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NSUF lon Beam Investment Options Workshop

1. INTRODUCTION

The Nuclear Science User Facilities (NSUF) Ion Beam Investment Options Workshop (IBIOW) was
held to develop a set of recommendations (i.e., a priority list) for funding domestic ion beam irradiation
capabilities available to researchers. These capabilities are focused on the support of nuclear-energy
research, development, and deployment. The recommendations are intended for use by the U.S.
Department of Energy Office of Nuclear Energy (DOE-NE) when faced with decisions about investments
in ion beam support, instruments, and facilities. Recommendations developed during the IBIOW are
provided in the Supplement to the NSUF lon Beam Investment Options Report: Initial Results and
Recommendations (Heidrich 2016).

As part of their initial discussions of potential future funding, IBIOW participants considered input
submitted through DOE-NE Request for Information DE-SOL-0008318, “University, National
Laboratory, Industry and International Input on Potential Office of Nuclear Energy Infrastructure
Investments (April 13, 2015).” Discussions and presentations of other input, whether specific or general
in scope, were also welcomed. Also included was user input, including input regarding DOE-NE program
interests and ion irradiation research, development, and deployment needs.

The workshop was held March 22-24, 2016, at the Idaho National Laboratory (INL) Meeting Center
in the Energy Innovation Laboratory in Idaho Falls, Idaho. The workshop agenda is included in
Appendix A.

2. WORKSHOP PARTICIPANTS

Workshop participants were selected from various sources, i.e., request-for-information respondents,
Nuclear Energy University Program/Nuclear Energy Enabling Technology infrastructure applicants,
universities with known expertise in nuclear engineering and materials science, and other developed
sources.

Thirty-three members of the ion beam community attended the workshop, including
15 representatives of ion beam facilities, six representatives of DOE-NE research and development
(R&D) programs, an industry representative from the Electric Power Research Institute, and the chairs of
the NSUF User’s Organization and the NSUF Scientific Review Board. Four ion beam users attended as
advisors to the process but did not participate in the options assessment. Three members of the sponsoring
agency, the Office of Science and Technology Innovation (NE-4), also attended the workshop.

Table 1 lists the workshop participants.
Table 1. Workshop participants.

Name Organization/Position
Workshop Organizers and Sponsors
Rory Kennedy Director, NSUF
Brenden Heidrich NSUF Capability Scientist
Jodi Grgich INL Facilitator
Jody Henley INL Facilitator
Michael Worley DOE-NE
Thomas Miller DOE-NE
Alison Hahn DOE-NE




Table 1. (continued).

Name

|

Organization/Position

User Community Representatives

Sean McDeavitt Texas A&M University — NSUF Scientific Review Board
Peng Xu NSUF User’s Organization Chair — Westinghouse
William Windes Advanced Reactor Technologies (ART)

Sebastien Teysseyre

Light-Water Reactor Sustainability (LWRS)

Daniel Schwen

Nuclear Energy Advanced Modeling and Simulation (NEAMS)

Shannon Bragg-Sitton

Fuel Cycle Research and Development (FCRD)

Remi Dingreville

Used Fuel Disposition Program

Dean Peterman

Waste Forms Research and Development Program

Tiangan Lian

Electric Power Research Institute — Program Manager

Robert Odette

University of California — Santa Barbara

James Stubbins

University of [llinois — Urbana-Champaign

Ion Beam Facility Repres

entatives

Abdellatif Yacout Argonne National Laboratory (ANL) — Extreme Materials Beam Line
(XMAT)

Meimei Li ANL — Intermediate Voltage Electron Microscope (IVEM)

Nick Simos Brookhaven National Laboratory (BNL) — Brookhaven Linear Isotope

Producer (BLIP) — Brookhaven Linear Accelerator IRRadiation Test
Facility (BLAIRR)

Lynne E. Ecker

BNL — Ion X-Ray Beam (IXB)

Jon L. Stoner

Idaho State University — Idaho Accelerator Facility

Yong Q. Wang

Los Alamos National Laboratory (LANL) — lon Beam Materials
Laboratory

Scott J. Tumey

LLNL — Center for Accelerator Mass Spectrometry

Lance Snead

Massachusetts Institute of Technology (MIT) — Nuclear Materials
Laboratory

Steve Grimes

Ohio University — Edwards Accelerator Laboratory

Jitendra Kumar Tripathi

Purdue University — Center for Materials under Extreme Environment
(CMUXE) Facility

Khalid Hattar Sandia National Laboratories — In Situ lon Irradiation Transmission
Electron Microscope (I3TEM)

Lin Shao Texas A&M University — lon Beam Laboratory

Gary S. Was University of Michigan — Ion Beam Laboratory

William J. Weber

University of Tennessee — lon Beam Materials Laboratory

Beata Tyburska-Pueschel

University of Wisconsin — lon Beam Laboratory




3. WORKSHOP STRUCTURE AND PROCESS FLOW

The NSUF IBIOW process began in December 2015 by soliciting interest in participating in the
workshop from the various U.S. ion beam facility owners (universities and national laboratories). This
was followed in January and February 2016 by official invitations to the workshop. The participants were
asked to become involved in an ongoing process to define and weight criteria that could be used to judge
the options available to DOE-NE to support and expand domestic ion beam irradiation capabilities. The
assessment process started informally but later transitioned to the ThinkTank collaboration software.

Because the goal of the workshop was to provide recommendations to DOE-NE, a data-driven
process was designed with the assistance of the INL’s systems engineering division. ThinkTank
collaborations software was selected as the tool to gather the data and link the workshop participants
together. ThinkTank has been used successfully in a wide variety of government projects, notably the
Nuclear Innovation Workshops held in March 2015.

The process outline was:
1. Select workshop participants
2. Determine and weight criteria (online, pre-workshop)
3. Hold the workshop (March 2224, 2016)
a. Review the criteria list
i.  Combine criteria (25 into 10)
ii.  Reweight new combined criteria

View presentations by researchers (DOE-NE programs and ion beam users)

b

c. View presentations by ion beam facilities

d. Conduct an assessment and ranking exercise
e

. Discuss future work
4. Analyze the workshop data, and generate a report

4. CRITERIA SELECTION AND WEIGHTING

The workshop participants generated and weighted a list of criteria against which to compare the
various ion beam facilities and estimate the need for future investment. (Appendix B contains the
information from the criteria exercises.) The original 15 criteria were generated by NSUF as a starting
point for the discussion. Workshop participants then added criteria via email during the lead-up to the
workshop. Table 2 shows the resulting 25 criteria and the weights assigned by the workshop participants
using the ThinkTank software (before the workshop). The total list of 25 criteria proposed at the start of
the workshop was too large to handle in the 3 days allotted for the workshop, so NSUF suggested eight
combined criteria to replace the 25 original criteria (see Table 3). Appendix C provides criteria weighting
data and comments.



Table 2. Original 25 criteria and weights.

Std.
No. Criteria Mean | Dev.
1 | Scientific merit and potential merit 8.60 1.35
2 | Broad applicability (cross-cutting — i.e., multi-program) 7.07 2.25
3 | International capabilities alternatives 4.80 1.90
4 | DOE-NE programmatic mission need 7.80 1.82
5 | Nuclear energy industry needs 6.13 2.67
6 | Proportion of time to be allocated to direct DOE-NE mission work through 6.27 1.67
Gateway for Accelerated Innovation in Nuclear [GAIN], NSUF, or DOE-NE
programs
7 | Current/past DOE-NE support/investment 5.93 1.94
8 | Current DOE-NE work performed at facility 6.27 2.49
9 | User experiment throughput capability 6.67 2.09
10 | Beam energies (and energy ranges) 7.88 1.78
11 | Ion types and variety 7.69 2.24
12 | Variety of irradiation environments 7.44 2.03
13 | Multiple analytical techniques available 5.75 2.67
14 | Radiation levels allowed for samples 6.31 2.50
15 | Multiple convergent beams (dual or triple) 6.50 2.31
16 | Ability to match prototypic conditions 6.31 2.75
17 | In situ examination during irradiation 6.56 2.92
18 | Supporting infrastructure (hot work facilities, sample preparation, etc.) 5.63 2.42
19 | Does the facility provide new capabilities? 6.14 3.37
20 | Radiation effects/damage experience at the host institution 6.88 3.07
21 | Need to define and have new capability be on path toward greater applicability | 6.21 2.58
and relevance
22 | Relative R&D impact of utilizing direct simulants (i.e., swift heavy ion) or 5.43 2.90
indirect simulants (i.e., light ions)
23 | Applicability of results to development or data goals 5.36 3.54
24 | Is there support of small specimen test technology? 5.50 3.25
25 | Standards development, including temperature sensing 5.21 2.83




Table 3. Original 25 criteria combined into eight.

be on path toward greater applicability
and relevance

including new technology

Original Std. Std.
No. Criteria Mean | Dev. | Combined Combined Criteria Mean | Dev.
1 Scientific merit and potential merit 8.6 1.4
2 Broqd applicability (cross-cutting — i.e., 7.1 2.3 Ability of the facility to produce results of
multiprogram) Cl high scientific merit and the potential to 7.4 2.2
4 DOE-NE programmatic mission need 7.8 1.8 meet needs of DOE-NE and industry
5 Nuclear energy industry needs 6.1 2.7
10 Beam energies (and energy ranges) 7.9 1.8
11 Ton tvoes and variet 77 29 Ability of the facility to provide a variety
P Y . : C2 of ion irradiations (ion types, energies, 7.4 2.2
15 Multiple convergent beams (dual or 6.5 23 multiple beams, etc.)
triple)
12 Variety of irradiation environments 7.4 2.0 3 Ability of the facility to provide a variety 6.9 24
16 Ability to match prototypic conditions 6.5 2.8 of irradiation environments and conditions ' '
13 Multiple analytical techniques available 5.8 2.7 . .
17 In situ examination during irradiation 6.6 2.9 Ability of the facility to collect and
— g : : : C4 analyze microstructural characterization 6.4 2.9
20 Radiation effects/damage experience at 6.9 3.1 data onsite and in situ
the host institution
6 Proportion of time to be allocated to 6.3 1.7
direct DOE-NE mission work through
GAIN, NSUF, or DOE-NE programs DOE-NE support and activities
7 Current/past DOE-NE support/ 59 1.9 (performed and anticipated) at the facility,
: Cs . : : 6.3 2.0
investment including the volume of experiments that
8 Current DOE-NE work performed at 6.3 2.5 can be handled
facility
9 User experiment throughput capability 6.7 2.1
19 Does the facility provide new 6.1 34
capabilities? Uni bilities of the facilit
nique capabilities of the facility,
21 Need to define and have new capability 6.2 2.6 Co aue cap 4 62 | 29




Table 3. (continued).

temperature sensing

and simulation

Original Std. Std.
No. Criteria Mean | Dev. | Combined Combined Criteria Mean | Dev.
14 Radiation levels allowed for samples 6.3 2.5
18 Supporting infrastructure (hot work 5.6 24 Ability of the facility to handle
facilities, sample preparation, etc.) C7 radioactive materials in the beams and 5.8 2.7
24 Is there support of small specimen test 5.5 3.3 elsewhere onsite
technology?
23 Applicability of results to development 54 3.5 Ability of the facility to produce
or data goals high-quality data that can support
X X C8 . : S . 53 32
25 Standards development, including 5.2 2.8 verification and validation of modeling




The weights and standard deviations shown in Table 3 for the eight combined criteria are a
combination of the standard deviations from the original 25 criteria. During the first day of the workshop,
the eight criteria were expanded to the following nine combined criteria based on input from the
participants:

1. Ability of the facility to produce results of high scientific merit and accurately simulate neutron
irradiation results

2. Ability of the facility to provide a variety of ion irradiations (ion types, energies, multiple beams, etc.)
Ability of the facility to provide a variety of irradiation environments and conditions

4. Ability of the facility to collect and analyze materials properties and perform microstructural
characterization data onsite and/or in situ

5. DOE-NE support and activities (performed and anticipated) at the facility, including the volume of
experiments that can be handled

6. Unique capabilities of the facility, including any new technology
7. Ability of the facility to handle radioactive materials in the beams and elsewhere onsite

8. Ability of the facility to produce quality-level data that can support licensing as well as verification
and validation of modeling and simulation

9. Ability of the facility to produce results that meet the needs of DOE-NE (including cross-cutting
programs) and the nuclear energy industry.

4.1 Final Criteria

After much discussion, a set of 10 criteria were agreed upon by the workshop participants. These
criteria were discussed and weighted during the workshop. Table 4 shows the weights normalized so that
the highest weight is equal to 100% and the remaining are relative to that one. The ThinkTank software
also calculates the standard deviation of the weights based on the scores and the number of voters.
Unfortunately, the spread in scores given by the participants was too large to use the weights in a
statistically valid quantitative assessment. The relative weights +1c are shown in Figure 1. The plot
shows that there is significant overlap in the weights. Even with this issue, the relative importance of the
criteria can be observed through the raw scores. The highest scoring criteria are generally also the ones
with the least variation in opinion, as shown by the lower coefficient of variation (CoV) (standard
deviation divided by the weight or percent standard deviation).



Table 4. Final 10 criteria used in the NSUF workshop to assess ion beam facilities.

Relati
# Combined Criteria € a. 've CoV
Weight
c1 V.IabllltY for the cap.a b|||.ty tco exten<.:l .our understa ndlng.tO\.Nards accurately 100% 13%
simulating nuclear irradiation conditions (neutrons or fission fragments).
Ability of the facility to produce results that meet the needs of the DOE — Office of
C10 . . . . 94% 21%
Nuclear Energy (including cross-cutting programs) and the nuclear energy industry.
c3 Ability of.the facility to provide a variety of well-controlled target environments 92% 299%
and conditions.
cs Ab|I|ty‘of the facility to handle radloact.lve materials (structural materials and/or 89% 20%
fuels) in the beams and elsewhere onsite.
s Ak:)l|lty of the facility to cc?llec.t and antalyz'e materials properties and/or perform 86% 8%
microstructural characterization data in-situ.
9 Ability of thg fa(fility to pro<.juce. quality-levgl data th?t can .support licensing as 86% 29%
well as verification and validation of modeling and simulation.
o Abl|l‘ty of the facility to provide a variety of ion irradiations (ion types, energies, 85% 4%
multiple beams, etc.)
c7 Unlqut.e'capabllltles of the fagllty including any new technology that has the 839% 30%
capability to close technological gaps.
6 Curr.ent or potential productivity of the facility (e.g. fewer high-impact experiments 69% 35%
or high-volume sample throughput).
ca Ak')l|lty of the facility to cc?llec.t and analyz.e materials properties and/or perform 62% 39%
microstructural characterization data onsite.
120
100 [ | ]
80 +— R
g - i
(%]
£ 60 +— ; T
0 -
> L
=
40 +— —
20 .
C1 C10 C3 Cc8 C5 Cc9 C2 c7 C6 Cca

Figure 1. Relative weights of the 10 final criteria and their standard deviations (+10).




Figure 2 shows the final 10 criteria and the proportion of votes to weight each one as high (dark
green), medium (light green), or low (yellow). The value in parentheses is the relative weight of the
criterion. Note that the final order of the facility rankings was not affected by the use or non-use of the
weighting criteria.

The following pages show the data from the ThinkTank software, including the results from the
weighting and the comments made by the workshop participants.

C1 (100%)
 Low
0 Medium
W High
C10 (96%) C3 (93%) C8 (89%)

C2 (86%) C5 (86%) C9 (86%)

C7 (82%) C6 (71%) C4 (61%)

¢

Figure 2. Distribution of votes for criteria weighting exercise.
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5. ION BEAM FACILITY ASSESSMENT

In addition to developing and weighting criteria, workshop participants viewed presentations from ion
beam users and DOE-NE R&D programs and then the ion-beam facility representatives. These
presentations are provided in Appendixes D and E along with any community comments in the sidebar of
the slides.

Following the presentations, the workshop participants assessed each ion beam facility against each
of the final 10 criteria. This exercise was performed individually, although discussions and questions were
allowed. ThinkTank software was used to collect the data from the assessments. The data and comments
from the facility ranking exercise are in Appendix F. Figure 3 shows the results of the assessment of the
facilities against the criteria. The absolute scores are slightly different if the criteria weights are applied,
but the overall ranking does not change.

It should be noted that the facilities are not all focused on the same objectives and therefore may have
significantly different designs. Of the 15 facilities that were reviewed, only 11 were operational at the
time. Four facilities were proposed to be constructed in the future:

1. Argonne National Laboratory — Extreme Materials Beam Line (XMAT)

2. Brookhaven National Laboratory (BNL) — Ion X-Ray Beam (IXB)

3. BNL - Ion Irradiation Facilities and Capabilities at the BNL Accelerator Complex — BLIP-BLAIRR
4. Massachusetts Institute of Technology (MIT) — MIT Nuclear Materials Laboratory.

Additionally, the facility at Purdue University focuses on surface science of materials and utilizes
much lower energy ions than the others. The Edwards Accelerator Laboratory at The Ohio University is
primarily engaged in nuclear data measurement and not in the irradiation effects on materials. The Idaho
Accelerator Laboratory at Idaho State University is a multipurpose facility that supports a wide variety of
research endeavors. These three facilities should not be judged in the same manner as the others.

Beyond this, the remaining eight currently operating facilities all provide vital support to nuclear
materials researchers. The individual capabilities of these eight facilities differ based on their particular
missions. Three facilities have (or will have soon) in situ characterization capabilities that combine ion
irradiation with a transmission electron microscope. The proposed facilities seek to provide in situ
characterization with an x-ray source.

10



University of Michigan - Michigan lon Beam
Laboratory

Argonne National Laboratory - Intermediate
Voltage Electron Microscope (IVEM)

Sandia National Laboratory - In-situ lon
Irradiation Transmission Electron Microscope

Argonne National Laboratory - Extreme Materials
Beam Line (XMAT)

Brookhaven National Laboratory - lon X-ray
Beam (IXB)

Brookhaven National Laboratory - lon Irradiation
Facilities and Capabilities at the BNL...

Los Alamos National Laboratory - lon Beam
Materials Laboratory

Texas A&M University - Accelerator Laboratory

Lawrence Livermore National Laboratory -

Center for Accelerator Mass Spectrometry..

Massachusetts Institute of Technology - MIT
Nuclear Materials Laboratory

University of Wisconsin - Wisconsin Tandem
Accelerator lon Beam

University of Tennessee -Knoxville - lon Beam
Materials Laboratory

Idaho State University - Idaho Accelerator
Laboratory

Purdue University - Center for Materials Under
Extreme Environment (CMUXE)

Ohio University - Edwards Accelerator
Laboratory

Figure 3. Overall score and ranking of the ion beam facilities.

15 20 25 30 35 40

m C1: Viability for the capability to extend our understanding
towards accurately simulating nuclear irradiation
conditions (neutrons or fission fragments).

m C2: Ability of the facility to provide a variety of ion
irradiations (ion types, energies, multiple beams, etc.).

m C3: Ability of the facility to provide a variety of well-
controlled target environments and conditions.

m C4: Ability of the facility to collect and analyze materials
properties and/or perform microstructural characterization
data onsite.

m C5: Ability of the facility to collect and analyze materials
properties and/or perform microstructural characterization
data in-situ.

m C6: Current or potential productivity of the facility (e.g.
fewer high-impact experiments or high-volume sample
throughput).

= C7: Unique capabilities of the facility including any new
technology that has the capability to close technological
gaps.

= C8: Ability of the facility to handle radioactive materials
(structural materials and/or fuels) in the beams and
elsewhere onsite.

C9: Ability of the facility to produce quality-level data that
can support licensing as well as verification and validation
of modeling and simulation.

= C10: Ability of the facility to produce results that meet the
needs of the DOE — Office of Nuclear Energy (including
cross-cutting programs) and the nuclear energy industry.



6. FUTURE WORK

During the closeout discussion from the NSUF IBIOW, three criteria were viewed by the participants
as being quantitative in nature and therefore better judged by direct comparison instead of peer
assessment. These were Criteria C2, C3, and C8. NSUF gathered quantitative data for these three areas
for use in future assessments. These data can be found in Appendix G.

The NSUF IBIOW is the first step in assessing and building a plan for the development and
expansion of ion beam irradiation capabilities in the United States. The ThinkTank software can be used
in the future to allow additional people, such as a wider community of ion beam users, to review the
presentations and quantitative data and to participate in the assessment of the existing and proposed ion
beam irradiation facilities. In addition, a road-mapping exercise is planned for Fiscal Year 2017 to layout
the direction of R&D efforts.

7. REFERENCES

Heidrich, Brenden J., Supplement to the NSUF lon Beam Investment Options Report: Initial Results and
Recommendations, INL/LTD-16-38580, Rev. 0, April 2016.
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Appendix A

Workshop Agenda

Tuesday, March 22
8:00 ThinkTank and INL Guest Network SEtUP.........ccceeeviiieiiiieiiieciee et Jodi Grgich
Idaho National Laboratory Facilitator
8:30 Introductions of Workshop Participants (light breakfast)..........c.cccccovveveiiinciennienenen. Jody Henley
Idaho National Laboratory Facilitator
9:00 Welcome, Introductions and Workshop OVerview..........ccceceveeveriieneeneniicnecneenne. Rory Kennedy
Director, NSUF
9:10 Agenda and Conduct of Workshop.........cccoeuiiiiiiiiiiiii e Brenden Heidrich
NSUF Capability Scientist
9:20  Introduction to ThinkTankK ............ccceiiiiiiiiiiiiiee e Jody Henley
Idaho National Laboratory Facilitator
9:30  Discussion of the Workshop Analysis Criteria and Weights.........ccccceceveenennene Brenden Heidrich
NSUF Capability Scientist
10:30 Morning Break (30 min)
11:00 NSUF USer’s OrganiZatiOn ..........ccueerueeerieeerreeenieeesseeenseeessseessssesssssessssseesssseessssesssseessnses Peng Xu
NSUF UO Chair, Westinghouse
11:30 Irradiation Material Testing for VHTR Core Materials............cccccevevvieerieeeniennnne. William Windes
Idaho National Laboratory Scientist
12:00 Light Water Reactor Sustainability (LWRS) Program Data Needs.................. Sebastien Teysseyre
Idaho National Laboratory Scientist
12:30 Lunch (90 min)

2:00

2:30

3:00

Nuclear Energy Advanced Modeling and Simulation (NEAMS) Program Data
INEEAS. ..ttt et ettt ettt ettt e nat e e esateebeens Daniel Schwen
Idaho National Laboratory Scientist

Fuel Cycle Research & Development Program Data Needs ......................... Shannon Bragg-Sitton
Idaho National Laboratory Scientist
Used Fuel Disposition Program Data Needs. ........cccccoeveevcieencieeniieeciie e Remi Dingreville

Sandia National Laboratory Scientist
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3:00

Afternoon Break (30 min)

3:30 The IVEM-Tandem User Facility: TEM with In-situ Ion Irradiation............c.cccccveeenneeen. Meimei Li
Argonne National Laboratory Research Scientist
4:00 Extreme Materials Beam Line ..........ccocooiiiiiiiiiiiiiiiiceee e Abdellatif Yacout
Argonne National Laboratory Research Scientist
4:30 Capabilities at the Idaho Accelerator and RISE Research Centers at
Idaho State UNIVETSItY.....ccueiiieiieeiieiie et ettt ettt te et e sebeeteesereeseeseneenseesnneens Jon L. Stoner
Idaho State University Research Faculty
5:00  Closing Discussion — Day 1.......cccccceeiiiiiieiiieiieiiieie et Brenden Heidrich
NSUF Capability Scientist
Wednesday, March 23
8:00 Advanced Materials Characterization at CMUXE, Purdue University ......Jitendra Kumar Tripathi
Purdue University, Senior Research Associate
8:30 A High-Energy lon Irradiation Capability for Radiation Damage Experiments at the LLNL
Center for Accelerator Mass SpectrOmetry..........eeecveerveerieeniienieeieeie e eve e Scott J. Tumey
Lawrence Livermore National Laboratory Scientist
9:00 Wisconsin lon Beam Laboratory: Capabilities and Needs ....................... Beata Tyburska-Pueschel
University of Wisconsin Research Faculty
9:30 In-situ lon Irradiation Transmission Electron Microscope at SNL .........cccccocvveenennn. Khalid Hattar
Sandia National Laboratory Scientist
10:00 Morning Break (30 min)
10:30 Ion Irradiation Capabilities at the Michigan Ion Beam Laboratory...........cccccccceeuenneee. Gary S. Was
University of Michigan Research Faculty
11:00 Accelerator Based Facility for Materials Irradiation Testing .........c.cccceeveveiicniencnnens Nick Simos
Brookhaven National Laboratory Scientist
11:30 In-situ X-ray Characterization of Microstructural Evolution due to

12:00

Ton Beam Irradiation .........c..coouiieiiieiiiieeiee e Lynne E. Ecker
Brookhaven National Laboratory Scientist

University of Tennessee lon Beam Materials Laboratory ...........ccocceiiniinnian William J. Weber
University of Tennessee Research Faculty
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12:30 Lunch (90 min)

2:00 Edwards Accelerator Laboratory at the University of Ohio...........ccccceevviienciiieenenn, Steve Grimes
University of Ohio Research Faculty

2:30 Ion Beam Laboratory at Texas A&M UNIVETSILY .......ccccevueeeriieeiiieniieeeieeeereeeeree e Lin Shao
Texas A&M University Research Faculty

3:00 Ion Beam Materials Laboratory .........cccceciiieiiiiiiiiiieeieecie e e Yong Q. Wang
Los Alamos National Laboratory Scientist

3:30 Afternoon Break (30 min)

4:00 U.S. Nuclear Industry User Community Requirements..............ccceeeveevieneeenneenneennen. Tiangan Lian
EPRI-Program Manager

4:30 Potential for Lab Compact Cyclotrons: Ions at Energies Relevant to

ENgIneering PrOPEITISs ... ...ccouiiiuieiiieiieiie ettt Lance Snead
MIT Research Faculty
5:00 Closing Discussion = DAY 2.......cc.coiiiiiiiiiiieiiieiie ettt Brenden Heidrich
NSUF Capability Scientist

Thursday, March 24
8:00 Discussion of Final Criteria and Weighting Exercise..........cc.......... Brenden Heidrich/Jody Henley
INL Facilitator
9:30 Ranking Exercise for Investment OPtionsS ..........cccueeeevieeeiiieeniiieeniieeniee e eeeee e Jody Henley
INL Facilitator
10:00 Analysis of Results and DISCUSSION .......cccviieiiiieeiiiiieiiieeiieeeiee et Jody Henley
INL Facilitator
11:00 WOTKShOP ClOSEOUL.......eiiiiiieiiiieiiieesieeetee ettt ee e eee e e tee e e e snneeeereeeneeeens Brenden Heidrich

NSUF Capability Scientist
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Appendix B

NSUF Presentations
(Workshop and Criteria Weighting)
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Appendix B

NSUF Presentations (Workshop and Criteria Weighting)

This appendix provides NSUF presentations made at the workshop with comments from workshop
participants (in the sidebar).

