg

Total scattering
experiments

s(Q)

1) empty chamber '
2} diamond powder

3) vanadium rod

4) empty capillary

ulsed neutron beam ,
P 5) polycrystalline

powder
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Example: Radiation Effects in Nuclear Waste Form Materials: A,B,0,

Pyrochlore Pyrochlore

Disordering ~ Amorphization
5}
~r— . M e e e e e e e e e e e e e e e e = e 0
oy — o .
H022r207 o & cubic 10 r(A) 20 30 cubic 40 0... 0 . H02T|207
ooooo .O. O L] %
»oP 00 -
Weberite- Détect Fliirits Defect Weberite- e © ‘O amorphous
type Fluorite type O phase
5 :N~———————
e T e I i S R uuwmﬂ,vuﬁ_&ﬁ.__—w__h,._--q_,__uu R S S —————
orthorhombic 10 r(A) 20 30 cubic 40 orthorhombic polyhedra 10 rA) 20 30 non-crystalline 40
d-o;vn 7-fold
[010] / (Zr#)
Disordered Ordered_ ?erhous
: (N}
. . . * . Lo Eo L. | L:. LT c§ . . . 3
i o . ) . _— . Pa.r;ii‘au. ' .
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- . \WVo/C7
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Resistant Pyrochlores Ty BEERE ey Susceptible Pyrochlores
L3 i & & ' / .
- short-range: weberite | - short-range: weberite
- Iong-range: defect fluorite J. Shamblin, et al., Nature E.C. O’Quinn, et al., Science - |0ng_range: amorphous

Materials, 15, 507-511 (2016). Advances, 6, eabc2758 (2020).
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Coupling Pressure Cells with Swift Heavy lon Irradiation: Multiple Extremes

High-Pressure Cell
Ruby (pressure P -~ 1 Mbar

calibration)
@ Sample

Intense
Laser Pulses
40 J/cm?

from: www.simsworkshop.org

temperature| | | irradiation lon Irradiation
pe ~ eV/atom

from: www.sunbeamtech.com
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Coupling Pressure Cells with Swift Heavy lon Irradiation: Multiple Extremes

SIS: Cave A
2381 (50 GeV)

103 ions/cm?

o J
High-Pressure Irradiations

= Relativistic heavy ions penetrate one
diamond anvil of DAC (~2 mm)

<
>
<

= Sample is exposed to high pressure

N (| \ B relativistic heavy ions

(and high-T) when being irradiated
|®|' ] b 35 GeV beamline
T zircon samp .
= Successful to 1 Mbar and 103 ions/cm?
M. Lang, et al., Nature Materials (2009) M. Lang, et al., Synchrotron Radiation (2009)
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Example: Phase Transitions Induced under Coupled Extremes

' 4 % 10'2 jons/cm?

Dense high-
pressure phase uo, - ThO,

- e | =

mﬁ“t‘. >
" | I =
7 GeV 238U >
‘D

c

L
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intensity (arb. units)
intensity (arb. units)

|||||||||||||||||

Cotunnite structure 6 8 10 12 14 16 18 20 22 6 8 10 12 14 16 18 20 22
1\ two theta (degrees) two theta (degrees)

Fluorite structure

lon-Induced fluorite-to-cotunnite Transition

= lons effectively form high-pressure phase
= Transition complete at 20 GPa (no ions: ~40 GPa)
= Consistently observed for CeO,, UO,, and ThO,

intensity (arb. units)

6 8 10 12 14 16 18 20 22 Low density

) M Lang, et al., unpublished data
two theta (degrees) Ambient phase
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Conclusions and Outlook

> Swift heavy ions:

- processing of bulk material (large volume) < S1S100/300
- can simulate effects from fission fragments e
- induce complex structural modifications {““‘*\\ 74 =
=7 N
e gl w75 e e
> Accelerator-based characterization: Ry - A
- synchrotron X-rays and spallation neutrons ——— Antiproton
Production Target

- complementary probes pasma Prysecs g
- information on atomic arrangement and long-range Hlomic Fhysics

- sensitive to both cation and anion sublattices S

SCIENTIFIC REPORT 2006

> Unique future experimental capabilities : sl g

- FAIR facility being currently constructed @L
- European Spallation Source

Gselhichaft Bir Schwaronenionshung i Barmstad
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