Welcome Presentation
Brenden Heidrich

Nuclear Science user Facilities — lon Beam Investment Options Workshop — Brenden Heidrich R&D

Capability Scientist — NSUF lon Beam Investment Workshop Idaho National Laboratory Idaho Falls, ID
March 22, 2016

U.5. DEPARTMENT OF

ENERGY Nuclear Energy

‘Workshop

Bﬂndnn Haidrieh'

|daho Falls, ID
March 22, 2016
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Safety Briefing

U.S. DEPARTMENT OF ﬂ
ENERGY Safety Briefing L@ ﬂg chmer
Nuclear Energy U:gr .

In case of emergency, exit through the south or west doors.

+ The assembly area is in the
west parking lot towards CAES.

« Please don't try to drive away,
it interferes with emergency
vehicles.

= No eating or drinking during an
emergency situation.

+ Restrooms are in the lobby.
= Do not try to enter EIL Bldg. B.
+ Smoking areas are outside to

the west, 25 ft from the
entrances.

Nuclear Science User Facilities — lon Beam Investment Options Workshop — Brenden Heidrich R&D

Capability Scientist — NSUF lon Beam Investment Workshop Idaho National Laboratory Idaho Falls, ID
March 22, 2016

U.5. OEPARTMENT GF /”7
ENERGY Meeting Conduct <nsur
Nuclear Energy H::{Ie:;c%ﬁtsm

B The meeting is being run by professional INL facilitators:
« Jodi Grgich and Jody Henley.
= They will be running the ThinkTank software in real-time.
« Presentation time limits are:
= 20 minutes for the presentation.
— 10 minutes for questions and comments.
B There are a few additional people participating over the
Bluejeans conferencing system.

+ Audio only + ThinkTank
« Audio is fed through the mics in the meeting rooms.

B Please limit the amount of non-meeting work on laptops and
phones during the actual meeting.
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Workshop Agenda
U.S. DEFARTMENT OF

/’
ENERGY Workshop Agenda <DiSUr

Muclear Science
Nuclear Energy User Facilities

B Tuesday

+ 08:00 to 10:30 — Workshop Setup & Organization
11:00 to 12:30 — lon Beam Users (part 1)
14:00 to 15:00 — lon Beam Users (part 2)

e 15:30 to 17:00 — lon Beam Facilities (part 1)
B Wednesday

= 08:00 to 12:30 - lon Beam Facilities (part 3)

+ 14:00 to 16:30 - lon Beam Facilities (part 4)

e 16:30 to 17:00 — Nuclear Industry Requirements
B Thursday
08:00 to 09:15 — Final Criteria Discussion and Weighting
09:30 to 10:45 — Ranking Exercise for Investment Options
11:00 to 12:30 - Analysis of Results and Discussion
12:30 to 13:00 — Establishment of Priority Lists

Infrastructure Management Program

U8, DEPARTMENT OF /"?
ENERGY Infrastructure <HNsSUr
Nuclear Energy Management Program |/ lluex Scene

1. Gather Data on Nuclear
Energy R&D Capabilities

2. Estimate Near, Mid and
Long-term R&D
Directions

3. Use these to perform
gap analyses for
Nuclear Energy R&D.

4_ Assist funding decisions
and incorporate the
results into the NEID.
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Gap Analysis Plan

U.5. DEFARTMENT OF

~ 7
ENERGY : <OHnsuUr

Gap Analysis Plan :

Nuclear Energy P y ﬂ::ﬁ;csgﬁ'i:r:e
1. Capability analysis, based on: [ ————

® Nuclear Energy Infrastructure Database | FY15 [ FY 16 i
® A study of recent NEUP infrastructure applications RAl 13 [ 13 |
® NEET-NSUF work-scope access applications esk1 | 25 [ 35 |

o R&D capabilities survey (RFl: DE-SOL-0008318) e o
NSUF | 31 | 67 |

Infra-RFI | 26/34

2. R&D Directions analysis, based on:
* NE-4 R&D work-scope survey (RFl: DE-S0L-0008246)
e A study of recent NEUP R&D applications

WS-RFI J 124/238 |

* Programmaticinput: NE RED Roadmap (2010), Facilities for the Future of NE R&D
(2009), Required Assets for an Applied R&D Program (2009)

Infrastructure Needs Referenced in RFls

T T 1. IGBF = lon beams, x-ray

=) )
ENERGY Infrastructure Needs < DNSUF light sources and gamma

irradiation facilities.

i Nuclear Science
I —— Referenced in RFls Nachar e
Name | Abbrav.
35% lon/Gamma Beam Facility IGBF
Materials Examination MAEY
8 205 = Infrastructurs RF| Reactar X
# Workscope RF Rads-chemistry Labaratory RCL
E Thermal-Hydraulic THF
High-Performance Compating HPC
g 25% Microscope HS
= Fuel Development FOF
E 20% Advanced Instrumentation Al
® “Advanced Mamdacturing AN
'E Shipping Cask (UNF) CEK
HPPIAC INC
< 15% - -
)
£ 10% | &
: | " f
= I il
E " l H I |
_'| ]
o LI |J J‘i e

IGBF MatEx MS RX FDF RCL THF HPC AIN AM CON CSK INC
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NE R&D Areas Referenced in RFls

1. Nuclear energy

U.S. DEFARTMENT OF /",’ .
ENERGY NE R&D Areas Q_,gs n S“F instrument database
Nuielar Ensiay Referenced in RFls H:ﬁﬁﬁﬁ'&m
30% Muthear Fuels (includig cladding) MFL
Structural Matenals STM
MNuclear Systenms De: Studies HEY
u [nfrastructure RFI Waste Eorms i wWaT
- Workscope RFI Advanced Manufactunng Technologies  AM
-] Instrumentation and Conlrols INC.
Used Fuel Dispasition UNF
5 Diry Heat Rejection Systems: CRY
[=] Power Comversion Systems PCS
g Process Heat Transpon Systems PRO
o _Safeguards and Security Tech S5T7
o Safety and Risk Assessment REK
5‘ Space and Defense Power Systems SDP
c Systems Analysis 5Y5
E_ —Matenial Recovery Processes REC
i
w

it

NFL STM NSY WST RSK. UNF INC SST AM PRO REC COM DRY PCS SDP SYS

Contact Information

U.S. DEPARTMENT OF

5
ENERGY Contact <isuUr

Nuclear Energy Information Bsu::ﬂF;cﬁf&m
Brenden Heidrich
(208) 526-8117
Brenden.Heidrich@INL.gov
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LA DEFARTHENT OF

ENERGY

MNuclear Enargy

Nuclear Science
User Facilities

DISCLAIMER

& BEFARTRENT OF

ENERGY

MNuclear Enargy

DISCLAIMER

1. It would be informative
to map the allocation of
infrastructure resources
onto the infrastructure
needs by category. That

« This information was prepared as an account of work sponsored by an
agency of the U.S. Governmenl.

« Meither the U.S. Government nor any agency thereof, nor any of their
employess, makes any warranty, express or implied, or assumes any legal
liability or responsibility for the accuracy, completeness, or usefulness of
any Information, apparatus, product, or process disclosed, or represents
that its use would not infringe privately owned rights.

 References herein to any specific commercial product, process, or service
by trade name, trademark, manufacturer, or otherwise, does not necessarily
consftitute or imply its endorsement, recommendation, or favoring by the
U.S. Government or any agency thereof.

« The views and opinions of authors expressed herein do not mecessarnly
state or reflect those of the U.5. Government or any agency thereof.

INLMIS-16-37818

is, are resources being
allocated according to
needs or is some other
criterion being used?
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Comments from the Introduction to ThinkTank Exercise

1.

A

15.

16.

17.

18.

19.

20.
21.

To produce heavy damage in a short time.

1.1  Is this equivalent to neutron damage?
1.2 This is connected to neutron damage in some cases and not in others.
Fast, low, or no activation, relatively inexpensive.

Quantifiable well-defined damage.
To emulate neutron irradiation under various conditions.
Economical, quick method to implement radiation damage on materials.

5.1 Large accelerators are not very economical
Dedicated compact accelerators are affordable.

Very important for fundamental research.
Ion beams can create damage that is similar to neutrons in certain situations at a much higher damage rate.

One important and realistic way to speed up materials screening.

. Simulation of radiation damage in materials.

. Offer surrogate irradiation to neutron damage.

. To perform complex material property measurements unavailable to materials test reactor studies.
. For creating far-from-equilibrium microstructures.

. They are the only way to access the high damage rates in both light-water reactor and advanced reactor

systems in reasonable times and at reasonable costs.

Ion beams allow for separation and control of a wide range of experimental conditions that facilitate the
isolation and study of fundamental unit mechanisms that occur by radiation damage.

Simulate primary knock-on atoms from neutrons, fission fragments, and energetic particles from alpha and
beta decay. Produce damage under controlled conditions on laboratory time scales.

To provide an initial look into the microstructure damage before spending the time and money on neutron
irradiation.

Ion beams serve as surrogate for neutron, provide similar microstructure and effects as neutrons in much
shorter time without introducing radioactivity.

Train students.

19.1 This is important and often overlooked.

Provide data that are easier to use to develop models.
Separate effects studies.

21.1 This is key to developing validated computational models.
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Workshop Criteria Presentation 1
Brenden Heidrich

Workshop Criteria

1. It seems that this
U.S. DEPARTMENT OF workshop is focused on

NERGY Nuclear Energy opening a complete and

open discussion. There
seems to be strong
concern that it may have
the unintended
consequence of boxing
out future participation
(i.e., worries that benefits
may flow preferentially
to existing capabilities
and keeping new
capabilities from being
built). It seems to me that
the purpose of the
workshop is to protect
existing and consider
new opportunities for the
entire community. -sm
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Original Criteria

U.8. DEPARTMENT OF /‘7
ENERGY iginal Criteri <DiiSUr
: Original Criteria
uclear Energy User Fachilies
LN " Criteria wT T -
1| Scientific merit and patental ment 14 | Radiation levels afiowed for samples
2 | Broad applicabiiity (cross-culting —1e multi-program) 15 | Muliple Convergent Beams (dual or inple)
3 | Intemational capabilites alternatives 16 | Abiity to match prototypic conditions
4 | DOE-ME progranenalic messmon need 17 | In-situ e chuarng it ¥on
Supparting mirastructure (hot work faciltes, sampie
5| Muchear Energy ndustry needs 18 i st
Proportion of lime io be allocated to direct NE mission s
i work sither through GAIN, NSUF, or NE programs. 19 | Doesthe facity prowde New Capabiities?
7 <tNE 0 Mmﬁmweaum
MNeed o defme and have new capabibty be on path
8 | Current NE work performed at faciity 8 d abilty and :

) Relatree RAD impact of utiizing drect Simulants (i e,
97| “ebeparant Saghyul taptithy 22| Gyt Heavy lon) o indirect simudants (Le. hghl i06s.)
:] Beam energies (and energy ranges) 23 | Apphcabilty of results 10 development o data goats
.1| lon types and vanety 24 | Is there support of small specimen testtechnology
12 Variety of irradiation emaronments 25 | Standards development mchuding lemperature sensing
13 Multsple analytical techniques available

2
Criteria Weights

LS. DEPARTMENT OF /"’ -
ENERGY Criteria Weights Di1lSUr
Nuclear Energy mﬁm
All 25 Criteria (x10)
10
2
&
i
B ¥
. !
4 |
010 KM W11 #1202 R0 9 17 KIS M1 #16 M5 48 K21 W19 N5 4T M3 HIB K24 K22 W23 425 0
3
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Criteria Summary

U.5. DEFARTMENT OF

ENERGY

Nuclear Energy

Criteria Summary

P #2) i

OHinSUr
Muclear Science
User Facililies
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1. Were you able to group
those criteria according
the university, facility,
industry needs?

2. How can “the ability to
produce high-quality
data” end up at the
bottom? None of what
we’re doing has any
value unless the data are
of high quality. This is a
big issue with this
technique.

U.S. DEFARTMENT OF

ENERGY

Nuclear Energy

Weights

Combined Criteria

#3 -
<Dnsur
Nuclear Science
User Facilities

B The combined criteria
have a better distribution
of weights, but still not
statistically significant.

H Only about 50% of the
workshop participants
were active in the
weighting exercise.
® We will reweighton 20% -
Thursday morning, prior %% : i
to ranking the facilities. 5 il I
® New criteria can be é o .
proposed on ThinkTank = i: 1
until 5pm on Wednesday. g
20% |

Combined Criteria Weights

1. Suggestion: weighting of
criteria should be
grouped by user type.

2. This may not be the right

group to rank each
other’s facilities.
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C1: Scientific Merit

1. Group #2, #4, and #5

U.5. DEPARTMENT OF & <2 — together into a single

ENERGY C1: Scientific Merit 9 ﬂbeasrsymer criterion. Move #1

Nuclear Energy User Fackities elsewhere and maybe
revise.

2. #1 should be on its own

i 12[3/as/6i7(sls or eliminated.
#1 cientific merit and potential merit ojolojoi1]0i1]4i5 . .
‘#2 |Broad applicability (cross-cutting<i.e. multi-program)|0|0{210[1|3(2|2 |3 3. Interpreted this slide as
#4_|DOE-NE programmatic mission need 0joj0{1]1]1]3{3]3 the ablhty of the facﬂlty
#5  [Nuclear Energy Industry needs 1/1joiz|2|2[1]alo
to analyze the beam data
to simulate accurately
\Combinad Eriterion| Mean Std neut.ron data from MTR
: A g Dev_ studies. The combined
Ability of the facility to produce results of high criterion may need
ientific merit and the potential to meet needs of 7.4 22 0,9
rewriting to address the
[:JE-NE and industry. g

issue of interpreting ion
beam to neutron results.
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C2: Variety of Irradiations

S——— M 1. Do convergent, multiple

& — beams really fit with this
ENERGY C2: Variety of Irradiations (__@ nsur criterion?

Muclear Science
Nilehasr Ensirgy User Facilities 2. When it comes time to

- “vote” on how each
facility capabilities are

; able to address individual
_ ) e 1’12 I"s 789 10Mear 32« criteria, I wonder if we
Y sre e e (L0 138 should implement the
115 |Multiple Convergent Beams (dual or triple) |LDI0/L213121118[ 0] 6.5 | 2.3 “Russian Judge” model
from Olympic sports and
throw out the highest and
N “Std lowest scores recorded
_ ommbmad Critadia st S (that may be
Ability of the facility to provide a variety of ion unnecessary, but I
irradiations (ion types, energies, multiple beams, 74 | 22 thought I’d throw it out
c) for consideration).

3. Beam energy is
obviously important. I
think the question is

; more “Cover beam

energy spectrum from

near surface to deeply
penetrating ions.”

32



C3 Irradiation Environments

b A 1. C2 and C3 might be

ENERGY  C3: Irradiation cﬁﬁsur- combined

Environments uckai Shiines 2. What is meant as
Nilehasr Ensirgy User Facilities irradiation environments

- and prototypic conditions
(beta)? Could you be

. ] more specific
= ST A ' 3. Could move the multiple
#12  [Variety of irradiation environments  |0)0]111{0{2| 213 7.4 | 20 . .
j beams criterion here, as
ﬂﬁ __Ah|||h,l to match prototypic conditions [2{0/1{0]2]2 3:2% 1|63 | 2.8 this describes the

radiation environment.

Combined Criteria Mean o
Ability of the facility to provide a variety of 69 2.4
irradiation environments and conditions. ’

C4: Microstructural Characterization

1. Do you mean in situ

U_8. DEPARTMENT OF /"? . .
ENERGY C4: Microstructural (_‘@ nsul- ana!i’tlljclal tec_ltm;lues or
i : available onsite for a
Nuclear Energy Characterization H::fwlg;c%?lli:sm subsequent analysis
s (beta)?

2. What is meant by

Criterta: ug,h{s%‘ 7i8islidMean ﬁ damage experience? Do
— . . . g & ; you want to know
#13  Multiple analytical techniques available  [1{1}2 0-%2 210131 1| 5.8 | 2.7 .
— R whether a facility has
817 |in-situ examination during irradiation 2(0/1j011411 IE‘ 2| 66 | 29 implantation and/or
wan  |PRadiation effects/damage experience at A . o e o719
HIOM, | |t institution 1021310101 1%' 4| 69 | 31 irradiation capability
(beta)?
3. Consider adding
Combined Criteria Mean [;:?; materla} and bulk
e properties.
Ability of the facility to collect and analyze 64 | 29 .
microstructural characterization data onsite and in-situ. ! ; 4.1 WO}lld Only ConSId?r
that important only if I

expect the facility to do
characterization for me.
Often characterization is
E done elsewhere and the
facility only provides
irradiation service.
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C5: NE Support and Activities

U5 DEFARTMENT OF

ENERGY C5: NE Support and

e
< DiSUr

Nuclear Energy Activities H::{wlf;c?]ﬁtsm
8 ber trough Ga, nswt.ore rosrams. - CCEBPREEL°] 62 | 7
| #T Current/past NE support/finvestment Ojoiz|Lj421312011 | 5.9 | 1.9
| #8 ICurrent NE work performed at facility 1j1ojojati2iat|1| 63 | 25
#3  |User experiment throughput capability o1f1loj1fsfalalslo| 67 | 21

MNE support and activities (performed and anticipated) at the
facility including the volume of experiments that can be handled

2.0

n

1.Did DOE-NE weigh in
on this one?

2. Isn’t this the same as
“Support DOE-NE
missions” in C1? How is
this different?

U.S. DEFARTMENT OF

ENERGY

Nuclear Energy

C6: Unique Capabilities (—@

#3

nSur

Muclear Science

User Facilities
Criteria jza 3910mean 0
#19 |Doesthe facility provide new capabilities? Bloliojaifa alolo| 6.1 | 34
INeed to define and have new capability be on path toward é
= “igreater applicability and relevance, H 20i2 B i djg] 62| 38
‘Combined Criteria |Mean ey
Unique capabilities of the facility 62 | 29
lincluding new technology. ) )

1"

C6: Unique Capabilities

1. What are the gaps within
the current existing
facilities?

Where do we ask the
community about the
interest/value of being
able to test nuclear fuel?

2.

. New capabilities are only
useful if they serve a
purpose. So we need to
make sure that this new
capability will fill a gap.

4. Clarification: “new

technology” covers
everything.

5. New technology includes

irradiation,

characterization methods,
etc.

C7: Radioactive Material Capabilities
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b SR P, 1. C4 and C7 appear very
ENERGY C7: Radioactive Material € F1SUF similar. Not sure how

i they differ from each
Capabilities Nuclear Science
Nuclear Energy 4 User Facilities other?
Criteria 345 ?}a iMean
i H Dev
#14  [Radiation levels allowed for samples olojojaliishizliz] 63 | 25
e Supportii_'lginfrastructum {hot work facilities, sample 1lolalololgliialol1| 5.6 | 2.4
1 lpreparation, efc.) i
#24  lIsthere supportof small specimen test technology 0iM0i21112131111 | 55 | 3.3

Combined Criteria Mean | 59
Ability of the facility to handle radioactive
materials in the beams and elsewhere onsite.

5.8 2.7
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s " . P 1. Combine #1 and #23 to
. EﬁERéY C8: High-Quality Data to : < HASUE form a new category.

Support Modeling an e 2.1 think we need to better
Nuclear Energy Simulation Efforts /' User Facilties define what is meant by
high quality and what

types of data are most
important to the program.

it LRREER ssac;m-an I?:r 3. I would remove “high-
#ag (Aeplicability ofresults to development fylolo ol o5 lololal 1 | 5.4 | 3.5 quality data” from
or data goals i = s .
s | Standardsdevelopmentinciuding [of [ T TLERLT T 71 ¢ definition that can be .
(6MperaTure Sensing. e L confused with high-merit
data and replace it with
(13 . 2
Combined Criteria Mean | SD Quaht}_’ Data” to
[Ability of this Faclity 1o prodace high emphasize the QA aspect
quality data that can supportverification | 5.3 | 32 of the data rather than the
and validation of modeling and simulation. merit.

4. Repeatability and
reliability are important.

5. QA plan for data
validation.

6. NQA-1?

7. Whether ion irradiation
follows standard
procedures is very
important. The criteria
should include
repeatability and
reliability.

8. I do not think ion
irradiation data will ever
be used for licensing.

9. For the past many years,
the push for ion
irradiation and
computational materials
science has been very
active in leading into at
least pre-licensing
activities. It is not clear
that this data will
NEVER be used in that
way. (But I agree that it’s
not likely, and at best it
will not comprise the
majority of the data
generated.)

36




C8: High-Quality Data to Support Modeling and Simulation Efforts

10. User community-
defined standard
methods and
measurement
techniques need to be
developed with data
validation with neutron
irradiation damage
before licensing actions
could be considered
based on ion beam
irradiations alone. The
roadmap for ion beams
needs to be
comprehensive if the
licensing path is to be
pursued.

Criteria Removed from Original List

U5 DEFARTMENT OF

ENERGY Criteria Removed from (__@/;:'sul-.

Nuclear Energy Original List H::ﬁ;c?]ﬁtsm

B

E

International capabilities alternatives

w2 Relative RED impact of utilizing direct simulants {i.e.. |
T Iswift Heavy lon) or indirect simulants (.. light ions.) |

* #3is the responsibility of DOE-NE to identify

« #22 is includedin #11: lon Types and Variety
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Weighting Exercise

U.5. DEPARTMENT OF /”?
ENERGY Weighting Exercise 9 Psur
Nuclear Energy u:::ea F;cifigm

& Weight Criteria

HALLOT ITEMS LIOW 1/ MED § HIGH .ﬁ. +

Waighl Py developod crifena below
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Workshop Criteria Presentation 2
Brenden Heidrich

U.S. DEPARTMENT OF

NERGY Nuclear Energy
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Original Criteria

1. Scientific knowledge and

UE'ﬁ' EﬁmGWY e — technical expertise to
: Original Criteria Q—@ nsur help with experimental
Muclear Ener Nuckar Sciance 1 i
gy User Facilities design and execution.
] "Criteria_ EQEAl " Criteria
1 Scientific ment and potential mert 14 | Radiabon levels aflowed for samples
2 | Broad spphcabiity (cross-cutting = ie multi-program) 15 | Multple Cormergent Beams (dual or inple)
3 Intermationad capabilies alternalives 16 | Abiy to malch prefolypic condstions
4 | DOE-ME programematic messson need 17 hmmmmmm _
5| Noskear Encegy e 18 Supponing mnfrastructune (hot work faciities sampss

prepasation, etc )
19 | Does the facity provde New Capabiities?
Radiabon effects’damage expenence at the host

Proportion of time to be allocated to direct NE mission
work either through GAIN, NSUF, or NE programs.

o

T | Currentipast NE supportiswestment 20
MNeed to define and have new capabity be on path
B | Current NE work performed at faciity 21 4 2ty and .

Relatne RED impact of utiizing dwect simulants {i.e.
Swift Heawy lon) or ndirect simutants (e, hght wns.)

Apphcabily of resulis 1o develppment or dala goals

w

User experiment throughput capability

Beam energies (and energy ranges)

lon types and vanety Is there support of SMal Specenen st lechnolgy

RlE|B(N

Varlety of iradiation emaenments Standards development mehsding lemperature Sensing

Multple analytical techniques available

PR F S IO PO
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U5 DEFARTMENT OF

ENERGY

Nuclear Energy

aﬁﬂ —
<Di3Ur

New Criteria

# | CombinedCriterion

oy Ability of the facility to produce results of high scientific merit and accurately simulate
neutron irradiation results.

Ability of the facility to provide a variety of ion irradiations {ion types, energies, multiple

beams, etc.)

€3 Ability of the facility to provide a variety of irradiation environments and conditions.

c2

Ability of the facility to collect and analyze materials properties and perform
microstructural characterization data onsite and/or in-situ.

DOE-NE support and activities (performed and anticipated) at the facility including the
volume of experiments that can be handled.

€6 Unique capabilities of the facility including any new technology.

€7 Ability of the facility to handle radioactive materials in the beams and elsewhere onsite.

Ability of the facility to produce quality-level data that can support licensing as well as
verification and validation of modeling and simulation

Ability of the facility to produce results that meet the needs of the DOE — Office of Nuclear
Energy lincluding cross-cutting programs) and the nuclear energy industry.

Cc8

1. Move #17 to C6.
2. Need to add a new

criterion: technical
support.

. One strong need for

DOE-NE will be to
identify important criteria
that are not well met by
the existing
infrastructure.
Understanding gaps may
lead to investment.

. There is a strong push

from individual groups to
“protect their Wheaties.”
There is an appearance
that these criteria are
becoming a measure of
quality on existing
facilities with winners
and losers emerging from
this meeting. How can
the discussion be
transformed into a
discriminating evaluation
of facilities to discern
what is available at each
facility (and globally
across the country)
without creating the
impression of “good/bad”
grades?
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C1: Scientific Merit

U5 DEFARTMENT OF

ENERGY

Nuclear Energy

g -7 -

 Dnsur
Muclear Science
User Facilities

C1: Scientific Merit

b Creron.
Ability of the facility to produce results of high scientific merit and
accurately simulate neutron irradiation results.

Criteria 1/2(3
# “Seientific merit and potential merit ololo
| #23 | Applicability of results to development or data goals |42

1. Suggestion: add “and
simulate fission
fragments.”

2. Change to “simulate
nuclear irradiation
conditions.”

3. Reword: Viability for the
capability to extend our
understanding toward
accurately simulating
neutron radiation results.

4. Rank to capability of the
facility/team to answer
the question: Can an ion
beam simulate a neutron
irradiation faster than a
reactor can?

U_8. DEPARTMENT OF /"_}

ﬂ L
ENERGY C2: Variety of Irradiations 9 nsur
Nuclear Energy H::fwgcﬁieesm

C2: Variety of Irradiations

. Combined Criteria
Ability of the facility to provide a variety of ion irradiations (ion
types, energies, multiple beams, etc.)

An ideal facility should be able to cover the beam energy
spectrum from near surface to deeply penetrating ions.

_ #10 |Beam energies (and energy ranges) oloj1lofilol2 2l 79| 1.8
 #11 |lontypes and variety oj1/1]olojol3 2| 7T | 12
415 [Multiple Convergent Beams {dual or triple) [1]0oj1[2(3[2]1]4] 0] 65 | 2.3
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C3: Irradiation Environments

1. Replace irradiation with
U.S. DEFARTMENT OF

ENERGY C3: Irradiation Q_@/ﬁ SUF “target.”

: - 2. Well controlled target
Nuclear Science
Niiclaar Ensrgy Environments Hickar Seiss M

. Combined Criteria
Ability of the facility to provide a variety of irradiation
lenvironments and conditions,

* Should this include multiple beamlines (instead of C2)7
» Specific conditions:
+ Temperature (heated and chilled)
+ Chemical environments (water, LM, molten salis, etc.)
» Pressure
+ Other?

#12 [Mariety of irradiation environments  |0{0{1{1

ozﬁl&z 3

#l.ﬁ lAbility to match prototypic conditions [2|0/1j0|2(2 BIZ? 1| 63 | 2.8

C4: Materials Properties and Microstructural Characterization

1. Split into two criteria:

Eﬁ'gﬁ&w‘r C4: Materials Properties (__@/Fl sul—_ onsite/in situ separate

and Microstructural . criteria.
Nuclear Ener oo g Nuclear Science .
gy Characterization User Facilties 2. There is a tradeoff
- between what can be
Corbined Criteria ; done in situ vs. what can
Ability of the facility to collect and analyze materials properties and ]?C done without that
perform microstructural characterization data onsite and/or in-situ. 1nstrument_ on the t.atget.
Doesn’t this capability

have to be an add-on? All
else being equal, does it
also have in situ
capability and/or micro

structural
characterization?
313 Multiple analytical techniques available  [1]1]2 0@2 2{}3; 1| 58| 2.7
#17 lin-situ examination during irradiation  (2j0/1fol1/al1h1lal 2| 6.6 | 2.9
o (Radiation effects/damage experience at =
A Lhe hostinstitution Lozigoion 2 8| 693
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C5: NE Support and Activities

1. Replace volume with
U.S. DEFARTMENT OF

ENERGY C5:NE S rt and .ﬁ'ﬂ — productivity (wordsmith).
NE Supportand @ TISUF

e i 2. Is this a question of how
Nuclear Science
Nilckpar Enaigy e User Facilles much work has been

done at that site? If it is a
projection of how much

Combined Criteria K will be d
DOE-NE support and activities [performed and anticipated) at the facility AR "Nl_ 5 Qs
lincluding the volume of experimentsthat can be handled. doesn’t it have to be
as€d on capaoiity,
based bilit
available time, and cost
of the site?
: [12plaisll | St
 [Proportion of time to be allocated to direct NE mission A :
#6 work either through GAIN, NSUF, or NE programs. 0|00 ZFIS EEE O] 5 | 37
#7 (Current/past NE supportfinvestment 00(2 1%12 312011 5.9 | 1.9
#8  (Current NE work performed at facility 1100 a;ill 2 -’311 1| 6.3 | 2.5
#9  [User experiment throughput capability ol1j1joj1sl3laBlo| 6.7 | 21

C6: Unique Capabilities

1. Hard to do this unless
U.S. DEFARTMENT OF

-2
& — you take a group of
ENERGY C6: Unique Capabilities P ﬂbeasrsymla- experts (users/modelers)
Nuclear Energy User Facilities and all the capabilities

presented (or the experts
from each place) and
create a big matrix of
available vs. what would
be needed. If you don’t,

Unique capabilities of the facility including any new technology.

+ Does the capability fill any known gaps in technology? you get the problem of
ranking wildly different
technologies.

2. How far should we look
into the past
_ performance—
citeria 1234/s/67ig9omenn| 500 5,10 years?
#19  |Does the facility provide new capabilities? Blollniiij1i3i2 2| 61|34
H21 Need to define and have new capability be on path toward 1lobloizizla 3 11l 62 | 26

~wreater applicability and relevance,
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C7: Radioactive Material Capabilities

U5 DEFARTMENT OF

ENERGY C7: Radioactive Material Q_@/?ISUF

Nuelsar Ensigy Capabilities Huchar Scarcs
Ability of the facility to handle radioactive materials in the beams and
lelsewhere onsite,
Radioactive structural materials Fuel materials
+  Surrogates
» depU or naty
+« LEU or HEU
»  Puand actinides
+ Highly-burnedfuels
#14 Radiation levels allowed for samples oo .I 1l1311(2) 6.3 | 25

ﬂs [Supporting infrastructure (hot work facilities, sample
_|preparation, etc.)

1ofloioeliBlo|1] 5.6 | 2.4

#24 [1s there support of small specimen test technology 002 IEZ 3]1 1] 55 | 33

n

C8: High-Quality Data to Support Modeling and Simulation Efforts

U.5. DEPARTMENT OF C8: High-Quality Data to ) =
ENERGY Support Modeling and 9P ﬂms.s!ﬂalml:

Nuglaar Ensrgy Simulation Efforts User Facilities

Ability of the facility to produce quality-level data that can support
licensing as well as verification and validation of modeling and simulation.

« Facility should have a QA program (NQA-1 or equivalent).

«  Community standards should be developed and applied.

« Facility should follow standard procedures for irradiations,
sample preparation, etc.

e il = TR () e B 58 00 S Std
Criteria 1234 ]5 89 dﬂlﬂn -,&‘-!!.
f T '
e |Applicability of results to development |
: O[2{010]210 1| 54 | 35
b ordata geals ] ORI
45 Sﬂtandardsdevelnpment‘lm:ludmg 3oltitlaitl 311 ol 52 | 28
temperature sensing

1"
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C9: Meeting R&D Needs

U5 DEFARTMENT OF

—
ENERGY C9: Meeting R&D Needs <DiSUr

Muclear Science
Nuclear Energy User Facilities

i Combined Criterion

Ability of the facility to produce results that meet the needs of the
Department of Energy — Office of Nuclear Energy (including cross-cutting
programs) and the nuclear energy industry.

Criteria 112]3lals s[7/ss

42 |Broad applicability {cross-cutting —i.e. multi-program)0|0{20]1]3[2]2]3

- #4 IDOE-NE programmatic mission need olojoj1i1{1]3(313
_#5 [Nuclear Energy Industry neads 1j1j0j2{2j2|1 4]0

12
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Workshop Criteria Presentation 3
Brenden Heidrich

U.S. DEPARTMENT OF

ENERGY | Nuclear Energy

47



U.5. CEFARTMENT OF

ENERGY

Nuclear Energy

2
Final Edit <DiSUr

Nuclear Science
User Facilities

% Combined Criteria =

Viability for the capability to extend our understanding towards accurately simulating nuclear

o I s i
irradiation conditions (neutrons or fission fragments).

C2  Ability of the facility to provide a variety of ion irradiations (ion types, energies, multiple beams, etc.)

C3  Ability of the facility to provide a variety of well-controlled target environments and conditions.

Ability of the facility to collect and analyze materials properties and/or perform microstructural
characterization data onsite.

Ability of the facility to collect and analyze materials properties and/or perform microstructural
characterization data in-situ.

Current or potential productivity of the facility (e.g. fewer high-impact experiments or high-volume
sample throughput).

Unigque capabilities of the facility including any new technology that has the capability to close
technological gaps.

Ability of the facility to handle radioactive materials (structural materials and/or fuels) in the beams
and elsewhere onsite.

c4
cs
6
C7

cs

Ability of the facility to produce quality-level data that can support licensing as well as verification and

£ validation of modeling and simulation.

Ability of the facility to produce results that meet the needs of the DOE — Office of Nuclear Energy

el (including cross-cutting pregrams) and the nuclear energy industry.

R U.5. DEPARTMENT OF

.
ENERGY e <DiiSUr

Nuclear Science
User Facilities

Nuclear Energy

Viability for the capability to extend our understanding
towards accurately simulating nuclear irradiation
conditions (neutrons or fission fragments).

Combined Criterion
Ability of the facility to produce results of high scientific merit and
@ccurately simulate neutron irradiation results.

Criteria

#1 | Scientific merit and potential merit
H#23 | Applicability of results to development or data goals
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Bt .5 DEPARTMENT OF

PENERGY

Nuclear Energy

c2 c_@/l'?ISI.IF

Nuclear Science
User Facilities

Ability of the facility to provide a variety of ion
irradiations (ion types, energies, multiple beams, etc.)

Combined Criteria
Ability of the facility to provide a variety of ion irradiations (ion
types, energies, multiple beams, etc.)
An ideal facility should be able to cover the beam energy
spectrum from near surface to deeply penetrating ions.

Criteria 1{2/2{4/5/6|7/89|10/Mean ;1:,
#10  [Beam energies [and energy ranges) 0i0[1]0j1|0/2 644 2| 7.9 1.8
11 llon types and variety olij1jojojoi3lalsl 2| 7.7 | 2.2
#15  [Multiple Convergent Beams (dual or triple) [1]0]0{112|3{2|14{ 0| 6.5 2.3

U.5. DEPARTMENT OF

ENERGY

Nuclear Energy

=  SASUF

Nuclear Science
User Facilities

Ability of the facility to provide a variety of
well-controlled target environments and
conditions.

Combined Criteria
Ability of the facility to provide a variety of irradiation

environments and conditions.

Specific conditions;
+  Temperature {heated and chilled)
Chemical environments (water, LM, molten salts, ete.)
+  Pressure
= Other?

Criteria 1/2/314/5/6/7|89/10 Mean St

#12 Variety of irradiation environments  00j1]1]|0|21443(213| 7.4 | 2.0

#16 |Ability to match prototypic conditions {2|01110(2{213{2/311| 6.3 | 2.8
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U.S DEPARTMENT OF

Nuclear Science
Nuclear Energy User Facilities

Ability of the facility to collect and analyze materials properties
and/or perform microstructural characterization data onsite.

Ability of the facility to collect and analyze materials properties
and/or perform microstructural characterization data in-situ.

Combined Criteria
Ability of the facility to collect and analyze materials properties and
perform microstructural characterization data onsite and/or in-situ.
Std
Dev

Criteria 12 3456739’]0Mean

#13  Multiple analytical techniques available  |1(112 oldizizlof3| 1| 58 | 2.7

#17  |In-situ examination during irradiation 200110/1(41/1|412 | 6.6 | 2.9

Radiation effects/damage experience at

#2) the host institution

10113001&|5§- 6.9 | 31

/—"?
ENERGY Gk S <DiiSUr

U.83. DEFARTMENT OF

-2
ENERGY & <OnSUr

Nuclear Science
Nuclear Energy User Facilities

Current or potential productivity of the facility (e.g. fewer
high-impact experiments or high-volume sample throughput).

Combined Criteria
DOE-NE support and activities (performed and anticipated) at the facility
fincluding the volume of experiments that can be handled.

std

Criteria 1{2|3/4/5/6/7|8/9[10|Mean| "~
Dev

Proportion of time to be allocated to direct NE mission ;

#5 work either through GAIN, NSUF, or NE programs. OCojERRIE I ©| 52 | 17
#7  iCurrent/past NE support/investment 010]2{1 A_!!z 3{2l0/1] 5.9 | 1.9
#8  [Current NE work performed at facility 1{1j0i0M4i11214{11 1| 6.3 | 2.5
#9  [User experiment throughput capability ol1[1|0/1/2[313]3| 0| 6.7 | 21
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BB U5 DEPARTMENT OF

)
PENERGY . DnsSur

Nuclear Science
Nuclear Energy User Facilities

Unique capabilities of the facility including any new technology
that has the capability to close technological gaps.

Combined Criteria
Unique capabilities of the facility including any new technology.
» Does the capability fill any known gaps in technology?

Criteria 1i2|3/4/5/6/7|8/2/10/ Mean 2
Dev
#19 |Does the facility provide new capabilities? 31011|0j1j1|1(3f2| 2] 6.1 | 34

Meed to define and have new capability be on path toward
greater applicability and relevance.

6.2 | 2.6

[y
[=]
[
[=]
P
()
=3
=
ey
o

#21

UN DEPFARTHEENT iF

i)
ENERGY 8 < DiSUr

Muciear Scienca
Muclear Energy User Facilities

Ability of the facility to handle radioactive materials (structural
materials and/or fuels) in the beams and elsewhere onsite.

Combined Criteria |
Ability of the facility to handle radioactive materials in the beams and elsewhere onsite.
Fueal materials
+  Sumogaies
Radioactive «  oepl o natu
siruictiral matesals = LEU e HEU
. Fu and actinides

Highly-bumad fuals

Criteria 123 -IIEHT B FIIJ Mean .
Doy
#14  [Radiation levels allowed for samples DE[II ] ﬁ|1 1312 6.3 25
. 3 T m P——— T 1
#1 Supporting infrastructure (hot work Facilities, sample tlofl ol (8lol1| <6 | 24
preparation, etc ) | |
#24 |Is there Support of simall speecimen test rPrhrmrﬂg-,- ‘|ﬂ 1] ﬂ:-;' 11212111 55 33 12
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U DEFARTMENT OF

)
ENERGY & < DnSUr

Nuclear Science
Nuclear Energy \ User Facilities

Ability of the facility to produce quality-level data that can
support licensing as well as verification and validation of
modeling and simulation.

| Combined Criteria |

rAhilit',r of the facility to produce quality-level data that can support |

licensing as well as verification and validation of modeling and simulation. |
Facility should h.ave a QA program (NQA-1 or equivalent). '

Community standards should be developed and applied.
Facility should follow standard procedures for irradiations, sample preparation, etc.

Criteria 1213 G?l m!ﬂl

Applicability of results to development | |

ppricabilily o results to development iflol2lolofziol2(8] 1| 5.4 | 35

or dats gasls. !

standards development including
temperature sensing

w23

LFL]

LEA. DEPARTRENT OF

o,
ENERGY c10 < DSUr

- Nuchear Science
Nuclear Energy User Facilities

Ability of the facility to produce results that meet the
needs of the DOE — Office of Nuclear Energy (including
cross-cutting programs) and the nuclear energy industry.

Combined Criterion
Ability of the facility to produce results that meet the needs of the
Department of Energy — Office of Nuclear Energy (including cross-cutting
jprograms) and the nuclear energy industry.

Criteris 113!53?#!'14
#2 |Proad applicability [cross-cutting —i.e. multi-program)]o]o|2[o]1]302]2[a] 2 AN 23
#1|DOE-NE programmatic mission need olojoii(1{113]33] 3 NEE 1.8
#5  [Nuclear Energy Industg needs 1{1[0f2]2 EEI A|0] 2 m 2.7
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Appendix C

Criteria Weighting Data and Comments

Criteria Weighting — Exercise 1 (pre-workshop exercise)
Votes Cast: 14

Avg. Std
No. Criteria Score +/— Dev | 1 2 3 4 5 6
IS Ehiiemenitand 879 |264% 132100l olo|1]o0
potential merit
Broad applicability
2 | (cross-cutting —i.e., 729 131.7% 22210 | 0O (20|11
multi program)
3 5‘::2283:;1 cEEDIicE 450 | 249% (1992 0| 2|1 |62
4 ﬁgfﬁigggmmmm 703 [312% 18710 oo 1]1]1
5 i‘:ﬁ:ar energy industry 664 1302% 27211 |1 ]ol1]2]0
Proportion of time to be
allocated to direct DOE-NE
6 | mission work through 636 [286% 172|000 ]2 ]3]3
GAIN, NSUF, or DOE-NE
programs
7 | Current/past DOE-NE 503 [335% 23410 o3 ]1]4]o0
support/investment
g | Current DOE-NE work 629 1295% 266 1 |1 ]0]0|5]0
performed at facility
9 is;;beii(if;rlment throughput | 0 | 5700 | 189 0 [ 1 |0 |0 | 1|3
10 Elflagrgs‘;nergles (andenergy | 529 5600|182 0 0| 1]0]1]o0
11 | Ion types and variety 779 1255% (20410 |1 ]0]0]1]0
1g | Variety of irradiation 771 |285% 1711 000|110
environments
13 | Multiple analytical 621 |288% 260 1 |1]0|0]5]|0
techniques available
14 lfi";ds‘:rtr‘l‘;rl‘el:vels allowed 714 |388% 233|000 |4]|0]|2
15 | Multiple convergent beams | o | 50 100 1019 1 [0 0|1 |3 ]2
(dual or triple)
16 ?ol;‘gfg;‘l’sma”h prototypic | ¢ 43 1 29.0% 261 2 00| o |21
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Avg. Std
No. Criteria Score +/— Dev | 1 2 3 4 5 6 7 8 9 (10

In situ examination during

17 irradiation

743 1335% (3022 |00 |0 |1 |1 ]1]|1]4]4

Supporting infrastructure
18 | (hot work facilities, sample 607 [292% |263 |1 |03 |00 4|1 |3 |0]2
preparation, etc.)

Does the facility provide

e new capabilities?

693 |374% (33713 | 0]0|0 |1 |0 1|3 ]2]|4

Radiation effects/damage
20 | experience at the host 6.86 |338% [3.04| 1 |01 1 {4]0]0]0]2]|S5
institution

Need to define and have
new capability be on path
toward greater applicability
and relevance

21 693 [274% |246 |1 | 0O (1 (0O 1 2|15 |1]|2

Relative R&D impact of
utilizing direct simulants
22 | (i.e. swift heavy ion) or 586 [356% (2853 |0 |00 |2 |2|2|2|3]|0
indirect simulants (i.e., light
ions)

Applicability of results to

= development or data goals

543 [409% |368 | 5 | 0|1 (0[O0 |1 0|2 ]|4]]1

Is there support of small

24 specimen test technology?

521 |381% |343 |5 0002|103 |2]]1

Standards development
25 | including temperature 529 |373% (|29 |4 (0 (01|11 |2 4|10
sensing

Community Comments on the Criteria (#2)

Criteria Comments

8. Current DOE-NE work performed Although it would be preferable that the person in charge of the

at facility facility would be very knowledgeable in the issues we need to tackle
upfront, a facility with the capability we need and an advisory board
composed of knowledgeable persons would allow any facility to
satisfy the requirements of the nuclear-energy research community.

12. Variety of irradiation environments | This question is not clear to me. What variety are we talking about?
lon used? Energy? Something else?

16. Ability to match prototypic This is a tricky question as, for very high dose, such ability has not
conditions been demonstrated yet.
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Criteria Weighting — Exercise 3
Votes Cast: 23

No.

Low / Med / High

Avg.
Score

+-

Std.
Dev

Low

Medium

High

Viability for the capability to extend our
understanding toward accurately simulating
nuclear irradiation conditions (neutrons or
fission fragments)

2.83

37.9%

0.38

19

Ability of the facility to provide a variety of
ion irradiations (ion types, energies, multiple
beams, etc.)

2.39

28.5%

0.57

12

10

Ability of the facility to provide a variety of
well-controlled target environments and
conditions

2.61

28.5%

0.57

15

Ability of the facility to collect and analyze
materials properties and/or perform
microstructural characterization data onsite

1.74

33.7%

0.67

11

Ability of the facility to collect and analyze
materials properties and/or perform
microstructural characterization data in situ

243

28.8%

0.58

11

11

Current or potential productivity of the
facility (e.g., fewer high-impact experiments
or high-volume sample throughput)

1.96

34.5%

0.69

12

Unique capabilities of the facility, including
any new technology that has the capability to
close technological gaps

2.35

34.9%

0.70

11

Ability of the facility to handle radioactive
materials (structural materials and/or fuels) in
the beams and elsewhere onsite

2.52

50.0%

0.50

11

12

Ability of the facility to produce quality-level
data that can support licensing as well as
verification and validation of modeling and
simulation

243

35.6%

0.71

13

10

Ability of the facility to produce results that
meet the needs of DOE-NE (including
cross-cutting programs) and the nuclear
energy industry

2.65

28.0%

0.56

16
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LOW / MED / HIGH

Ability of the facility to produce quality-lev...

Viability for the capability to extend o...

Ahkility of the facility to provide a variety of i...

Ability of the faclity to provide a variety of we...

Ability of the facility to collect and analy...

Akility of the faclity to collect and analy...

Ability of the facility to handle radioacti...

Current or potential productivity of the facili...

Unigue capabilities of the facility including a...

Abiltity of the facility to produce results th...

Medium High
Average

Community Comments on the Criteria (#3)

Combined Criteria

Comments

1. Viability for the capability to extend
our understanding toward accurately
simulating nuclear irradiation
conditions (neutrons or fission
fragments)

1.

Don’t understand what is meant by viability. Suggest removing
“viability for.” Someone should improve English here. Also, this
one is important but difficult to judge/score since it is too
abstract.

While accurately simulating (or informing) the effects of neutron
irradiations is the ultimate goal of ion beams, no single
capability or facility can achieve this goal. Rather, a collection
of complementary capabilities coupled with a robust user
community is required. Thus, scoring individual facilities on
these criteria seems difficult.

This must be defined by the programs (with input from
facilities). We need a collective effort to move forward, and the
path forward must be determined before we can decide which
facility is best equipped to support such effort.

It is critical to determine the limitations, if any, of the use of ion
beam irradiation techniques for the simulation of the impacts of
neutron irradiation on materials.

This criterion cannot be quantified, since we don’t have a good
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Combined Criteria

Comments

idea of what is truly needed to accurately simulate neutron
damage in materials from ion beam irradiation. One facility may
actually have outstanding potential to produce better results, but
AT THIS TIME there is no standard upon which to measure
such a claim. Therefore, I graded all facilities the same.

2. Ability of the facility to provide a
variety of ion irradiations (ion
types, energies, multiple beams,
etc.)

1. The variety of ion beam conditions is one of the most important
attributes that will enable a facility to meet the needs of the user
community and provide DOE-NE with the data it needs to meet
its programmatic mission.

2. This speaks to the versatility of the facility, which is an
important attribute for an ion beam laboratory, as different
conditions may be needed to meet the needs of the experimenter.

3. Ability of the facility to provide a
variety of well-controlled target
environments and conditions.

1. Because of the large number of damage effects and conditions
that nuclear materials experience in a reactor, clearly it is
important that ion beam facilities be able to provide a method for
emulating these conditions.

2. This is of importance as the effects of radiation on the behavior
of materials in nuclear systems are generally not in isolation.
Rather, behavior is due to the combination with high
temperature, an aggressive environment, stress, etc.

4  Ability of the facility to collect and
analyze materials properties and/or
perform microstructural
characterization data onsite

1. How do we rank a facility according to this criterion?

2. Users select the analysis capabilities that are most valuable to
their experiments and other than a marginal level of
convenience, there is not that much value in the ion beam
facility also providing onsite characterization capabilities.

5. Ability of the facility to collect and
analyze materials properties and/or
perform microstructural
characterization data in situ

1. The ability to generate dynamic data—i.e., watch or record
things as they happen—is not represented with sufficient
significance in the general weighting criteria.

6. Current or potential productivity of
the facility (e.g., fewer high-impact
experiments or high-volume sample
throughput)

7. Unique capabilities of the facility,
including any new technology that
has the capability to close
technological gaps

8. Ability of the facility to handle
radioactive materials (structural
materials and/or fuels) in the beams
and elsewhere onsite

1. NSUF should provide to the facilities a required format for this
information. In order to compare facility to facility, the same
description must be used, i.e., total activity, dose rate, and ability
to handle special nuclear material.

9. Ability of the facility to produce
quality-level data that can support
licensing as well as verification and
validation of modeling and
simulation

1. This criterion can be simply restated by determining if the
facility has a suitable quality assurance program in place.
2. lon irradiation data will unlikely be accepted for licensing

without the support of mechanism models to correlate
ion-neutron damage.
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Combined Criteria

Comments

3.

Supporting licensing is definitely important, but it is difficult at
this stage since we cannot establish ion-neutron correlation yet.

It is doubtful that ion irradiation alone will lead to licensing.
However, only high-quality data will support the efforts toward
licensing (which will ultimately be based on neutron data).

It is nearly impossible to quantitatively differentiate the ability
of facilities to meet DOE-NE needs. By definition, all invited
participants to the workshop were able (on paper) to meet
DOE-NE needs. And after reviewing the Excel summary sheet,
no one admitted that they were unable or unwilling to perform
DOE-NE work. Consequently, I ranked all facilities the same.

Understanding this criterion centers on the word “quality.”
Researchers view quality as a measure of the precision,
accuracy, and impact of their data. Licensing and QA
professionals regard “quality” as pertaining to the certification,
documentation, and accessibility of the entire data-generation
process (i.e., making the data lawyer-friendly). I think the
definition of quality for this criterion is the latter. Is that correct?

10. Ability of the facility to produce
results that meet the needs of
DOE-NE (including cross-cutting
programs) and the nuclear energy
industry
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Appendix D

lon Beam Users Presentations

The first day of the workshop was planned for the ion beam user community (researchers and DOE-NE

programs) to present their needs to the community. Their presentations are provided here along with any
comments made by workshop participants (in the sidebar).

Presentation: NSUF User’s Organization
Peng Xu

P
<Dil3UrF

Nuclear Science
User Facilities
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History and Missions

History and Missions

* Started in 2010

* Defined in UO Charter — updated Oct 2013

— Provide a formal and clear channel for the exchange
of information, advice and best practices between the
investigators and the NSUF management

— Serve as an advocacy group for the experimental
activities at the NSUF

— Facilitate communications among NSUF users, partner
facilities, and ATR

— Charter will be updated this year to enhance user
engagement

Membership

Membership

* Membership open to anyone interestedin the ATR
NSUF

— Users
— Potential users
— Past users

— Scientists and engineers engaged in operation and

development of ATR NSUF facilities (including partner
facilities)

* Why you should become a member

— Receive funding opportunities announcement and
research collaboration opportunities in time

— Run for executive committee

— Expand your professional network and strength your
career

— Express your concerns and get problems solved
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Leadership

Leadership

* Executive Committee

— Seven members, including one student member,
nominated and elected by UO membership plus
immediate past char as member ex-officio

— Four-year terms (one-year term for student member)

— Chair and Secretary/Chair-Elect selected by Executive
Committee members

— Proposed changes in the new charter: adding two
more regular members and one more student
member

— Proposed Extension of student membership from one-
year to two-year

Executive Committee

Executive Committee

= Current Members

— Chair= Peng Xu, Westinghouse (since
2013)

— Secretary/Chair-Elect— Yong Yang,
University of Florida (since 2013)

— Ron Ballinger, MIT (since 2014)

— lessika Rojas, VCU (since 2015}

— Peter Hosemann, UCB (since 2015)

— Student Member - Matthew Swenson,
BSU (since 2015)

— Immediate Past Chair— David Senor,
PNNL (since 2012}

* UO Executive Committee 2016 Spring
Election

— Two regular members and one student
member i s
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Executive Committee Led Activities

Executive Committee Led Activities

*  Provided input/feedback to ATR NSUF management on a variety of topics
{mostly driven by comments received from users)
— Proposal process
— User engagement
— Sample library policy
— Utilization of partner facilities
— User week meeting
— Experiment planning, scheduling, and executing
+ Created three committees to address specific topics
— User Week
— Educationand Outreach
— Capabilitiesand Infrastructure
— Membership in committees is open to any UQ member and broad
participation is encouraged
* Participated in ATR NSUF booth at various national meetings, i.e. ANS
Meeting in 2013, TMS meeting in 2014 and 2015

Member Demographics and Status

Member Demographics and Status

* NSUO is still young and in his Member Growth
early stage 300 -

= Significant growth in 2015 200
* More members from national labs 100 1 mmm )
and industry participated in 2015 .
0 -— : —

* Another strong growth is
projected in 2016 2014 2015 2016

Member Affiliation

Member Affiliation

2015
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Meetings

¢ Annual User Week inJune at INL
= The maost important event and communication
avenue for O
* Sponsored technical meetings at national
conferences
= 2016 TMS led by Peter and Jim
= 2016 ANS led by Yong and Keith
+ Executive Committee meetings
- User Week
— Teleconference as needed, but at least once
per guarkter
= National meetings such as TMS and winter ANS
= Partner facility site meeting is suggested

User Week Committee

User Week Committee

*  Matthew Swenson and Dave Senor, Chair

* Provides input on timing, format, content, location and other aspects of
User Week
— Matthew has been leading the effort and put together a draft of User Week
Meeting Agenda for 2016 with comments from the rest of committee
members
= User Week is the annual meeting of the UO - strong participation and
input from members during planning is critical

= Asurvey was sent out to all the users to solicit user feedbacks on the user
week meeting experience and suggestions on improvement

*  Vision for User Week
— User Week should be “go-to” meeting for users to share experiences and ideas
on ATR NSUF projects
*  Helps build avibrant and interactive user base
+ Fosters communication between users and ATR NSUF staff
— Transitioning from mostly educational format to mostly technical exchange
(will retain some educational component to benefit new users)
— User week meeting has always been hosted at INL
* Llive conferencingis a great approach to reach out to partner facilities
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Education and Outreach Committee

Education and Outreach Committee

* Jessica Rojas, Chair

*  Focuses on growing the UO membership and improving
communication with stakeholders

— Important component to the vision of growing NSUF beyond

irradiation testing to embrace the wider nuclear materials and fuels
community

+ Tough goal to achieve since NSUF needs to support NE missions

— Strong university representation in UQ, reflecting early focus of ATR
NSUF on university-led research

— Opportunities now exist to grow industry and national laboratory
participation in the ATR NSUF and UO

+ Goodaccomplishmentin 2015
* Current activities
— Developing NSUQ brochure
— Developing NSUO website

NSUO Website

NSUO Website

https://atrnsuf.inl.gov/default.aspx?Page=Users Organization&id=230

* NSUO website is QQ?ISUF

available from v e e

NSUF homepage o B e sl
* Currently T ==

working on A LA

information e

update to be e et o

ready for the B e v i et i R

NSUF website i

upgrade A s ot s

pg ‘ﬂn—-.— i |l W N 'E‘ﬂi‘lﬁ!
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Suggestions on Membership and Engagement Improvement

Suggestions on Membership and
Engagement Improvement

* Need member growth
— Pis of funded experiments automatically become UO members

— Attendees at User Week or other ATR NSUF workshops automatically
become UO members?

— Ask people to sign up during professional meetings
— Ask current users to provide referrals
— Diversification
* Improve member engagement
— Suggest to increase rapid turnaround awards
— Suggest to boost partner facility usage

— Suggest to sponsor or host technical sessions at professional meetings
+ 2016 TMS Meeting: Accelerated Materials Evaluation for Nuclear Application
Utilizing Test Reactors, lon Beam Facilities and Integrated Modeling — lon
Beam Irradiationand In-situ TEM, organized by James Cole and Peter
Hosemann
= 2016 ANS Meeting: Nuclear Fuels and Structural Materials (NFSM-2016)
organized by Yong Yang, and etc.

Capabilities and Infrastructure Committee

Capabilities and Infrastructure
Committee

* Yong Yang, Chair

» Work closely with Brenden Heidrich to
support the NEID development
— Participated in database survey and trial runs
— Collected and Provided comments to the NEID
— Participated in NEID Database Review Panel

* Will continue to support future efforts in NEID
— lon Beam Workshop
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2015 NSUF User Week Meeting Survey

2015 NSUF User Week Meeting Survey
T o e
= S

Meeting prior 2015

ha Please rate the following:

Hew 1 =Poor, 5 = Excellent
e,

% Users Want to

Return
Na 3
23%
! Yes 2
- T%
T 2 1 —

gl i | Howr well did |
Desired M e i Howwelidid ﬂlewmt of Your
Qwverall How well did
- - |the content of thepartner | experienceof
experience |- theduration |
[ il e File | the technical h-:lltihs thie INL tour
5 ——— e mestingthis [mesting meet| presentations | capabilities and/or
neads? meeting your | presentations partner
s YorE needs? meet your | facily tour.
Idaho Falls A partner Via webinar o ] meeds? ] |
facility | IMm; 3.808 3.885 | 3654 3720 | 4.133

User Feedbacks on lon Beam Facilities at NSUF

1. Interesting point: DOE

User Feedbacks on lon Beam Facilities LSl i O
Nuclear Engineering

at N SU F education that was part of

the congressional act that

* Academia and national lab users gzl ihe 1D OIE i
) . ) NRC from the
— Important education and training function for AEC/ERDA history.
students

2. While it is commendable
— Productive and versatile tools for fundamental studies that DOE-NE focuses on

program relevant applied
* Industry users research, the university

— Tools can be used to expedite product development if faculty and facilities have
used properly education and training as
primary tasks.

— Need to show that what we learned from ion

irradiation can be used to solve real problems 3. But these are nof

necessarily exclusive

» Scientific merit objectives. DOE-NE
programs can provide
good opportunities for
training and teaching
AND still produce high
merit data.
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Users Input on lon Beam Facilities

Users Input on lon Beam Facilities
S ke

Beam energies {and energy ranges) High

lon (particie) types and variety High

Variety of irradiation environments (vacuum, water, gas mixture, Low to Medium
etc.)

Multiple analytical techniques available Low

Radiation levels allowed for samples Medium to High
Types of sample materials allowed [e.g. alpha emitters/ fresh High

fuels/ irradiated fuels/TRU )

Ability to match prototypicconditions (LWR, advancedreactors, High

etc.) — High (temperature)

In-situ examination duringirradiation (TEM, photon source or Medium

other) - Medium

Supporting infrastructure (hot work facilities, sample Medium
preparation, etc.) - Medium

Multiple beam capability Medium to High
Damage profile modeling capability - High Medium to High

v
E
(=]

=
o
a

i

@
e
=]

o

S
=

2

=

Summary

* NSUO is on the right path to become a very
vibrant and interactive user group

* NSUO is a fast growing user group

— NSUO gained tremendous support from NSUF
management

— Significant improvement on funding
~ Focus of the executive committee
— There is still significant room to grow the user base
and engagement
* If you are not a member of NSUO, | will sign you
up!
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Presentation: Irradiation Material Testing
William Windes

NGNP
Irradiation material testing for
VHTR core materials

NSUF lon Beam Investment Options Workshop
Information Update

March 22-24, 2016

Idaho Falis, Idaho

William Windes

VHTR Technology Development Office

—e
Iduhﬂ Makianal
laberatory

- |
NNL | on® @kiiRey ¥ g
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What is the NGNP?

qﬂl. e Natced Lbaraory

« Next Generation Nuclear Plant

Generation IV concepts — advanced
concepts/materials

- Very high temperature reactor (VHTR)
~1000°C outlet

- High temperature reactor (HTR) ~ 750°C
Gas-cooled (He) , graphite moderated
Hydrogen generation

- Process heat

+ Ceramic core
Graphite core — structure and nuclear
Ceramic composites — structural
~ Uranium oxide or oxy-carbide fuel
« Composite materials
Control rods, control rod tubes
Hot duct, seismic restraint
~ Insulation and fabrics

What is the NGNP?

1. Next Generation Nuclear
Plant

NGNP core components

N

Component Normal Off- dpa
Operation | Normal
Graphite fuel block & ~1200 °C ~1400°C |~ 0.8/yr
| Control rods ~1000 °C ~1200°C |- 0.5/yr

eflector blocks — =900 °C ~1200°C |~ 0.5/t

~800°C | ~1100°C |-~ 0247
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Ceramic Composites for VHTR

Ceramic composites for VHTR

liam
= B e
Insulating
fabrics &
D wools

1 Articulated
: joints \k
\ Haot duct liner
Control rod '
C rod
= :':;:im sheath Segmented
5 & control rod
NGNP s
\ Guide Tubes

q"l-.. e Nacnd ebaray
Research objectives a
%

* Reactor parameters A
~ High temperature applications (>1100°C) \ 1‘1\
+» Graphite = Moderate irradiation levels (8-10 dpa) \ i\
- Composites = High irradiation levels (30 dpa) \
- Low stresses, non-pressurized, low fatigue N
+ Defining the safe working envelope \ ’\

- All activities work toward defining the safe limits of using \)
graphite and composites in normal and off-normal events *

» Envelope/information will be codified

— All data from program to be used in ASME code
case development for graphite and composites in
nuclear applications

Research objectives

— Irradiation material properties & predicting
material behavior

Y — Primary degradation mechanisms: irradiation
MGINP oo dimensional change, creep, strength/stability, &
LY ! Muchear Plat thermal properties
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Irradiation in Graphite

g _qHLII:Hu Natonal oboroiory
Irradiation in Graphite

* Irradiation performance is dependent on material and conditions
— Precursor materials, forming process, and irradiation temperature

* Graphite behavior is determined by the crystal structure

Cracks formed during
manufacture accommodate
swelling — for a while

= Grains shrink parallel to planes and
grow in perpendicular direction

« Owverall volume shrinkage

\
NG]\%P o

Graphite material property
changes

B b
AR CTE |58
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Sliges
-\iHledu Natonal oboroiory

Irradiation performance of C/C & SiC¢/SiC
+ CJC composites react similar to graphite — anisotropic behavior

— Strength only good to ~1-2 dpa before significant loss of strength
— Microstructure is compromised by irradiation dimensional change

& B PeCalon Tyge- S POV S0

& o + By contrastsilicon
e Tamcnc s carbide (SiC) does not
have anisofropic crystal

structure

— Growth is more isotropic
and appears to plateau

after ~ 1 dpa
L — Resulting in a stable
y microstructure (at least
to 8 dpa levels)
100

4.3 LL. Sheed, ol S, ) Redd, Mater., JEJ-INT (200G) 551-95%. BT, Nerawa, oL al, 2 . Mater, (J000) 16 B pubdshe.
AT, ok, 6t o, Mater, Trind, M6, &) [4) (2003) 1 be publitwd B B0 Price, of oL, 1 Mool Mater., 108309 (1982) 718738
S R ot o B, 18 TEASC/SC (190e). A6 Bl e, b St Buster, 13 (1909) 17-22. &
6.7 T, Hancki, ot ol ) M. Meater,, (3002 1 B patitd

Advanced Graphite Creep Experiment

mllddu Natoalloberoory

Advanced Graphite _Creep Experimer}t

r 9 i
&
e G
1200°C ( : { mmm - .-.mmnlm’-cl
a— ‘ » bradiason creep ¥8-110 graghite]
H1 ) - Theg-mdchanges DT L ...._..é_g._
» Mechanscal changes . o '{
E .ar-\ o IR
P |[Constapt
800°C LS e :__
M g y
el o .0 -
1 &
Diose (dpa) il Fj L
& 'l a . . : i ;
Compression experiment (below 7 dpa dose limit) | | v |

~ Creep rate as a function of temperature (600, 900, 1200°C) =
~ Must not achieve turnaround - otherwise not constant
« Investigating effects of forming on performance
— Grain size, coke sources, forming method
— Four types of graphite — each from a major graphite supplier

& F 10 1 3 23 30
Houtron fluensoidpa
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Primary interests in lon Beam Material Testing

(i'm, Idcha Mational loberaicry

Primary interests in lon Beam Material Testing

Provide data/results comparable to neutron irradiation (C1 & C8)
— Must be comparable to neutron irradiation program (AGC)
— Must be compatible with previous irradiation programs

Ability of facility to provide a variety of testing conditions (C3 & C6)
— Testing over temperature range
— Testing with mechanical load

In-situ testing (C4)
— Underlying irradiation damage mechanisms for material property

changes

— Microstructure characterization and evolution

* NE support(C1 & C5)

— Require high quality scientific merit data & high volume

but ...

— Quality Assurance (QA) program measures
— If data is to be codified — Need QA data

lon Beam Data Versus Neutron Data (C1)
CIH]___ ldoha NatoeelIoborary

lon beam data versus neutron data (c1)

LR AGE Comnections

o Contrel Systems

+ Several ongoing neutron studies
« Advanced Graphite Creep (AGC)
- SAM (1,-2, &-3)
* International experiments
. Japanese grades at HFIR
+ Gilsocarbon creep studies (U.K.)
1=

ATR Flux Trap
Tep Hoad
Penstration

AIGE Tost Tran

~ +» Results fromion beam studies must at
least be comparable
« Similar material property changes to dose
« Similar changes at high irr. temp
+ Similar specimen size (or equivalent)
* Otherwise can’t use the data

SAM-1 Assembly + Want it for enhanced test results &
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Performing Material Testing at Temperature and/or with Mechanical Loads (C3 & C6)

\Ti.milddu Mational leboraiory
Performing material testing at temperature
and/or with mechanical loads (c3 & cs)

+ MTRs have a tough time doing more
than irradiating and heating samples

= Material property testing performed
afterirradiation
A ... after cooling for some time
s £ 2 9 ... atroom temperature
e I ... without mechanical loading (P, L, etc)

» lon Beams need to fill in for this deficit
of MTRs
« Material property testing during
irradiation
+ Material testing at temperature & load
+ Microstructural characterization (CT, XRD, etc) - i
+ Other interrogation technigues "

« Attempt more realistic conditions

e Sreghakty ||

- H H i i 1 H H H H
1] g - - - o A - e L] o
Fat Fiverco |14 Ly 508 13

Underlying Irradiation Damage Mechanisms (C4)

q"l-.. e Natcrd Labaraory

Underlying irradiation damage mechanisms (c4)

— Controlling feature is pore structure .‘ .. b

+ Graphite microstructure is complex Pore Sy f":ﬁ*)
L)

L
structure (cracks & pores) 6 A\:‘ o ‘\ﬁr. :
- ;?1:? length scale range (nm to Cracks 'L : 3{:._.._“!‘;,'.1‘..2_
o N VL

— Changes in pore structure lead to ﬂ"f N AR
material response ALY .;‘;: A
~ nm Pore closure = Grain \ V) \ ¥
dimensional change ) '}: N e TR
— Turnaround bt N !“1._\ .ls
— Nearly all properties reverse 1o ,\ by 1_%;2.&@%&

after turnaround

Binder
» Different material response Filler

— Anisotropic material response at crystallite length scale
— Isotropic material response at macroscopic length scale
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Underlying Irradiation Damage Mechanisms — 2
{ilIILhHmMMnlwwﬂqy

Underlying irradiation damage mechamsms 2

o B

]
v TS
» T

[crE |

» lrradiation increases CTE bir St
— nm size pores and cracks are i
closed due to c-direction swelling
— Higher density = higher CTE
+ CTE is reduced after turnaround due
to new pore and crack formation L
— Less dense material = lower CTE e W

hour P 1 et G000

i
AR
e ————
e |
r

| PR A

CHRCTE |
®

i
4
&

?-l.'..'. | 2.

FH—i—

i i s o i

e

1]
L e |
Problem is, this doesn’t happen! aiLfL
— CTE changes well before turnaround i :
— Why? No one really knows
— Pore re-orientation? Crack formation?

— Need in-situ technigues
= Microstructure changes.
— Crystallite changes

» Difficultto do in MTR TR
- Meed multiple samples, not one sample
- Needs lots of handling

L puasrn|

o s o e e e s el e

Underlying Irradiation Damage Mechanisms — 3

CIH]___ ldoha NatoeelIoborary

Underlying irradiation damage mechanisms - 3

Full-size tube sample

Small tube sansple
“humuﬂmsuwk

» CJ/C composites — low or no irradiation
~ Similar anisotropic irradiation behavior
- Only high temp and tensile applications

» SiC4/SiC Composite testing
— While SiC irradiation response is fairly well 3 ;
understood the composite (fibers + matrix) Tubular braid  Flat braid
strength response is not.
+ Fracture under irradiation and temperature is
desirable
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High Quality Data for NE Program Support (C5)

qm._ e Natced Labaraory
High quality data for NE program support (c5)

{7 e s i g
f fa—

+ All measurements performed to ASTM ]

| TT—

Standards [T==A
- Modification of current Standards. A
- Development of new Standards /A N

L B
O

[

— New irr. testing guidelines I E
+ Development of ASME Code for Graphite ™"
Core Components
- Use of a probabilistic design approach
- Accounts for environmental effects
- Requires qualified irradiation data
+ NE programs require QA
- ASME Code requires qualified data
(irradiated & unirradiated)
- Non-qualified data are scoping studies

2. Show how results were

1. Even without the QA
level data (to possibly
replace the neutron
irradiations), can the ion
beam data supplement
and possibly reduce the
amount of MTR in core
testing?

obtained and how they
are comparable.

NE Quality Irradiation Data (C5)

CIH]___ idoho Nareo!Ioboraory

NE quality irradiation data (c5  Giovebox &
+ Establish changes between pre and post benchitop
irradiation material properties.

— Determining thermal, mechanical, and physical 'b ik ;
material property changes in low activated |
nuclear materials.

— Developed in support of design, construction
and licensing data for high temperature gas

reactor components.
Experience Programs supported
® Labinitiated 8+ years ago (2000+ sq.ft) ® ART(VHTR Program)
® = 2700 specimens characterized to NQA-1 = AGC, composites, High temp. Metal, AGR
standards fuel matrix, elc
® Customized irradiated sample shippingdrum 5 M‘ms":?:‘:*h“:"‘ chenvcal foaid)
& Materials regularly handled: - '-!;AM 1.2 8.3 abbi)
= Nuclear graphite Malaital frep, thetmal and physical
= Ceramic & carbon composites = RERTR
- Ceramics —  Welding & matenal prep.
® New capabilities m TREAT
- Capsule disassembly -~ Thermal, oxidation, physical
- Specimen prep. (cut saw, TEM disk cutter, efc.) W
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AGC Specimen Characterization INL’s Carbon Characterization Lab (CCL)

qm._ e Natced Labaraory

AGC Specimen Characterization
INL’s Carbon Characterization Lab (CCL)

B 2000+ sqgft. with 21 analytical B All measurements performed to ASTM
measurement stations. standards.
— STP-Graphite testing for nuclear applications:

B Complete material characterization Sigrificance of SpeciH 9o a e i,

—~ Bulk Density :
~ Electrical Resistivity ® ASME NQA-1 compliant

- Elastic Modulus 2

_ s m@em&mnnnlg .

~ Coef of Thermal Exp. — Pericdic system validation

= Thermal Diffusivity ~— National and International traceable calibration
— Specificheat i e .

— DTATGA Identification and Control of Materials.

B Automated data acquisition and
specimen tracking (no clip boards)

B Materials

Low level radioactive (<100 mR)
Graphite

Carbon composites

Ceramics

Pre-irr. or low dose metals

Remaining Criteria
MIHU Mational labrniory

Remaining Criteria

H Variety of ion irradiations

— While this is important to impose similar irr. damage, more important to
achieve similar results from neutron dose

H Ability to handle radioactive materials

— Most VHTR core materials are low activation and not much trouble
— However, this is an important consideration for general testing

* How are samples shipped?

« Shipping container? DOT approved?

« Specimen handling and ALARA considerations

* In-situ testing and ALARA considerations

H Modeling and simulation verification/validation

- VHTR (NGNP) behavior model V&V will come from neutron irradiation
— However, ion beam studies can dramatically assist in data
interpretation and model development
« Complex experiments that compliment MTR studies would be important
« Incremental data that “fills in the gaps” between difficult to achieve MTR
irradiations will be helpful in developing behavior models.
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In Summary

ﬁ‘Hl Jdaha Mationa! latsartory

B Data mustbe comparable to neutron studies — Key criteria

- [f we can't compare ion beam studies to neutron results, data is of little use

B Complex irradiation and novel testing capabilities — Highly desirable

- Complex experiments that compliment the MTR data

— In-situ measurements at temperature and/or load
In-situ chemical attack (corrosion)
Internal interrogation (X-ray CT, XRD, others)

Other unique conditions or interrogation techniques

B Support NE Material programs (QA program)— Highly desirable

~ Need high quality data with scientific merit

— Can support existing data and assist in understanding material behavior

(models)

~ QA program is necessary (Not just good data, but also a high quality program)

= Codified data : Critical criteria
« Scoping studies : Highly desirable

1. This summary really gets
to the heart of what
nuclear technology
needs. If the ion beam
community cannot get to
this point, then we will
not be able to use this
technology in nuclear
material irradiation and
data use.

2. This seems to reflect an
interest in having
MTR-like conditions
that accelerate results
to a couple of days.
That reflects an
immaturity of the
models that represent
the two modalities. The
QA issue is a function
of not having a
standard controlled
setup for each
experiment—which is
really not an
experiment but a
parameterization—
getting the parameters
for the model at each
point in n space.
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Will Windes ldaho National Laboratory
William Windes@inl.gov (208) 526-6985

b Technology
Development Office

R&D FOR NGNP AND BEYOND
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Presentation: LWRS Program Data Needs

Sebastien Teysseyre

Light water Reactor Sustainability
Program Data Needs

S. Teysseyre

NSUF ton Beamn Investment Option
Workshop

Idaho Falls
March 22-24 2016

DOE-NE Light Water Reactor Sustainability Program

DOE-NE Light Water Reactor Sustainability Program

Vision

- Enable existing nuclear power plants to safely provide clean and affordable
eleciricity beyond current license periods (beyond 60 years)

The m is supporting subsequent license extension decisions

Program Goals

- Develop fundamental scientific basis to understand, predict, and measure changes in
materials as they age in reactor environments

- Apply this knowledge to develop methods and technologies that support safe and
economical long-term operation of existing plants

- Research new technologies that enhance plant performance, economics, and safety

Scope

. I Materials Aging and Degradation (Metald. concrete, cables, mitigation technology)
. vanced Instrumentation and Controls

- Risk-Informed Safety Margin Characterization
. Reactor Safety Technalogy
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Material Aging And Degradation Pathway Includes Diverse Materials Research Effort Teams

1. There are a lot more
Material Aging and Degradation pathway includes research facilities than

diverse materials research effort teams these working on
materials aging and

degradation in LWR.

2. This map needs an
update.

g

DOE-LWRS Material Aging Areas of Research

DOE-LWRS Material Aging Areas of Research

= High fluence effects on RPV steels Y
* Aging of cast austenitic stainless steel

= Environmentally assisted fatigue

= SCCinitiation in Ni-base alloys Measurement
= Mechanisms of IASCC | Mechanisms
» High fluence effects on IASCC t}f stainless steels] >— Modeiing
1= Modeling Tasks:

~ T="High Tluence irradiafioh- mﬁ‘uced'bhase transformations Monitoring
— Radiation induced segregation Mitigation
-— High fluence sweling

= Pgst-service examination of materials
— Zion RPV

— R.E. Ginna baffle former bolts
Advanced.replacement alloys |
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LWRS Program Overview

LWRS program overview

Risk-Informed Safety Margin Characterization. Research and developmentto develop and
deploy approaches to supportthe management of uncertainty in safety margins quantification to
improve decision-making for nuclear power plants. The R&D products will be used to produce
state-cf-the-art nuclear power plant safety analysis information that yields new insights on actual
plant safety margins and permits costeffective management of these margins during periods of
extended operation.

Advancedinstrumemation, Information, and Control Systems Technologies.

The R&D products will be used to design and deploy new instrumentation, infermation, and
control technelogies and systems in existing nuclear power plants that provide an enhanced
understanding of plant operating conditions, available margins, improved response strategies,
and capabilities for operational events.

Reactor Safety Technologies. Research and developmentte improve undsrstanding of beyond
design basis events and reduce uncerainty in severe accident prograssion, phenomenclogy, and
outcomes using existing analytical codesand information gleaned from severe accidents, in
particular the Fukushima Daiichi events. This information will be usedto aid in developing
mitigating strategies and improving severe accident management guidelines for the current light
water reactor fleet.

LLl
I

-LWRS

Material Aging Pathway

1. If the damage caused by
ions and neutrons is
different, will

re-irradiated materials
- High fluence effects of IASCC of stainless steels tell us anything?

How will high doses affect the resistance of a component to IASCC?
- Main issue: lack of materials.
- How can we generate the materials needed for the study?
Is it relevant to “re-irradiate” a material?
- Can we use an alternative to neutron irradiation?
Do we have the tools to focus an irradiation campaign?

Material Aging Pathway

« Advanced Replacement Materials
(collaboration with EPRI's Advanced Radiation Resistant Materials program)

- Development of materials with improved radiation resistance
- Increase knowledge on less used alloys in huclear environment

86



Irradiation Needs

Irradiation Needs

- Generation of highly irradiated materials (>50 dpa)
If ion beam is to be used, validation of ions for high fluence is needed
Flux rate effect is a major concern that must be addressed
Understanding the developing microstructure which will lead to developing
modeling/simulation codes that will allow researchers to utilize less costly
alternatives to neutron irradiation experiment campaigns and/or better plan
irradiation campaigns.

- Down selection of radiation damage tolerance for the Advanced
Replacement Materials.

Needs:
Variety of beam (protons, Fe, Ni)
Ability to offer multiple beams
Ability to control irradiation condition (temperature control, energy)
Ability to handle radioactive material would be a plus

lon Beam for Characterization

1. This is a whole different

lon beam for characterization application of ion beams
than we have been

discussing—may fall

- Characterization of cracking (3D tomography, local strain, local changes in better into a PIE category
material composition ...) could support the LWRS mission to understand IASCC of the eight criteria.
initiation and propagation. ..

e 2. On the characterization
Limited usage of in situ characterization (IVEM) under LWRS. However, of cracking: what would
fundamental work on irradiation damage, potentially using such equipment, would an ion beam facility bring
benefit LWRS to the table here?
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Questions ?

1. Re-irradiation already
starts with nucleated
material and is much
more representative than
starting with fresh
material.

2. Ion beams can satisfy
generic NRC
requirements that don’t
specifically require
neutron irradiations.

Questions ?
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Presentation: Nuclear Energy Advanced Modeling
Daniel Schwen

Nuclear Energy Advanced
Modeling and Simulation
(NEAMS) Program Data Needs

Daniel Schwen, Idaho National Laboratory

doho Notord
loboratory

NEAMS Fuel Performance Modeling

« Atomistic simulations identify critical mechanisms and determine parameters required for
mesoscale model development.

« Mesoscale modeling and simulation is used to inform the development of analytical
theory for fuel material behavior.

e @ 8

..'.J....

%0 ."o ‘
. .

& '@' ..

nanometers 100's of nanometers microns millimeters and up

FirstPrinciples Molecular Dynamics Mesoscale Engineeringscale

» ldentify critical bulk . |dentifyinterfacial * Predictmicrostructure -+ Use analytical theory
mechanisms mechanisms evolution + Predict fuel parformance

+ Determine bulk « Determine interfacial « Determine impact on
properties properties properties

FENEAMS

PRUCLELAN BRI ACHAHCTD MOCELIE & S AT TS A
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Traditional Fuel Performance Materials Models

-

~

qﬂl o Notor abaoky ‘

Traditional Fuel Performance Materials Models

« Traditional materials models are empirical fits of LWR data, and are
correlated to burn-up and temperature

Parameter

« Bymnup
Operating Conditions T

Material Properties

erab!es

Fission gas

These empincal models cannot accurately extrapolate to
accident conditions or new fuel concepls.

Fuel Performance Based on Microstructure

S

Fuel Performance Based on Microstructure

« Evolving microstructure variables determine material properties

H Microstructure Variables
- Intragranular
Operating Conditions porosity Material Properties

Grain boundary — * Thermal conductivity
___Pporosity
Average grain | sl J

sjze

© parameter
L‘I'hu evolution of the microstructure variables and how they impact are

1. Ion irradiations need to
produce the same
mesoscale parameters as
neutron damage.
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Fuel Materials Models Based on Microstructure
- 1. Can ion beam irradiations
' qm doha Maione] Libneseny l be used to investigate
- . single-effect tests for

Fuel Materials Models Based on Microstructure these models?

coperaond | Neutron flux || CoolantT |'¢anublﬂ[‘m1p:d.u ][mﬁ-:mnibm.zgm[

Mesoscale Multiphysics Simulation Tool

* MARMOT predicts coevolution of microstructure and physical properties of
nuclear fuel due fo applied load, temperature, and radiation damage

Technique: Phase field coupled with large deformation solid mechanics and heat
conduction solved with implicit finite elements using INL's MOOSE framework ii MOOSE

All modelsimplementedin
MARMOTare:

+1D,2D0r3D
*« Massively parallal, from 1 to
1000°s of processors '
+ Able to employ mesh and
time step adaptivity
physics e g sl 4
Friodules . ing uﬁg gtggﬂuus labs artfl' u,ljl_vfm.
Physical modelsinclude: " myu
+ BB migration/grain growth TDATC

+ Speciesredistribution, phase separation " :
- Void/Bubble growth and coalescence e ;
- Precipitation and phase change - i ==
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UO; Grain Size Model Development -

« Grain growth in the fuel is a function of the temperature, manufactured

porosity, fission gas bubbles and more.

« Grain size impacts thermal conductivity, creep, swelling, and fission
gas release.

GB Mobility D% 2M (Por = Pr)

+ Intrinsic mobility was
caleulated using multiple y
MDD methods * (B energy calculated for various GB

: tvpes and misonentations.
e Temperature gradient driving force was P i
: found to be insignificant. prax="1+ W 'ff_‘u.i_n'fc-
: re E

* Developed analytical model for the
resistive pressure from GB bubbles
» Added the mpact of the bubble size
distribution to the resistive pressure

GB Driving Forces

1. Should there be specific
work scopes written to
address these needs?
Access through the RFI.

Simulation Using the Phase Field Method
- Initial microstructure reconstructed from data
- Isotropic witl lity from

xperimental Setup

Fully dense UQs polycrystal sample was

annealed at 2000°C for 200 minutes

< High energy X-ray diffraction microscopy
was used to collect 3D microstructure
data before and after annealing.

+ Grain location and size were monitored in
situ (data id being processed).

« Data will provide info anisotropic GB

properties and validate our model.

E
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Data Needs — Grain Boundaries

Data Needs — Grain Boundaries

'rBIcryataI Data
« Experimental techniques have
been developed to measure
. e specific mobilities.
* Grain boundary mobility under « These approaches have never
irradiation (in situ) been applied to UO,.

Well characterized nanoscale —
samples (FIB) % g 7 )
S "

UO, Fracture Model Development

UO; Fracture Model Development

+ Fuel fracture is impacted by temperature, stress, grain size, an

boundary fission gas bubbles
« Fracture impacts volumetric expansion, fission gas release, etc.
Fracture Stress
ar (d, p)
Atomistic Fracture Modeling
« MD simulations were emploved to determine Mesoscale Fracture Modeling
the fracture toughness in UO; across a gram * Aphase field fracture model was developed in

and on various OB types. MARMOT and parameterized using the MD
o simulation results.
* The models was used to identify the mmpact of
GBE bubbles on the fracture stress in U0, fvel.

93



Plasticity Modeling

e e
m ml_::iah:-hh*i:rd by

Plasticity Modeling
= Plasticity strain evolves with slip on different slip systems
‘ Dislucal?on density based and phenomeml ic:I :150del ¥co-pIRLliony. Wi, TYaemT:
! ’ P 9 Single Edge Notch
. Tensile specimen
Crystal-Plasticity: Pe
Effect of SIA loops on flow stress in BCC iron u=0,v=10"%
Euler angle distribution . .
in polycrystalline RVE Stress-strain— Comparison
with experiments (F/M stesl)
o 1200 4
|;.‘\l 4 b TOoey - B'O&',
Im E B - su g 1
)
. - T=323 K dpas0.9 (Sim.) u=v=0
o e g oo | =Ted37 K dpa=2.9 {5im.)
. il oT=323 K dpa=0.9 (Exp.) Plastici
Equivalent plastic strain 4T=437 K dpa=2.9 (Exp.)
at 4% strain i E ?lﬂ.
g J oy o i
e » SlALoopsactas bamiaers to e
g dislocation motion nexe
604 Annihitated once dislocations 06
- are mobile

Data Needs — Plasticity/Fracture/Creep

- I ) I B 1. These are measurements
N \IH.I.J*'L*‘““"“* lnboiory that would be extremely
N L ' difficult to conduct in

Data Needs - Plasticity/Fracture/Creep fﬁ;&‘y"&gﬁﬁt@g i‘;e

get at some of this
separate effects data that

« The increase of yield strength due to irradiation hardening is needed for model

« Work hardening of irradiated RPV steel and model alloys as function of development,
dose-level and test temperature

* Micro-fracture tests with quantifiable irradiated microstructure and
crack propagation behavior

« In-situ deformation under irradiation (creep)
Nano-pillar compression
Beam bending
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UO, Fission Gas Release Model Development

: 1. Wondering why
cyclotrons are not
considered part of this
meeting.

-~

UO, Fission Gas

Release Model Development

« Fission gas transport and release is a function of temperature
size, cracking, and more.

« Fission gas impacts the UO, thermal conductivity, bubble pressure,
and the gap thermal conductivity and pressure.

58 covavage

o & 7
Fﬂﬂfi”;ﬁ =S Xe Segregation to GBs " e
= - ) = MD somulations were emploved
' '_ Pl sepegarion enegy of Xe 1o dfferent GB nypes

* These resubs were used with a mechasistic model

5 R . b of Xe diffusion to predict the mpact of GB
-mrmmmmmamN. \’% ) chasacter ‘o ges Wramsport i MARMOT
and diffisivities for mwrimsic and radiarion- r
azsisted FG dffusion

Fission gas re-solution
* Bmary coliton Mont= Carlo smmubations were
nsed o investigate homogeneous 1e-solution
Findings indicate that ballistic recoils are not
sulficient 1o explan expermmental data
E -

SEUR TIIICJOODKIEIAE 1887 K LELEN
L s . L

i
gl W

5 %o 81 &8ss : .%l =
TadGd: Tl =
Data Needs — Fission Gas

Data Needs — Fission Gas

-
Separate Effects Tests 1
« Samples will be created with
+ Gas loaded fuel samples fission gas (Xe) already presentin
Mobility under irradiation the material (implantation or thin
Bubble formation and film growth)
coarsening under annealing/ « Samples will be used for:
irradiation - Diffusivity measurement
Gas loading of grain - Bicrystal segregation
boundaries + Bubble nucleation and growth

« Temperature gradient effects
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UO, Thermal Conductivity Model Development

1. What quality level is
needed for this data?

T

b

UO, Thermal Condu

« The fuel thermal conductivity governs the amount of heat
transported from the fuel and controls the temperature

« It is impacted by the arain size. temperature, fission aas.
cracking, defec  agpo

Data

L]
Dispersadfission £
MD simulations (correcte =
account forspin scatterin o MD and mesoscale
usedto quantify impacto heat conduction are
Xe on thermal conductivil 0 20 40 60 usedto )
parameterize
=1 constitutive model.
$ -
E"“'-- B o2 | : i : : il A Niwh
E : Hh““*n..,__ oo i e W, Ace —Aws ( m E:)
A e
Tos B0 008 10 140 e ¢ B L

T ot (7

Data Needs — Thermal Conductivity
Qim__:ﬁul-ohhhﬂimf ‘

Data Needs — Thermal Conductivity

« Well defined samples loaded with dispersed gas

+ Thermal/electrical conductivity underirradiation
Point defect contributions
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Development Plan - Coupled Damage

m%aﬂkmw i.n'm:cﬁiy_ I

Development Plan - Coupled Damage

The goal of this task to add a more realistic representation of irradiation
damage to MARMOT (defect production, thermal spikes).

Simulate used fuel rather than fresh fuel!

I© MaNeSi=4:4:1 7

N -

e L Ty Tl
R T B T X Y- A R
Compesitiorg

Batseatron Asto 11 S |
e by

Cascade Simulations

- fdho Nafionol inba::ﬁﬂr_ '

Cascade simulations

+ BCMC damage production
+ Diffusion (D;=10D,)
+ 20 keV Xein 20nm2Cu
+ Annihilation reaction
3!:.

==
&r

DV e, # par) = dees
%.m‘ v wr) - de

Y, vacancies Y, interstitials

» r=inm Xe bubble i3 sgiem)
in UO, (10 9 giemt, Snmix
Enm call

« ~5000200keV Xe
cascades

+ Ballistic gas re-solution

¢y vacancies ¢, interstitials
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Data Needs — Damage Production

;iﬂ_:ﬁmmwmﬂ;; ‘

= =

Data Needs — Damage Production

= Cluster dynamics input
— Mobilities under irradiation (defect clusters, impurities)
— Cluster size evolution / growth rates

« TRIM/SRIM validation

= Thermal/electrical conductivity under irradiation

Summary
Atomistics, Mesoscale

Data wishlist
+ Grain boundary mobility under irradiation {in situ)
+ Yield strength, work hardening. micro-fracture, in-situ deformation

« (Gas loaded fuel samples
Mobility under irradiation
Bubble formation and coarsening under annealing/rradiation
Gas loading of grain boundaries
Thermal conductivity
» Point defect formation, impact on conductivities

« Defect cluster formation, mobilities under irradiation

Questions?
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Presentation: Fuel Cycle R&D
Shannon Bragg-Sitton

Nuclear Science User Facilities

U.S. DEPARTMENT OF

NE RGY Nuclear Energy
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The FCRD Advanced Fuel Campaign is tasked with development of near term accident tolerant LWR fuel

technology and performing research and development of long term advanced reactor fuel options.

The FCRD Advanced Fuel Campaign is tasked with
development of near term accident tolerant LWR fuel
technology and performing research and development of
long term advanced reactor fuel options.

U, DEPARTMENT OF

ENERGY

Nuclear Energy

Advanced reactor fuels
with enhanced proliferation
resistance and
resource utilization

Advanced LWR Fuels with
enhanced perfarmance,
safety, and reduced waste

generation Multi-scale,

multi<physics
fuel performance
madeling and
simulation

Capability Development for Science-based Approach
to Fuel Development

- Advanced characterization and PIE techniques

- Advanced in-pile instrumentation’

- Separate effects testing

- Transient testing infrastructure

B L L e ——

mf Aubvanind Fush, Camqiign

1. Fuels will experience

thousands of dpa as they
reach high burnup. I
wonder if ion beam
irradiation is especially
useful for some features.
Fission spike damage
would be dominant. It’s
not the case where ions
are comparable to
neutrons.

. Some basic property

behavior can be explored,
though.

U.S. DEPARTMENT OF

ENERGY

Nuclear Energy

AFC High Level Technical
Objectives (5-year)

® |dentify and select advanced LWR fuel and cladding concepts for
development towards lead test rod testing by 2022.

B Complete the conceptual design for the baseline advanced reactor
fuel technologies with emphasis on the fundamental understanding of
the fuel fabrication and performance characteristics for recycle fuels.

B Achieve state-of-the art infrastructure that can be used to perform fuel
research and development from a “science-based” approach
accelerating further development of selected concepts.

® |ntegrate with the development of the predictive, multi-scale, multi-
physics fuel performance code.
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Advanced LWR Fuel

U.S. DEPARTMENT OF

ENERGY

Nuclear Energy

ADVANCED LWR FUEL

m—_‘ Autwnnied Fush, Campaign i

A Review of Core Degradation Phenomena

ua oeranruens oF A Review of Core
el Degradation Phenomena

Nuclear Energy

1
.—{ Dominated by Sysiem Response :

'f—E_ Behavor of FuelCore Matenals Afects Acowdent Progresson I—r
I

Onsef of core degradation processes and 1 .
fission product relesse. Degradation infuel e FOcus on Radbrucide Relentin |y

I
Decay heat dives I
decline in core water ! and core companents thal lead fo further !
o i m‘ Sl s ! sigificant core relocation and melting
: : leading to release of fission products
300°C 1800°C 11500°C
(Leed Up >
Cladding
internal

Fuel relocation

/fr and dispersal

]
1
I
1
;
oxidation [
1
i
Steam
oxidation
of cladding

Cladding balleoningand ’ > _-. : Fuel rod melt
burst . ~

Oxide eutectic

M S ok Crmpig formation o
. L]

4 Temam GRNL
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A Review of Core Degradation Phenomena

Eﬁ'ﬁﬂRwGusf A Review of Core

reE— Degradation Phenomena

1
.._[ Dommated by System Response 1|

Behavor of FeedTore Matenais Affects Acondent Progressan ]—I-

]
Onsel of core degradation processesand 1

¥

Fuels with enhanced accident tolerance are those that, in
comparison with the standard UO,—- Zr system, can
tolerate C ing
in the core for a cons y longer time period
(depending on the LWR system and accident scenaro) while
maintaining or improving the fuel performance during normal
operations.
‘}‘c!ﬁdmg :
Cladding ballooning and e Fuel rod melt
burst o /

Oxide eutectic

m—- Acvanicee Tuab, Campam _ﬁ}nﬂﬁﬁﬂn

¥ Terram, CRML

ATF cladding development efforts focus on materials with more benign steam reaction (various research

teams)

U8 oEPaRTMENT OF ATF cladding development efforts focus
ENERGY on materials with more benign steam
Nuclear Energy reaction (various research teams)

B Advanced steels (e.g. FeCrAl)
B Refractory metals (e.g. Mo)
B Ceramic cladding (SIC/SIC)

H [nnovative alloys with
dopants

B Zircaloy with coating or =
SEM mucrograph of the profon-

sleeve
Oxidized burst testing of General
iradiated Tone in Alloy 33
- MAX-phase ceramics tensile specimens (GE) Alomics We"f"fm Sample

- SiC CMC
- Cr
- Other

= Microsiructural analysis of Cr-
| coaled Zr-alfoy (AREVA)

| Out-of-pile and in-pile testing is proceeding for multiple
 cladding and core materials options.

Ed
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Several advanced fuel concepts are under investigation for accident tolerance (various research teams)

U8 DEPARTMENT OF Several advanced fuel concepts are
ENERGY under investigation for accident
Nuclear Energy tolerance (various research teams)

Sintersd full szed UNU S,
fest pefiels for ATR
uradiahions and ftve thermo-
physical samples for
thanmaphysical property
measuraments (WEC/ALANL)

B Higher density fuels
(metal, nitride, silicide)

— Higher thermal conductivity

— Higher fissile density to
compensate for neutronic
inefficiency of some cladding
concepts without increasing
enrichment limits

B Oxide fuels with additives i
— Higher thermal conductivity for microencapsulated
] P fuel, image shows
— Fission product gettering typical 840 pm
diameter UC,
B Microencapsulated fuels kernels ?E??rf-ﬂ

— Particle fuel dispersed ina
ceramic or metallic matrix

A systematic analytical and experimental evaluation is
. being performed for muitiple fuel options.

A variety of technologies are under study as possible ATF

U.S. DEPARTMENT OF

ENERGY A variety of technologies are under study
‘as possible ATF

Nuclear Energy

GEN 2 GEN 3 and 3+
A - e High Fission
Near-Term Technologies | i Viiah Dé}:s&y FuelProduct Retention

JU;Si, UN, erc.) =

Ceramic Claddings

Performance

Mid-Term Technologies

5 10 15 20
Time to Deployment 8
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ATF Irradiation Testing Highlights

U.S. DEPARTMENT OF

ENERGY  ATF Irradiation Testing Highlights
Nuclear Energy

® ATF-1 Capsule Irradiation

AR

~  irrachated 19 ATF-1 capsules in ATR iy e
- Continued design and fabrication of additional concepts:

Mo cladding, ORNL-FCCI, WEC-1B, LANL-1, ORNL-FCM, AREVA-1B G
- Completed NDMAS database development Dl

— Fabricated, inspected, and qualified of 16 rodlets and 19 capsules
- Installed fabrication and inspection enhancements
ATE
® ATF-2 Loop Irradiation Testing -
- Agreedto test train configuration and dimensions at FOA bi-annual meeting
—~ Slarted ATF-2Z conceptual design and analysis
= Initiated collaboration with Halden to supportin-situ instrumentation

HFIR SiC Microcracking Experiment

Halden 3D Experiment Collaboration (H. Chichester)
- Began discussions fora bi-lateral loop experimentin Halden

Example: lon beam use in alloy development

.S DEPARTMENT OF

ENERGY

Nuclear Energy

EXAMPLE: ION BEAM USE IN
ALLOY DEVELOPMENT
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FeCrAl alloys being developed for ATF cladding applications have been tested for irradiation hardening

using light and heavy ions

Ui, CEPARTRENY O FeCrAl alloys being developed for ATF cladding
ENERGY applications have been tested for irradiation
Nuclear Energy hardening using light and heavy ions

q‘-
sp w2
z 3
g =) =
£ i. F
5 & (18
; I;l |‘.l tln 2‘; 34|

=t 3 istance from Imadiated Surface (um)
Crass-sectional nano-indentation on oindentation resuls s,

1.5 MeV proton irradiated Gen II hardening of ~1.5 GPa due to
FeCral at 300°Cupte 0.3 dpa trradiation.

together with SRIM profile.

* [Irradiation hardening can be measured on ion irradiated alfoys
= Microstructural investigation shows dislocartion loops that are

responsible from the hardening = :
» Effects of sinks such as GBs can be capturedusing ion . Lo f 0s

irradiations HATIONAL LABOKATOR)
O, Arderoplu e al. FCRD repore 2014: O, Anderogly et ol. FCRD report 2015

In addition to irradiation hardening, saturation of hardening was also measured using

5 MeV Fe?+ irradiations at 300°C up to 11 dpa

Ui, CEPARTRENY O In addition to irradiation hardening, saturation
ENERGY of hardening was also measured using 5 MeV
Nuclear Energy Fe?* irradiations at 300°C up to 11 dpa
7.0
_8s i
[ - & o
@5_0. 9 a .3 8 .8
COLLISION EVENTS [ ®
"E‘ T ST Y §55‘ ﬂ_ ."1'0
5 2" 8.
g T g
£ 504 o 1
z o FelrAdi6
s o FeCrAldg§
ks L e,
. o} 2 4 8 8 10 12
ace hardress in ¢ i i i
E Averaga hardness 2
S 100-200%m
i dapth belaw surfoee
i \% 4 »  Hardening mostly saturates by 3 dpa (ar 300°C) in
i i : z PRI > Py
; M agreemert with the neutron irradiated ferritic allovs
. b » [Irradiation hardening of ~ | GPa was measured, no
. significant dependence on Cr content /7
—_w = 2
NATIONAL LAEBORATORY
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lon irradiations very effective in surveying a large number of candidate alloys

U.S. DEFARTMENT OF

ENERGY

Nuclear Energy

lon irradiations very effective in surveying
a large number of candidate alloys

i B viretoied o
B 5 a0
75t - Aoy € W Mo Cr Al Mo Fe W0y Ti Y
= APMT T o4 WM 5 3 Ba 5
g st 2 ARM 05 7 A 234 58 Bal
E tof  Abrotall4 03 7 3 108 43 84l
e S ARl TH 0E 77 12 4 Bd -
£ S Mams M - - 20 43 Bl 5 4
£ 05 FMM00 01 . Bd 5 5
o ORNLA 04 149 5w 7987 - 0m
- ORNLB 005 1151 293 .54 o
1

» A large number of candidate alloys were tested at the same time

No dependence on the Cr was detected

* Rate sensitive defects (e.g. a') were not found

2

2
NATIONAL LABDRATORY

1. No particular QA was
needed for the ion
irradiations—ions were
used as a first cut to
focus the research on the
highest performing
samples.

Benefits of lon Beam Irradiation in Cladding Development

U.S. DEPARTMENT OF

ENERGY

Nuclear Energy

Benefits of lon Beam Irradiationin
Cladding Development

B Rapid development of datasets for multiple materials and dose levels
- Rapid irradiation to desired dpa
—~ Can design test to achieve multiple dpa levels in a single sample
- No surface activation
— Rapidly move from irradiation to microstructural characterization

- Provide data for code development — prediction of microstructural changes as a
function of ion irradiation

B Available measurements that match well to neutron damage
- Mechanical Properties: Hardness, evolution of hardness with increasing dpa
~ More challenging, but possible: yield stress, work hardening rate
— Post-irradiation microstructural testing
— Some testing of simultaneous irradiation and corrosion (LANL, UM)

m_,. Achaanicad Fueli TR 15
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Challenges / Needs for lon Beam Irradiation in Cladding Development

1. Is this dedicated proton
U.S. DEPFARTMENT OF

ENERGY Challenges / Needs for lon Beam option available in any

- Irradiation in Cladding Development current facilities?
uclear Energy

B Challenges / Needs

~ High irradiation rate results in more defects in a small area:
Ability to replicate neutron damage with protons decreases for properties that
depend on the time required for damage to precipitate out

- Knowledge of the impact of the defect flux on processes is important

— lon irradiation physical sample size limits the ability to conduct post-irradiation
mechanical testing

— Measurement of processes in situ would be very beneficial:
« Creep
« Fatigue
 Other mechanical properties
B Possible option:

Dedicated proton facility allowing automated sample irradiation over
weeks to months vs. hours to a day in duration

- Allows for larger sample size for subsequent characterization tests
- Addressed defect precipitation issue

m‘ Adanced Fueis Campsign &
Slide 17

US. DEPARTMENT OF

ENERGY

Nuclear Energy

Thank You

mﬂ oo "
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Presentation: Used Fuel Disposition
Remi Dingreville

Exceptional service i ational interes
Exceptional service in the national interest National

laboratories

1 investment Uptions wot

. .. 1
Disposition Program

INL Meeting Center Rémi Dingreville

Idaho Falls, ID Sandia National Laboratories
March 227d-March 24t = rdingre(@sandia.gov
SAND2016-2552 PE e B

Used Fuel Disposition (UFD) campaign overview:
* Mission and objectives: Storage / Transportation #
Disposal
« UFD R&D in the context of 1on beam

irradiation capabilities

Storage and transportation:
* Cladding: High-burnup cladding performance
* Cladding: Pellet/clad delamination
* Cladding: Radiation annealing
* Bolted cask: Embrittlement of elastomer seals

Review of criteria .
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Historical and projected spent nuclear fuel (SNF)

Historical and projected spent nuclear fuel (SNF)

and high-level radioactive waste in the U.S.

Historical and projected
commercial SNF discharges

Projected volumes
of SNF/HLW in

2048
HLW

Historlcal and Profected Commencdal
Used Mutlear Fuel Discharges

e [P e 1 163
" aeng Reactoen ok 61 Sives
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Currently over 1500 casksloaded in the US located at 50+ interim storage
sites

Volumes m m? (assuming constant rate of
nuclear power generation and packesing
of future commercial SNF),

es

1. Zircaloy 4 is the cladding
used on most of the
currently stored fuel.

2. CEA and AREVA have
done significant ion
irradiation of zirc alloys.

Used Fuel Disposition Campaign mission

Used Fuel Disposition Campaign mission

Identify alternatives and conduct scientific research and
technology development to enable storage, transportation
and disposal of used nuclear fuel and wastes generated by
existing and future nuclear fuel cycles

Is it safe to move? |\
Is it safe to store?

subcriticality. security.
= Integrity, retrievability
= - -
% (e J—=)”
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Used Fuel Disposition Campaign mission

Used Fuel Disposition Campaign mission

Identify alternatives and conduct scientific research and
technology development to enable storage, transportation
and disposal of used nuclear fuel and wastes generated by

existing and future nuclear fuel cycles

Storage and transportation R&D focus:

» Extended storage of UNF
* Fuel retrievability and transportation after extended storage

* Transportation of high-burnup UNF (=45 GWd/MTU)

Disposal R&D focus:
* Sound technical basis for multiple viable disposal option in the US.

* Increase confidence in robustness of generic disposal concepts
* Develop the science and engineering tools needed to support disposal

concept implementation

UFD R&D data needs in the context of ion beam
irradiation capabilities

x
2
=

&
&
-
&
L
<

=

o

[Coustesy of ] Scaghone, ORNL]
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1. When are the data good
enough to deploy?

2. Since NRC doesn’t
provide guidance for
research needs, how do
you know what is
necessary for storage? Is

UFD data need drivers

What data already exists and relevance to UFD mission
* Data collected within UFD campaign.
* Proprietary data (eg ZIRLO™, M5%).
* How do we interpolate gaps between existing data points?

Relevance of data wi.r.t. regulatory performance criteria for storage this DOE’s thought?
and transportation? What does NRC think?
* Metrics e:-;trac_red from_ 10CFR71, 10CFR72. _ _ 3 DOT data needs are
» “...spent fuel cladding must be protected during storage against probably different from

degradation that leads to gross ruptures...” NRC and DOE

+ . .degradation of the fuel during storage will not pose
operational safety problems wrt. its removal from storage”
* Recommendations from SFST-ISG-11.3 and NUREG-1567,
Where are the data gaps and why?
= Access to high burn-up data difficult to obtain? What about newer alloys?
* Compliance: DOE Order 435.1 “Radioactive Waste Management”.
* Separate effects tesung,
* NRC and industry data needs?
* When do we stop collecting data relevant to UFD needs?

Gaps for storage and transportation

Degradation mechanisms ' Storage importance

Annealing of radiation damage H
H> effects: embrittiement and reorientation

H, effects: delayed hydride cracking
Oxidation

Creep

Corrosion and SCC

Thermal aging effects

Corrosion: blistering

Corrosion atmospheric

Corrosion: agqueous (pitting, crevice)
Thermo-mechanical fatigue of seals and bolts
Freeze-thaw

Corrosion of embedded steel

= =N Lk = B== =X ek PO G

[Gap Analysis to Support Extended Storage of UNEFCRIY 2011)
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Ion beam irradiation capabilities that could help

closing data o2

* Do we have sufficient data on cladding and fuel assembly materials once
they are stored (e.g high-burnup)?

* Probability of degradation mechanism occurring?

* Regulatory considerations?

« Impact on safety functions (Retrievability, Radiological Protection,
Thermal Performance, Confinement, Subcriticality)?

Storage and transportation R&D:

= Extended storage of UNF
" Cladding; Annealing of radiation damage.
® Bolted cask: Embrittlementof elastomer seals.

* Fuel retrievability and transportation after extended storage
® Cladding: High-burnup cladding performance.
® Cladding: Hydride reonientation and embmttlement.

* Transportation of high-burnup UNF
® Cladding: Pellet/clad delamination.
® Fuel: Pellet/pellet bonding,

1. Would the facility need
to accept highly burned
fuel?

Ion beam irradiation capabilities that could help

closing data ga

= Emulate Initial storage materials conditions (materials damage).
# Emulate alpha irradiation during storage.

@ Handle irradiated materials.

#» Have the ability to perform accelerated aging,

# Collect microstructural characterization in coupled environments.

Storage and transportation R&D:

* Extended storage of UNF
" Cladding: Annealing of radiation damage.
" Bolted cask: Embrittlement of elastomer seals.

* Fuel retrievability and transportation after extended storage
® (Cladding: High-burnup cladding performance.
® Cladding: Hydride reonentation and embmnttlement.

* Transportation of high-burnup UNF
® Cladding; Pellet/clad delamination,
® Fuel: Pellet/pellet bonding,
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Most of the data needs are related to the performance of high burn-up fuel pins

Most of the data needs are related to the
erformance of high burn-u 1

[ONRL image]

Pellet/ pellet bonding Pellet/clad debonding

= Integrity of spent-fuel (retrievability and transportation) is
highly dependent on cladding and fuel pin performance.
= Lack of data for actual high burn-up fuel due to operational 9

Hydride reorientation and embrittlement (M/H)

Hydride reorientation and embrittlement (M/H)

* Influencing parameters
§ Temperature, H concentration, crystallography defect density, stress
level, solubility limit.

* Data already available
§ Terminal Solid Solubility (TSS), optical microscopy quantification of
precipitation morphology (Arborelius, Motta, Billone, Chung), in-situ
XRD
* Data needs:
§ Radial-hydride formation below licensing limits (400°C) on irradiated
cladding materials.
§ Effect of peak cladding temperature and pressure on hydride
formation mechanisms in irradiated materials: Ductile-to-Brittle
Transition Temperature (DBTT).
§ Collect microstructural information on interaction between hydride
and deformaton mechanisms of (irradiated) cladding matrix.
§ Data on fracture toughness for various burn-up level is scarce at best.
§ No data on radial hydrides cladding,
§ Data on ZIRLO™, M5%, 10
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Pellet/clad delamination (M/H)

Pellet/clad delamination (M /H)

* Influencing parameters
§ Temperature, loading mode, burn-up, composition, mtertace
roughness, interface chemustry (intermixing).

* Data already available

§ Data associated with in-reactor behavior (fission product swelling,
reactivity induced accident),

* Data needs:

§ Charactenization of interfacial teatures (roughness, void structure, ete.)
and environmental factors (thermal/irradianon) on delaminauon
process.

§ Interfacial fracture toughness data for pellet/clad interfaces (not to
mention high burn-up) does not exist to date

§ Interfacial fracture toughness data for pellet/ pellet interface.
Emulation of irradiated fuel?

Radiation annealing (M)

Radiation annealing (M)

* Influencing parameters
§ Temperature, loading mode, burn-up, composition.
* Data already available
§ Hardness tests vs. annealing temperature (Tto, 2004).
* Data needs:
§ Low-temperature annealing studies applicable to extended storage
(over long period of time).
§ Hardness recovery of irradiated cladding materials (especially for
newer alloys ZIRLO™, M5%® [high burn-up]) as a function of
time during long term annealing,
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Embrittlement of elastomer seals/polymeric neutron shields (L)

Embrittlement of elastomer seals/polymeric
neutron shields (L

* Influencing parameters
§ Temperature, composition, alpha irradiation.
* Data already available
§ Rubber-glass transition temperature for unirradiated samples (BAM,
Germany).
* Data needs:
§ Study of coupled alpha irradiation and temperature on cross-
linking of polvmer?
§ Failure of elastomer seals.

13

Review of criteria

Review of criteria

Criterion Priority

Ability of the facility to produce results of high scientific merit and the potential HIGH*
to meet needs of DOE-NE and industry.

aniety of ion urradiations (ion types, enexgies, | MEDIUM
Ability of the faci]jt}' to provide a variety of irradiation environments and MEDIUM
conditions.
Ability of the fsc}hty‘tﬂ- collect microstructural characterization data onsite and 'HIGH
-8t

NE support and activities (performed and anticipated) at the facility including the LOwW
volume of experiments that can be handled.

B sl oE e e b M R dhileg FON
Ability of the facility to handle radicactive materials in the beams and elsewhere HIGH
onsite.
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Presentation: EPRI
TG Lian

EPI2I | stk s

NSUF lon Beam Irradiation Capabilities Support
Industry in Materials R&D

TG Lian
EPRI

NSUF lon Beam Investment Options Workshop
Idaho Falls, ID; March 22-24, 2016

Life Extention for Existing LWR Plants

Life Extention for Existing LWR Plants

= Sustainability of US nuclear power is essentially important for the
nation to achieve a decarbonized, integrated energy system

= Extended operation life requires more effective management of
materials aging issues
HV PWRIASCC  BWRLife .
B;:-ﬁ;iﬁ.‘s"%g Service Failures  (40-yr) ng Life  pwR Life
BWRIASCC  in Lab Tests - - ;B0 (40
Service & Lab _

4
Fail m—— R \ & «f/ P.?srg e
ures ~ 1 ~ (B0-yr)
I e 4 v 4 :r ?
e 107 107 10* 10*
s R Neutron Fluence, nfcm? (E>1 MeV)
g To better bk bRy e B R e 1
] 1] &
Irradiation Dose, dpa !
{(UESITERG. G 1 10 P 100 i
' changein :
'\‘ properties ;’E I * ' ; T E_.. ! :
L8 b Significant Changes in Alloy Precipitation and Cavity |
2 ' Microstructure, Microchemistry Formation at Higher !
T Ammmmsane 1 and Mechanical Properties Temperatures 1

ErPrRaI| i,
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Integrated Materials Aging Management for Primary System Components

Integrated Materials Aging Management for
Primary System Components

Physically-based understanding to SR e
make engineering tools more  e---eeeeesee e Mm”wmﬂmfmm
effective »  What are the associated
+ i [ uncertainty
) : i
Assessment
= What needsto be inspected

» Whenit needs fo be inspected

« [nspection oplions

* Howfo disposition observed

! degradation

v

Mitigation
+ Howcan degradation be

prevented orreduced

v
Repair/Replacement
+  Whattechnigues are available
+ Whatare i
requirements that mustbe met

BN Tamre e MR an Padti e S gk SEaE e

Challenges in Assuring the Reliablity of Reactor
Core Components

» BWRand PWR reactorinternals are affected
by several irradiation-induced degradation mechanisms

- Irradiation—-assisted stress corrosion cracking (IASCC)
- Radiation embrittlement

- Creep and stress relaxation

— Void swelling

Knowledge gaps exist (identified in MDM and IMTs)

— Mechanistic understanding and prediction models
- Impact of high fluence on reliability of internal components
— Neutron embrittlement of RPV steels

— Inspection techniques

— Repair/replacement strategies of Irradiated Materials

¥

» Experimental information is also lacking that could lead to the
development of more robust, fundamentally based models and
radiation resistant materials

ErPRI |,

B85 st Pover Raggirsh ubiziy. nc. A8 ighis spsrved "}
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Challenges in Industry Irradiated Materials
Studies

Nearly all materials are susceptible

Extremely difficult to repair

Limited mechanistic understanding

Limited data applicable to LWR

Limited facilities & capabilities for irradiated materials R&D

O 80 .

O

Prohibitively high cost associated to irradiated materials
studies

EPRI | i,

BI04 FRstrn P RESaroh RN IS A0 TgrTn e vks L

lon Irradiation Plays Complementary & Important Role

lon Irradiation Plays Complementary &
Important Role

O Neutron irradiation provides conditions protypical to
reactor core internal environments
— Preferred capability to validate enginnering solutions
— Retrieved in-service component expands opportunities

— The capabilities is extremely limited, only a handful of facilities
around the world with the right capabilities for LWR needs

= Expensive, long time, radiation protection, etc

4 lon irradiation is a complementary irradiation tool
— More suitable for mechanistic studies
— Fasterand more cost effective
— Greater flexibilities
- Has its own limitations: fidelity of simulation (know-how), limited
size, and much more, ,,

B85 st Pover Raggirsh ubiziy. nc. A8 ighis spsrved E

ErPRI |,
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Use of lon Irradiation in EPRI Materials R&D

Use of lon Irradiation in EPRI Materials R&D

U lon irradiation has been an important technigue to support
EPRI primalry system corrosion research projects
— Cooperative IASCC Research (CIR)
— EPRI-DOE LWRS collaborative research on IASCC mechanisms

— Use of proten irradiation to study IASCC Proton irradiation and
post irradiatio annealing to identify the key process in IASCC

— Use of heavy ion to study irradiation effect on thermally aged
CASS - study synergetic aging in CASS
- Advanced radiation resistant materials (ARRM) project to develop
new materials for reactor core internal components
N T S T O T
— Rapid simulation of effects of high fluence in reactor core
materials to support the need to extend the life of LWR plants

Rapid Simulation of Irradiation Damage in LWR Internals at High Fluence

E g & = g 1. Amounts to the
Rapid Simulation of Irradiation Damage in re-irradiation approach

LWR Internals at High Fluence previously discussed.

* Objective: Develop and validate an approach based on
heavy ion irradiation (Fe®* or Ni?* ) with He/H implantation for
cost effective and rapid simulation of irradiation damage, with
a focus on void swelling behavior, in PWR internals at high
fluence

Motivation PWR Internals are expected to experience high fluence well
exceeding 100 dpa at certain locations during first and second license renewal
(60-80 years). There is a need for data and validated modeils to predict the
degree of irradiation damage expected in austenitic stainless steel internals at
high fluence.

» Approach: Use the materials retrieved from an operating PWR
reactor to perform ion irradiation experiment (see the next 3 slides)
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Rapid Simulation of High Fluence through lon
Radiation of LWR Flux Thimble Tube (FTT)

IC

Nt 1

N
1
1
|
1

len + neutron
irradiation
= - ]- 100 dpa
« 75 dpa

g

2

LWR neutron
irradiation

Dose {dpa)

Distance from the tip of bullet nose (mm)

Quantitative Microstructural Characterization

Transmission electron microscopy

Atom probe tomography

PR AR
Irradiation g e .S Nickel segregation to void |
induced 4 - ;
vokds ) . BWR-
e a2 irradiated
316L SS,
6.7 dpa

Front view Side view
Solute

Si @ iy '“'I-_’ﬂ_ {Y. Chen et al, 2008)
clusters, | N O e

precipitates | 50 nm | P oo imald W iyt
and ol TR

= = .il
dislocations [ d mﬂg" o

304,10 dpa | 180m.
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Modeling

Rapid Simulation of High Fluence through lon
Radiation of LWR Flux Thimble Tube (FTT)

Obtain LWR plant materials - Select locations with LWR fluences at 0,

50, 75, 100 dpa
* Mechanical Property Measurements (Tensile and micro-nano hardness)
* Microstructural Characterization (TEM, APT)

2 Benchmark ion irradiation 2 LWR (neutron) Vs. Simulated (ion+neutron)

# Mechanical Property Measurements (Tensile and micro-nano hardness)
# Microstructural Characterization (TEM, APT)

Rapid Simulation = lon irradiation to achieve high fluence (160
dpa, ion+neutron)
» Mechanical Property Measurements {Tensile and micro-nano hardness)
# Microstructural Characterization (TEM, APT)

Contribute to models for high fluence (160 dpa)

Neutron irradiation :
stainless steel

lon irradiation

Irradiated microstructure and microchemistry
PIE * Mechanical properties
= Void swelling behavior

We Look for:

» Expertise: to plan right ion irradiation experiments

» Facilities: to perform the experients

» Integrated capabilities: to coordinate and integrate
experiments, characterization and modeling

» Common interests: to maximize and leverage the R&D
investments

= Utilization of NSUF capabilities and resources

ErPRI| 1,
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Together...Shaping the Future of Electricity

Together...Shaping the Future of Electricity

EPRI |
AEMARCH BRATITVT)
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Appendix E

lon Beam Facility Presentations
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Appendix E

lon Beam Facility Presentations

Presentation: IVEM-Tandem User Facility
Meimei Li

Argg'},ﬂs,e =

Intermediate Voltage Electron Microscope
(IVEM) -Tandem User Facility:

TEM with in situ lon Irradiation

Meimei Li, Mark Kirk, Pete Baldo, Ed Ryan
Argonne National Laboratory

Nuclear Science User Facilities lon Beam Investment Options Workshop
Idaho National Laboratory

March 22-24, 2016
(@ ENERGY
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Beam Energy
lon Types

lon Flux

High dose
Beam size
Dosimetry

Dual-beam

In situ lon Irradiation

50 keV — 1 MeV

H, He, Ne, Ar, Kr, Xe, and many
elements from Al to Au ; B
102 — 10°2 jonsfem?fs Combine in situ and ex situ ion
(105~ 10 dpa/s) irradiations

~100 dpa/day

Uniform beam , 1.5 mm &

Real-time dosimetry with Faraday
cup in the microscope column

Add a low-energy ion gun to
study combined effects of He
and displacement damage (under
construction).
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Irradiation Environments and Conditions

In situ - Double-tilt LT stage (20 K - 295 KJ;

heating/cooling - Double-tilt HT stage (20°C - 900°C);
(20 K to 1300°C) - Single-tilt HT stage (20°C - 1300°C);
In situ straining - Single-tilt HT straining stage (20°C -
600°C):
- Single-tilt LT straining stage (-196°C -
100°C});
Well-controlled * Controlled metallurgical variables
experimemal — Constant specimen area

— Crystal orientation
Single microstructural feature
* Controlled irradiation variables
- lon type, energy
- dose rate;, dose
* Controlled irradiation temperature

conditions

Coupling in situ ion irradiation with in situ stages for heating,
cooling or straining enables studies of combined effects of
irradiation, temperature and stress in real reactor environments
that cannot be revealed through traditional post-irradiation
examination.

In situ Real-Time TEM

Hitachi-9000 microscope with accelerating voltage up to 300 kV (examination of

thicker samples)

High-resolution real-space imaging: point resolution of 0.25 nm at 300 kV

Digital image recording and video recording

W camera
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What Distinguishes IVEM-Tandem from Other lon Irradiation Facilities:
In situ, real time imaging to track individual nm-sized
defects during Irradiation

In situ movie shows irradiation defect formation, motion, and
coalescence to form extended dislocation structure.

. 11 video files included in the
publication revealed:

of small

s with BV= <111> highly
of BV,
ith BV <100> sessile.

* ong from

Unique Experiment — Defect and Dislocation
Interactions under Irradiation+Temperature+Load

304 SS irradiated in situ at 400°C with 1 MeV Kr ions to dose of 3x10% ions/cm?.
'

e
With ion irradiation
> radiation defects

and
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Unique Experiment — in situ Observation of
Cascade Damage Events at liquid He Temperature

The cryogenic temperature irradiation makes it possible to observe the primary
cascade events by suppressing defect diffusion.
The in situ TEM observations can be directly compared with MD simulations of

cascade damage events.
Experiment - MD simulation
comparisen

h 00k (eapt
. 150EaY (i)

W, 30K, 150 ke

— | TP RS, . -

frequency per on

1. et al, Europhysics Letters 110{2015) 116.)

Unique Experiment - Mapping Temperature-
Dependent Critical Doses for Amorphization of
Wasteforms

The temperature dependence of the critical amorphization dose was determined
in situ for a wide temperature range of 50 — 1073 K under well-controlled
experimental conditions at the IVEM-Tandem

This information can only be obtained in situ at the temperature because of
spontaneous crystallization during warm-up of the specimen.

Ewing, Actt
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Diffraction Contrast Electron Tomography
3D Characterization of Defect Distribution near Surfaces/interfaces

Delect Chuster Darmity (1 fm'y

Comparison between
tomography data and the
model calculations with two
different resoclution (“res")
limits, 1.3 nm and 2.5 nm,
respectively.

3D imaging of spatial distribution of 2 nm dislocation
loops in Mo thin foil irradiated with 1 MeV Kr ions at 80°C.

Coupling with ex situ APT

]
irradiated I Unirradiated

il 11445

Sample

analysis ",
depth

analysis
depth

a

500 800

: - M i i
APT specimens can be extracted perpendicular or E 100 400
paraliel to the ion irradiation surface. Disiance {am}

- i’ phase separation and G-phase precipitatesin ferrite of CASS CF8

» 40200 2040
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Radioactive Materials Handling

* Radioactive samples have been irradiated
at the IVEM-Tandem

Low-dose neutron-irradiated steels
Nuclear fuels: U, U-Mo, UQ,, etc.
* |rradiated Materials Laboratory (IML)

- A radiological Facility in the same
building

— Electro-polishing (Tenupol-5) of
radioactive TEM specimens in IML
Argonne Nuclear Engineering Division
operates both IVEM-Tandem and IML

* Radioactive material characterization using
synchrotron X-rays is routinely carried out
at the Advanced Photon Source

A

W

'R )

Facility History and Current Status

= The 1st generation, HYEM-Tandem user facility
was commissioned in 1981 in Materials Science
Division, ANL, supported by DOE BES.
A high-voltage electron microscope (HVEM) interfaced
with two accelerators (2 MV tandem and 650 kV fon
implanter].
= The 2nd generation, IVEM-Tandem was
commissioned in 1995, and was part of Argonne’s
Electron Microscopy Center supported by DOE BES
until 2014.
Increased imaging spatial resolution by neariy one
order of magnitude
= DOE NE and ANL signed Memorandum of Agreement
in May 2014 for full time operation of IVEM-Tandem
to support nuclear energy research.
®= The Facility was transitioned to Nuclear Engineering
Division, ANL in June 2014.
= |n FY 2016, the IVEM-Tandem received 50% DOE NE
support through NSUF.

IVEM-Tandem (2014)
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User Projects in FY15 — FY16

. | 1. Can IVEM operate

User Projectsin FY15 - FY16

longer hours if funding

v A

o e Wonioneltab was expanded?

¢ AusatianNuchear Sciznce snd Technology Orgad satin (A4S0} = 40 IVEM user proposals . .

. 2. With sufficient staff
E‘?ﬂl&-h—r:-ﬁa’ﬂ’.mlwmﬂﬁi;u "  FY16 NSUF RTEs:

support, it can operate
longer hours.

(Dol Uindwts 3Ty i
aahaHatkal b - 1 awarded, 3 under review

105 Alamas KationalLab = 31 institutions (universities, national labs,

Lossiaiana $5ate University - - -
Nl ke PG nuclear industry, international)

Hichigan State University L] "a'
. Harth CaigdlnaSate Unlverity uRars
 Hostimesiarn University =  Fully-booked with >50% over-subscription

Gk Rédge National Lab

5 Peking Uslverziny Chinh
Penm S Unmversiog
Prordue University
Cpan's University
Aenasel et Palytechnic imstitute
starpdford Unihessaty
Tar R Py

v Texds ARM Unamesity
Unmersity of Cal dornia - Berieley
Uninersity of Fotids

oo Unbversityed Hinoh-Urbans
Winieraity of Nebraska-Linoedn

5 Unbversiy of Oufard
Univerwity of Pioshurgh
Uneversaty of South Carcims
Univeraaty of Tendesses
Uniersity of Wisgonsin - Madisan

&

User Research

L |
User Research

FY 2015 (228 operation days)

= All user projects are nuclear related. A majority of
user projects are funded by NEUP, supporting
FCRD, ART, NEAMS, NEET programs. User projects Indizstry
have also been funded/performed by nuclear
industry (e.g. EPRI, TerraPower, Areva).

international

Maiflgnance
*  User Research Areas Sl

- Fundamental understanding of defect dynamics under irradiation, temperature and stress
— Walidation and verification of computer modeling and simulations of radiation damage

— Developing advanced radiation-resistant nuclear fuels, cladding and structural alloys, and
waste storage materials

— Developing advanced accident tolerant materials and fuels
- Developing new material design concepts, e.g. nanostructured materials, high-entropy
materials, for enhanced radiation resistance
= High Productivity
— =100 publications in the past four years; many of them are published in premier scientific
journals with high impact, e.g. Nature, Science
—  Numerous invited and contributed talks at national and international meetings
= Education and Training
— 30 PhD student theses in 4 years based on research conducted at the IVEM-Tandem

6 i
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Microstructural Evolution in UO, under Irradiation (INL)

% |
Microstructural Evolution in UO, under Irradiation (INL)
= Understand the nucleation and evelution of inert gas bubbles in UO,

 Atom Probe Tomography Density Function Theory
Calcul'aﬂons

o (T i
- ;‘:" '3 l;n" :
.

il
1
il
&

-I-

ammpmbem:!uiﬁ?ﬂt % [2) Kr solution energy at 0 K under

T TN | oxygen:rich condition from DFT

ﬁﬁﬁﬂ?ﬁm calculations In UG: and (b) Kr

o at salubility kn UO; as a fenction of

6007C and (5) 1 MeV' a1 B00°C. temperature contacting with 1 atm
alr or cwygen with 0.21 atm partial
prassure.

LE fe & yvolgerrmng, 40 Mossow, [ Vi, M, Oupds, UPolgeinen, B Menferon, | GOo, M8, Nk AT Nelson, MY Mosuel & B-ams
FR Adien )t Mol Mater £55 (2015125

s 3

Areva Project: Effect of Stress on Loop Formation in Pressurized Water Reactor Guide Tube

Areva Project:
Effect of Stress on Loop Formation in Pressurized

Water Reactor Guide Tube

Dose-dependem cc:-loop formation in M5  Influence of tensile stress on <c>-loop
formation tn adlaﬂeﬂt grains, Zry-4

M hi.l:l Mat. 423 1mmramm o ber putished)

R.M. Hengsller-Eger and W. Pelry (Technische Universitit Mdnchen, Germany)
P. Baldo and M A_ Kirk {Argonne National Laboratory, EMC)
¢ a% P.B. Hofimann (AREVA NP GmbH, Germany)
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Exploring New Alloy Design Concept: Radiation-tolerant Nanotwinned Metals with Nanovoids (Texas

A&M, PI: X. Zhang)
T
Exploring New Alloy Design Concept:
Radiation-tolerant Nanotwinned Metals with Nanovoids
(Texas A&M, PI: X. Zhang)

In sitw Kr fon irradiation studies of nv-nt Cu
uniravelling continuous shrinkage of
nanovoids and absorption of maobile

dislocation foops by nanovoids.
‘o phwirikage i

MD simulation reveals dynamic process
through which a void absorbs a neighboring
dislocation loop.

b
L)
ey

" sl ) Y. Chen, et al., Nature Communications 6 (2015),
E : ol I :;_ 1036,
- T ¥a
! 6 — e g

e I

o hl:}-‘t“ 5 I A i

S 310 01 6 o oM | 06 B 83 035 6% -
dpa dra

Support Verification and Validation of Modeling and Simulation
.|

Support Verification and Validation of Modeling and
Simulation

=  Many experiments at the IVEM-Tandem are performed to benchmark computer models
designed to simulate hoth ion and neutron irradiation damage;

= Experiments are carried out under highly-controlled conditions that allow producing
high-guality data for single-mechanism studies or studies of collective behavior

*  In situ TEM observation of heavy fon irradiation damage reveals cascade damage
phenomens,e.g. single cascade events, cascade — cascade or cascade — subcascade
interactions, cascade defect preduction and annihilation rates, and the experimental data
can be directly compared with molecular dynamics simulations of cascade damage.

= In situ ion irradiation can access the full history of the kinetic development of the
defect structure under irradiation, providing critical input into the computer models of
microstructural evolution during irradiation that determines the lifetime of materials in
nuclear systems.

®  The high-quality experimental data obtained at the IWEM-Tandem Facility provided useful
data for validating the nuclear materials and fuels models being developed under the DOE
Consortium for Advanced Simulation of Light Water Reactor (CASL) and the
MNuclear Energy Advanced Modeling and Simulation (NEAMS) programs.
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In situ lon Irradiation Experiments

Predicting Neutron Irradiation Damage from in situ lon
Irradiation through Computer Modeling

Computer Simulations

Rwempi G A Bk AW Bods, Dorghao Ve gnd | D Wt PRy idog B (0123048
B, 8, B VTR AL LG, anal A, Jork A Mater SR(3022) 4305

Experiment-Simulation Comparison

Summary

Summary

TEM with in situ ion beam irradiation coupled with computer modeling and
simulation provides a new way to understand radiation effects, critical to the
development of new high-performance materials and predictive models to
reliably forecast material component lifetimes in a nuclear reactor
environment.

The IVEM-Tandem Facility is a world-class facility for in situ study of defect
dynamicsin nuclear reactor materials, fuels, and waste storage materials. User
projects support DOE NE's FCRD, ART, NEAMS programs and nuclear industry
neeads.

Given the great scientific impact of the IVEM-Tandem research to advance the
DOE-NE missions, the high productivity of its users, its importance to education
and training of next-generation scientists and engineers, and the potential for
future growth, support for the IVEM-Tandem as a user facility should be a
priority investment for the DOE Office of Nuclear Energy.
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Support Letters from the Community

Support Letters from the Community

=  Stuart A. Maloy, Los Alamos National Laboratory

=  T.-L (Sam)Sham, Argonne National Laboratory

= Tianganlian, Electric Power Research Institute

=  Rosmarie HENGSTLER-EGER, AREVA

= Arthur T. Motta, Penn State University

= Brian Wirth, University of Tennessee

®= Jlames F. Stubbins, University of lllinoisat Urbana-Champaign
= |an M. Robertson, University of Wisconsin= Madison
= Jian Gan, ldaho National Laboratory

®  Michael Nastasi, University of Nebraska — Lincoln

= WilliamJ. Weber, University of Tennessee

= Mitra L. Taheri, Drexel University

= Djamel Kaoumi, University of South Carolina

=  Xinghang zhang, Texas A&M
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Presentation: Extreme Materials Beam Line
Abdellatif Yacout

J!-'wgorme6

ATIGRAL LABGEATORT

Extreme Materials Beam Line (XMAT)

Abdellatif M. Yacout,
MNuclear Engineering Division

Argonne National Laboratory

NSUF lon Beam Investment Options Workshop
March 22-24, 2016

Outline

= Overview

= Unique Capability of XMAT
* |mpact to DOE-NE Programs
= Technical Demonstration

= Budget

Proposal - eXtreme MATerials beamiine (XMAT)

‘ MELIF ban femm irvestment Daters Warkshop hlarn 23-34, 3018
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Proposal — eXtreme MATerials beamline (XMAT)
"

Proposal - eXtreme MATerials beamline (XMAT)

A new begmline at the Advanced Photon Source (APS) for in situ studies of
materials under irradiation, temperature, stress, environmental, etc.

XMAT will provide x-ray probes for in-situ
study of materials in simulated extreme
radiation environments, enabling rapid
evaluation of materials performance under
extreme service conditions including
structural materials and in particular for
nuclear fuels.

XMAT is made possible by combining the
technology of Argonne’ s unique capabilities:
1.Energetic, Heavy lon Beams [ATLAS- Argonne
Tandem-Linac Accelerator System)
2.Focusable, High Energy X-Rays [APS)
3.Multi-modal Imaging (APS)

4 Opportunity Window -> APS/ATLAS Upgrades

ale——

=

Timeline of XMAT

Beam !uﬂt:h-rldpsndq* Extendod Baam Time
Sample Station w/ T + Strain for ME Users

=7 ats

Current Capabilities & 4 :"Pfuﬁd'f' i b
Ea-aitu WIANSANS Toem: phy/HEDM POty o okl iRl s
. . i adi Cohorent X-ray Baam xMAT

4}' 'J\rL Full Capability
hm Baoed Aloclion High-Energy lon lrradiation

In-sltu X-ray Investigation

Full Beam Availability
100% Specified fon Beam

Hi-Relevance Applications
Rate-dependent processes
‘Microstructure evolution
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XMAT Schematic

X-tay Pane! detectos

Aparurn

& Sampla Blage Shuter

Beam Stop

~-» 8

Xray Singia
Sampie Stage

Beam Frofife Condrol Beam Profife Scan ih.
~
P t &

Wt Charmber

4
Adjusting the ion
beam profile

-
1 :
. i
.
f ;\\/tf
High-energy X-rays fom
iAo and ronochrormnalon

Dialfining slils

Guard siis

7 120 Boten Ineetes ot Dot Wirkihin March 2.2

n Sitw, High Energy lon Irvadiation (HEI) C2
-bm%h’iﬁmﬁhwr[ww%l

.F‘_

e ; R
--. Sample Container
»Isolated containment
#In sitw strain am:w gradients
mmtmmnqm *Wm“m‘"” H“"‘“"'-'"!
- : Shape, size, arientation of single grains. ... Tadicactive materials Inventories -
)mmnﬂnm jragate res L iy

:};mnwwmmmm
* |n-situ Radiation Damage and Characterization
= Dynamics
= Structural evelution
= “Bulk” measurement )
* High energy beam : 1MeV/nucleon or higher; examples: i
4 MeV He ion; 56 MeV Fe ion; 238 MeV U ion. C2
= Alltypes of ions: H -> Fe -> U; almostany element in
periodic table and muitiple beams (same charge/mass
ratio); multiple sample irradiations. C2
= High & easily variable damage rate: characterization of
dose rate dependence of materials changes — crucial to
accelerated materials testing. C2

AMAT Layout

g HEUFdon Sern imeemrser Qptens Workshep Marsh 224, JOL6

a

1. What ion flux is
available?

2. High current beams will
result in significant
sample heating. This will
likely require active
cooling.
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What’s Unique? — Fission Fragment Damage!

What' s Uniqu

G  High Energy lon Irradiation (HEI) C2™
-}wmﬁ-wﬂ&uﬂﬁlm

®* Nuclear Fuel R&D C5

* Directly replicate the high-energy (~100 MeV)
fission fragments to study microstructural
development in fuels

*  Induce high damage leve! (dpa) in fuels

* Applicable to already neutron-irradiated fuel to
achieve higher burnup level

*  Gaseous, miscible and immiscible fission products

From SRIM computation, the maximum damage
level by applying 1 MeV Kr to UO, is a few
hundreds dpa due to ion sputtering; we are looking
at 1000 to 10000 dpa level for fuel materials

ST T St SRS o CpTaeng WOrkaraa Margh 2224, 2046

e? - Fission Fragment Damage!

‘»Damage Doses to e
it ~ Sample G
. ma&mm
=ln siw
}Wmalmﬂfﬂ'ﬂm ’nidnﬁzhn
e ot Y bt
\ —'-_'_d_.- 3

80 MeV Xe implanted U-Mo fuel

1. What is the planned
imaging resolution?

.%"_

Iﬂ:qul'anu: A
bubbles

@ ATLAS C1

What 5 Umque?

ﬂﬂm'

®* Nuclear Fuel R&D C5 i
s Directly replicate the high-energy (~100 MeV) i
fission fragments to study microstructural =
developmentin fuels g -
= Induce high damage level {dpa) in fuels =:
=  Applicable to the neutron-irradiated fuel to
achieve a higher burnup level
= Structural Materials Study C5
* Deeper damage profile: minimize interference
from both surface and added interstitials
= Achieve high radiation dose levels

e Bsdnactesy [somuicm)
{3

SN fen Seprn Smeemrere (pgaons W orksig Marsh 12e24, MR

Peak Damage & spatial separation

1.8 MeV Cr ions in Fa
.-f
¥
i
"4 :
en §
N
Bapth fam)
52 hia\ Cr jons in Fe
e
...;‘
:
A i
_,/ -i
uﬂ-ﬂ-m— - 4

i
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What’s Unique? — Peak Damage & spatial separation

What' s Unique? - Peak Damage & spatial separation

fre e .
=ln sity w-‘:nm w
Jh'b‘dunu a w ﬁnhﬁlhﬂ
e
* Nuclear Fuel R&D €5 =
= Directly replicate the high-energy (~100 MeV) -
fission fragments to study microstructural o
developmentin fuels %
= |nduce high damage level (dpa) in fuels _ i
= Applicableto the neutron-irradiated fuel to o Eoa
achieve a higher burnup level
= Structural Materials Study C5 e
= Deeper damage profile: minimize interference 2 %
from both surface and added interstitials :
= Achieve high radiation doselevels =
ST 1o Sadrn Sl et DpTatnd Workarod Mangh 22-24, L6 . =
n@ i‘.-=.—.= — Damage Profiles Inducadoy S MeV & 54 Mol Fe tons in Steal (SR Simutaton)
?

What’s Unique? — In Situ Studies in Extreme Environments

. |
What’ s Unique? - In Situ Studies in Extreme Environments

HEI/X-Ray in situ study provides: ———————H

*A direct probe of rate effects under radiation
damage including the ability to assess the
competition between evolving radiation sinks such
as interfaces in e.g. ODS steels

*Direct measure of the rate competition among
combined effect of dpa and other in-situ parameters
(temp., stress, Corrosion [steam, oxidation, etc], ..)

*Insight into structural effects that lead to non-inear

rate effects at high doses => I situ pruu'Ides the ability to mimic the nuclear
*Direct measure of the parameters necessary to | environment at critical moments providing a direct
understand the effects of accelerated tesﬂng connection te material performance in a reactor
f‘}‘\:}:;::n I:I imeerarsees Optons W orishap March 2124, WG "
F
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Impact on NE Research Programs C5

1. How do you control

Impact on NE Research Programs C5 beam heating when
= MNuclear Energy Advanced Modeling and Simulation producmg hlgh bumup
(NEAMS) Program: structure?
= Support fuel and cladding madel development and validation for Rano: trubslés
NEAMS codes {e.g., MARMOT code) — single effects:

& Microstructural svolution, e.g., grain growth, fuel gas & bubhle
mohility, bubble resolution, recrystallization (HBS rim), .,
» [n-situ characterizations provide key kinetic data on nucleation,
diffusion & growth, and 30 structural evolution (teémp, stress, dpa,..)
— Maodeling new fuel & cladding material behavior; e.g., USi for ATF
[ATE-HIP), advanced structural alloys to high dpa.
= Advanced Fuel Campaign (AFC):
- MAecelerate development of high burnup metallic fuel & advanced LWR
fuel (USI, UMo, ..) through emulation of fission fragments damage 1o
high turnps{1000'sdpa) and associated gas accumulation and release
- Transmutation fuel (4MeV He to emulate a decay &
transmistation+100MeV Xe, |,...); inert matrix fuel with fission
fragments damage in both fuel and inert matrix materials
= ARC and LWRs Programs:
= Advanced structural materials R&D [ARC); high dpa, in-situ bulk
characterization (stress, lemperature, dpa)
= Pressure vessel materials, high burnup U032 [LWRs)
*  Waste Management: Baranoy, /MM, 452, 2016
— Effects of radiation damage on waste form-2Mae¥ He

& LT 1n Bemm Irvessms Dtona Wodkah oo Maer 2534, 2014

G 1

_—

Applications to Oxide and Silicide Fuels C5
% |

Applications to Oxide and Silicide Fuels C5

= Defect Evolution in Uranium Dioxide: %»
— Emulate ~1 MeV/amu fission fragment energy 3” i
- Use low energy noble gas (Xe, Kr) fons to implant P
gas atoms; use high-energy {~1 MeV/amu) solid o).
fission products [Zr, 1) ions e 1
- Replication of defect structures observed in in-pile =
irradiated fuels L B L]
= Amorphization Threshold of Silicide Fuels i g e e
- Insitu investigation of the amorphization threshold Eeigy, docasin of Bision wer:‘d“c:"“w
at low temperatures using IVEM-Tandem onvergy lass rate in UGy (Matzhe, 2000)

= This dynamic process fakes place at low dose and
can hardly be captured in in-pile irradiated fuels

i

x

om e %
RRADIATION TEMPERATUNE () DRRADIATION TEMFEMATURE (C]
Amatphization thieshold of UsSi and UnSi by in sifuion inadiation (Bancher, 190681907) Gas bubble formation induced by
40 ke Krimplantation and 72 MeV

B 1957 ten B Inestmcr Dt Wik s March 2224, 2016 liradiation o UDy {Matzks, 2000)
AN———— :

_—

E2REL;
E.
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Proof of Principle ATLAS Irradiation Experiments

Nuclear Fuels:
=  Monolithic U-Mo
« Dispersion U-Mo

.- VO,
= UZr
. SHUCFU.I'E Maren.afs Irradiation chamber Sample Stage
ZIRLO, Zry-2, SiC [Soegia sige i |
HT9, MAS5T, NF709

» Nanostructured nuclear maternials

Different materials; Different
doses; Different dose rates

20 Gaugsian fux distribution
a-_l.\' o Frutiple samples/dase

APS Characterization of lon-irradiated Nuclear Fuels C1 Proof of Principle

APS Characterization of lon-irradiated Nuclear Fuels C1
Proof of Principle 2.
E B,

Dispersion U-Mo after
lon-lrradisticons

In-depth ¥-ray diffraction sean

A

* In-depthprofileion irradiation
damage:
fnternal stress (WAXS)
=  Phase davelopment (WAXS)
Dislocation densiy(VWAXS)
s Bubble size amd distrbution (SAKS)

Fecused lon Baam (FiB}
milling for APS study

Patlin racout . Joomal of huchsar kioteroir, STLS €1
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Technique Demonstration: lon-irradiated Nuclear Fuels C1, C8

e
Technigue Demonstration: lon-irradiated Nuclear Fuels C1, C8

= Phase development of U-Mo:
= Only ion-radiation damaged
region preserves y-UMo phase;
phase transformation of y-UMo fo
(a-UMo + U;Mo) in the
unirradiated region.

Replicated the y-UMa phase
stabilization by neutron irradiation e

= Phase development of FMI;

= FMI was found to be nano-
crystalline (U, Mo)Al; structure by (I M
using both XRD and TEM i ' i i r

Replicated the neutron irradiation
driven FMI formation

= [Lattice strain analysis 1141
*  Lattice strain gradientsdeveiopmentas | 1. |
& function of dose/Xe concentration £
»  The strainedregions observedin the
experimentreasonably agrea with the

(230l i SRIM computation

X jon divecion

Diffraction patterns of the FMI area TEM of the FMI area

e
T = |

i i
1 |

A\ -
. VR
[En— '-F-ﬂi

Technique Demonstration: other synchrotron techniques used in studying ion-irradiated

materials C1, C8

Technique Demonstration: other synchrotron techniques
used in studying ion-irradiated materials C1, C8

= X-ray Tomography Microscopy (XTM, Nano-
tomography):
= Characterization of bubble morphology and
distribution in Xe irradiated U-10Mao monolithic fuel

X bubdle structure
weithin the U-108ts fus!

=  Small Angle X-ray Scattering:
*  Characterization of bubble superlatfice,
and other bubble structures in fuel
= Characterization of nano- and micro-

structural development in structural
materials

= X-ray micro-diffraction:

= Characterization of irradiation
induce strain development

D B
=

Mo Aftor Xe Irradiation (40 doa)

Mo B-ufwe_Xe J_.'md:'adon =

1. Sample size for
unirradiated fuel = 1 mm.
Irradiated fuel at 10%
BU = FIB sample.
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XMAT Layout

XMAT Layout

ﬁ % NS 12 Boi Ineelt et Opteba Warkilig March 22-24 016

=

Timeline of XMAT

Timeline of XMA

¥

Beam Switcher Upgrade +
Sample Station w/ T+ Strain

Extended Baam Tima

for ME Users

~

Current Capabilities
Er-aitu WRNSA0 Tomog raphy HE DM

&

APS Upgrade
Crpportunity to Bulld In-siu Hutch
Cohorent X-fay Baam

XMAT

Uisae Propessl Beoed Alocufon

Full Capability
High-Energy lon irradiation
In-sltu X-ray Investigation

Full Beam Avallability
100% Specified fon Beam

Hi-Relevance Applications
Rate-depenident processes
Microstructure evolution
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XMAT Schedule and Cost

XMAT Schedule and Cost

A phased approach allows achieving an operating system within the first year. Initial operation would
allow irradiation at ATLAS (200 hrs first year, 30% of operational days within the two years). In situ
operation at APS would come online as the APS upgrade is completed (5 years).

Description Achieves Costs
Design & Bulld multiuser besm  Full beam capability for 30% of $IM(ANL
Phase 1  switcher at ATLAS and imadiation  yearly operating hours for NE  contributes $0.5 M
Year 1 station programs - {Until complete far design)
Bagin XMAT full accelerator 200 frs of beam time will be
Phase 2 g Al allacated) $2M
Phase 1 Complete & Test Full beam capability for 30% of $1M
Year 2 E yearly operating hours for NE
Phase 2 B"::;“WMM g Ll programs (ex situ ) sam
; Ex Situ Irradiation Facility operates for 30% of yearly operating
Phase 1 hosrs (+2400 hrs of beam time for NE programs) Siiw
Year 3-5 Full bn-situ analysis under APS
Phase 2 m’mﬂmﬁ“‘"' user program + 1003 $3M/fyr
i inradiation time

Total Cost Build Cost S20M

Out year
. A lon source 1 man yéar, 3 man
TLAS Facili ?
opec:n;nal ATLAS facility ceases operation O e 555 M
ek

% ¥
G‘ ]

—_—

Key XMAT Advances

Key XMAT Advances

In comparison to most existing ion irradiation capabilities, the XMAT ion energies and currents are
=100 times higher, The increased ion irradiation energy (e.g., 132 MeV for xenon) enables several
critical advances:

+ It provides a unigue opportunity to simulate the effects of fission fragments in nuclear fuels,
where ions of all elements can be accelerated to fission fragment energies, while being
characterized fn situ.

*  For cladding and structural materials, the increased penetration depth of energetic ions allows
the "bulk behavior” to be examined, eliminating surface-sink effects, and allows understanding
of individual physics of ion damage including electronic, collisional, & added interstitial

= Theirsitu penetrating ability of the APS focusable hard x-rays, apphied during fon irradiation, is
another key advancement of XMAT that allows the interrogation of individual grains within solid
material samples during irradiation,

*  With this information and related computational modeling, the differences between ion and
neutron irradiation as well as the impact of fission products damage become much more
understandable.

XMAT can close the design loop for the nuclear materials community in two ways:
1)t provides accelerated testing for hundreds of samples (24; 7)
2}t reveals the key “single” physics dependences required for accurate computational modeling

gﬁ‘é
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BACKUP

BACKUP
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Nuclear Waste Forms

Nuclear Waste Forms

= Radicactive decay in waste form materials heats typical structures to ~100 C.

* Thistemperature is reached in a complex way as alpha particles electronically
excite waste form materials resulting in high temperatures along 10 nm diameter
cylinders with heights extending to 15 microns.

=  These cylinders after the passage of the alpha have 20% lower density and many
dangling atomic bonds.

*  The effect of this radiationon important waste form properties (diffusicn,
leaching and corrosion) has not been detected, in part, because percolation —the
overlap of these tracks — will not oceur for many decades.

R - %

=  XMAT allows an understanding of the
effects (diffusion, leaching and
corrosion) on individual tracks.

» Theory can then be used lo accurately
extrapolate to decades and centuries. i
%

__—=_ I o
ﬁ_—i n
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Presentation: Capabilities at the Idaho Accelerator

Jon Stoner

The Idaho Accelerator Center:
Jon Stoner — Operations Director
Wendiand Beezhold - Director / Faculty Chair
Rick Spielman — Assistant Director

Idaho Accelerator Center
Idaho State University
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Idaho State University RISE Complex

Dr. Eric Burgett
Director, RISE Complex
Idaho State University

~ Supporteconomic development

+ ISU Physics and Nuclear Engineering
— Faculty : Nuclear Science orientation
— Graduate MS/PHd programs

— —
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ISU RISE Comple
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IAC Alvin Ricken Drive

IAC Alvin Ricken Drive

R —

44 Me\, 25 MeV

44 MeV LINAC (Main Hall)
RF Freguency: 1300 MHz (L-Band)
Energv Range: ~2-44 MeV (current varies)

Pulse Width: ~60ps (Bunched only) to 2 micro
seconds (certain discrete widths only)

Repetition Rate: single pulse to 180 Hz
Ports: 0 degree and 90 degree (Beam energy
resolution ~ 1+ /- 15%)

Pulse
Width

Maximum
Current

Charge/ Peak
Pulse e-Dose

SnC 2% 10" radsis2.5 % 10%rads/s

2ns 3A 20nC 1x10%  1.2x107
20ns 1A 80nC 6x10%  7.5x10°
100ns 1A 100nC 2x10"  25x108

2000nC 1% 10M 1.25x 10°
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25 MeV LINAC (Main Hall)

Energy Range: <425 MeV (current varies)
| Pulse Width: 500 to 4 micro seconds

Bepelition Rate: single pulse to 360 Hz

Portsy 0 degree, 45 degree and 90 degree (Beam energy resolution « 14 /-
15%)

P .
258 Energy vs Current
Energy (M) Dpors [mAy A5 pont (mA) B0 pert ()
n 55 55030 50 1615
£l 0 WeLus EBE A
% 00 8@ 3EUS 3881615
- = 0@t 188 80
g1 i ELLErS TERIus
9 it N i 158 5us
8 0 0o [T
4 30 EIT T Hess

RF Frequency: 2856 MHz (S-Band)

Energy Range: ~25-48 MeV (current
varies)

Average Current: 10-150 uAmps
Pulse Width: ~1 to 9 micro seconds

Repetition Rate: single pulse to 300
Hz

Ports: O degree, 45 degree

Special features: High power water
cooled target
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Tri-Mev

*Energy: 1-3 MV
*Pulse width: ~20 ns

*Rep Rate: ~1shot/3-5 minutes
sInstantaneous current: ~18-30k Amps

Applications: Radiography, Dose
Rate Effects

| Proton/Deuteron Accelerator
8 MV acceleration ~ 200 uA
possible

High current source (>1mA)
Chopper/buncher available
Neutron flux ~107%em?
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TEM/SEM/FIB Lab

1. Can you also handle
actinides?

Jeposit k)
- naging — BSD STEM imaging
+  FEIESEM cold FEG XL-30 ~ In-situ dynamic laser heating

- Hot (1200 C) and cold (77K) stages L ch
= s i 100 KV digital imaging TEM

« X-ray microscope (300 nm resolution)

~ Energy Dispersive Analytical X-Ray » Materials discrimination capability
spectroscopy

- EBIC spectroscopy
- Dynamic strainingand bending stage

_ En‘.f.;’
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Pulse Power Accelerator (SLIA)

Spiral Line Induction Accelerator is a pulsed-power accelerator by Titan Corp. It
produces an electron beam of 1-2 cm diameter
Energy Range: ~2.5 to 7 MeV (+/- 10%) (mono-energetic)

Beam Current: 12kA at 2.5 MeV, 7kA at 7 MeV
Pulse Width: ~35 nsecs, rise/fall time 7-15 ns.

Repetition Rate: single shot every 3 minutes
Ports: 0 degree

- 2856 MHz (S-Band)
Energy Range: ~4-20 MeV (current varies)

Average Current: 1 uAmp
Pulse Width: ~20 - 40 n secs
Repetition Rate: single pulse to 300 Hz

Ports: 0 degree, 90 degree
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IAC Airport

Features:
+20,000s4q. ft. of high-bay space for large scale systems testing th

~15acres of openareafor fleld tests
«25 MeV accelerator

+Fleld portabie digital radiography system
«X-ray generators from 30-450 KV

Specialty Accelerators

[The Idano Accelerator I
Works, a private contractor,

operates this 4MeV portable

LINAC out of the IAC. The

principle application is for b
radiography of thick andfor = cilha
dense materials.. It has been lal® o -
used to qualify for NASA the . .
containment of the nuclear il _ I
thermoelectric batteries for il ..o i
the Mars Rover and the New Bl s ® e
Horizons spacecraft. o
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Science Capabilities and

'+ Nuclear nm-ﬂrﬁlifmnhon ‘and nuclear secwll;.' R&D
= Partners with UaE. DoDand private seclor.
+  Non-destructive Materials Analysis
+  Isotope Production for medical and industrial applications
'+ Accelerator applications

WA

Rapid Activation — Fast Detection Assays

* Optimizaion possiviltes plentiul

= I{mﬂJﬂ!ﬂﬂn l’ﬂgmmm h 0% ﬂl“ 108 107 10t 10°
~ More efficient y-ray detectors Th + U Mass (g)

Add neutron detectors

— | e i
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Integrated Radiography — 22 MeV

25 meter distance 75 meter distance

A

Example: Energy Production: Nuclear Waste Burn-up

Example: Energy Pl'Oduauon. Raclaar
Wa%‘t’e Burn-up

_ [ 291 “Bumup Target
| Neutrons and Gammas
both work.

: 9'3'2: Bumuﬁ"mger
Neutrons only.
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Production of Isotopes

- =
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Presentation: CMUXE, Purdue University
Jitendra Tripathi

An overview and capabilities
for
advanced materials characterization
at CMUXE

Jitendra K. Tripathi
Ahmed Hassanein

Center of Materials Under Extreme Environment (CMUXE)
School of Nuclear Engineering
Purdue University, West Lafayette, IN 47907

Annual NSUF Users Meeting, Idaho Falls, ID

March 22-24, 2016
Wi GMU PURDUE
'f,qo.;-" E UNIVERSITY

Outline C CE%

Overview of CMUXE

lon irradiation and characterization facilities at CMUXE
Recent results using “lon irradiation and characterization
facilities” at CMUXE

[ conclusion

00D

PURDUE et NN

160



Center of Materials Under Extreme Environment (CMUXE) GMY

Experimental Laboratories

IMPACT

U DPP

v’ CMUXE established
in Fall 2007

v Expt. program

UHFI started ~ 2008-2009

v Number of
Publications: 197

IMPACT.
1
4

[ “UHFI

J SUSNAG - Surface Science and Nanostructures Group (from 2008- till now)
O IMPACT - Interaction of Materials with Particles and Components Testing
O UHFI = Ultra High Flux Irradiation

O PRIME - Particle Radiation Interaction with Matter Experiments

J LMIG - Laser Material Interaction Group

a LPP = Laser produced plasma

- HEDP - High Energy Density Physics

= DPP -» Discharge Produce Plasma

1. IMPACT and UHFI are
ion beam facilities.

In-situ advanced materials characterization

¥

Thinfilm & multilayer deposition (using precise four-pocket e-beam evaporator)
lon beam sputter cleaning (NTI 1401 and 1402 ion source gun; 5 eV- 5 keV)
lon irradiation (KDC 10; 300 eV- 1.2 keV; LN, to 1100°C substrate temperature)
X-ray Photoelectron Spectroscopy (XPS)
Auger Electron Spectroscopy (AUGER)
Ultraviolet Photoelectron Spectroscopy (UPS)

Low-Energy lon Scattering Spectroscopy (LEISS)

N W R ONOK
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IMPACT Laboratory: schematic diagram ;MY
st \"'ﬁ‘

wt

In-situ advanced
materials characterization

¥ XPS

v AUGER

v LEISS - e

v EUPS >

v o 4
Thin film & ML g £
deposition

¥ lon beam sputter cleaning
¥ lon irradiation (LN, to 1100°C substrate
temperature) main load lock.

PURDUE

KDC-10 ion source gun (Graphite two-Grid 1-cm Dia. lon Optics) Gﬁ%

- ion beam profile
E 12004
ion source g
gun = 800,
_ z
ion beam 3 el
=
sample B
3 & . . : :
: | 2 3 [l
distance (cm)
len gun Energy ion Flux beam spot ion source

(e (ions m-¢s-1)
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UHFI Laboratory ;Y

lon Irradiation facility

s B RF sputter
.d_ ositlon Unit

1. Does the eH-400LE
beam spot need to be
broad?

2. Yes, in our case need it
for homogeneous ion
irradiation on the entire
sample.

Energy ion Flux beam spot
(eV {ions m-s')
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eH-400 LE ion source gun CuE

‘ plug-in filament electron emitter

l ! i . modular anode
(anode and gas distribution)
main module

magnet system &
electrical & gas inlets

O Energy:70-300 V

O lon species: Inert gas ions, O,
N*, H' etc

O Flux 2 1.15x10%! jons m2 s

'?bRDUE

MU
G E E
He' ion irradiation

o 3x10% ™"
£

¢ J e .
0 20 30 40
lateral width (mm) _

Lo -

lon enengy distribution fusction (wu}
2 2

L ] 2 3 4 3
lom energy (ke'V)

lon gun Ener?y fon Flux beam spot ion source
(eV {lons m-2s")
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in-situ simultaneous laser & ion
Jﬁ' irradiation

In-situ simulataiuous dual ion beam
irradiation and transient heat loading Sample

pulsed laser deposition (PLD)

WACLITL GRTge

1. Fusion applications, laser
heating to 2000°C

Thermal desorption
spectrometer:
TDS 40A1

-~

Turbo Pump

Heating stage (inside
the UHY Chamber);
this the place where
4 sample is siting

View port Chamber Thermocouple
3 TDS > Ramping of surface temperature and simultaneous measurement of the intensity of the

desorbed particles, using residual gas analyzer (RGA).
J Larger descrption temp. - larger binding strength: Larger TDS Peak area - larger coverage.
d A detailed analysis of the obtained curves can yield a number of kinetic parameters, such as: (i)

heat of adsorption, (ii) pre-exponential factor, (iii) desorption order, (iv) evidence for different
adsorption sites on the surface, and many more.
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RF sputter deposition facility GMU

B Mantis RF Sputter Deposition Guns: [0-300 watts (RF), Non-ferrous materials; 1 in.
sputter target]

B 1 Mantis RF lon Gun: 0-600 watts (RF)
_ B Currently capable of running two sources simuitaneously
B Film deposition (tested successfully): Ni, W, Co (couple of micro meter thick layers)

1. 1-2 um per hour
deposition

2. For high-Z materials
(W, Mo, Ta, etc.)

RF sputter deposition facility ciY

B All sources converge on a single point enabling co-deposition or
lon Beam Assisted Deposition (IBAD)

B Sample stage allows for positioning of the sample in the z
(up/down) direction and rotated the sample during depesition for
homogeneous coverage

B QCM is mounted in on a y axis (infout of page)

B |mage on the right shows QCM (center) and sample stage (top

center)
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surface morphology and optical property measurement facility GMU

PURDUE BN L

1. Also has associated user
facilities with TEM,
S/TEM, etc.

2. Also has access to use the
USER facility at BNC
(Birck Nanotechnology
Center), Purdue
University (partial list,
closely related to this
workshop): With state-
of-the-art fabrication and
characterization facilities,
highly qualified
personnel with expertise
in design, fabrication,
packaging, and
characterization, the
BNC is the place to work
on the development of
new systems and
technologies. A partial
list (related to this
workshop) of the
research activity at BNC
is as follows:

(1) Nanoscale Metrology:
Scanning Probe
Microscopy (SPM),
STM, AFM, Field
Emission (FE)-SEM,
TEM, in-situ TEM,
XRD, XPS, AES,
Electron Energy Loss
Spectroscopy (EELS),
ISS, Low Energy
Electron Diffraction
(LEED), Focused Ion
Beam Imaging (FIB),
Raman Spectroscopy,
Photoluminescence (PL),
and Near-Field Optical
Microscopy (NSOM);
(i1) Materials Growth and
Deposition: Molecular
Beam Epitaxy (MBE),
Metal-Organic Chemical
Vapor Deposition
(MOCVD),
Plasma-Enhanced
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Chemical Vapor
Deposition (PECVD),
Halide Vapor-Phase
Epitaxy (HVPE), Pulsed
Laser Deposition (PLD),
Atomic Layer Deposition
(ALD), Reactive
magnetron sputtering,
Electron Beam
Evaporation, Thermal
Evaporation, and Sputter
Deposition;

(ii1) Nanoelectronics and
Microelectronics:
Molecular Electronics,
Nanowire Electronics,
Carbon Nanotube
Electronics, Silicon
Microelectronics,
Compound
Semiconductor Devices,
Wide Bandgap
Semiconductor Devices,
Thermoelectric Energy
Conversion, and
Photovoltaic Energy
Conversion;

(iv) Nanofabrication:
Optical
Photolithography,
Electron-Beam
Lithography,

Circuit Layout
Workstation, Optical
Mask Generation,
Reactive lon Etching
(RIE), Inductively
Coupled Plasma (ICP)
etching, Focused lon
Beam Machining, Plasma
Etching and Cleaning,
Wet Chemical
Processing, Thermal
Oxidation and Diffusion,
and Rapid Thermal
Processing (RTP);

(v) Electronic
Characterization:
Current-Voltage
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Metrology (LV to

10 kV), Capacitance-
Voltage Metrology,
Admittance-Voltage
Metrology, Admittance-
Frequency Metrology,
Deep Level Transient
Spectroscopy (DLTS),
Photoresponse
Metrology, Hall Effect
Metrology, Microwave
Characterization (to over
200 GHz) Variable
Temperature
Characterization (10 to
650 K), and
Ultra-Low-Temperature
Electrical
Characterization (using
liquid helium).
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lon Irradiations and advanced materials characterizations at GcMU
CMUXE : Proposals / Projects (examples) E

"/LOW energy high-flux ion induced modifications in high-Z refractory metals for
nuclear fusion applications.

‘/Indlvldual, Sequential, and Simultaneous dual ion beam irradiation induced
surface modifications.

v/ Laser and lon beam exfoliations in 2D materials.

¥ Thermal desorption spectroscopy (TDS) studies.

v Nano structuring in novel 2D materials using pulsed laser deposition (PLD).
v In-situ low-energy irradiations (in a temperature range of LN2-1100C).

v/ Transient thermal heat loading (1.5 MJ m™2) on high-Z refractory metals for
nuclar fusion applications.

1h"/l'dancl-strut:turir'|g in semiconductors via ion beam irradiations for their various
technological applications.

‘/lol‘l induced surface modifications in thin film and multilayers.
"/5&“" ordered and self organized nano patterning using ion irradiation.

P s, Pl
B "= a TRTY P
PURDUE = e,
Slide 17
M
Gt

Proposals / studies going on and recently
finished in SUSNAG at CMUXE

= A, £ -“I’:r’: oy W
PURDUE = P NN
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Slide 18

Temperature dependent surface modification of Mo due to 100 eV He* ;MU
ion irradiation @ 2.6 x 10%* ions m? fluence (flux: 7.2 x 10%° ions m? s E

prislirrei d) A
[ R

Le 70 nm
refinciivity for pristing tample = S4%

> 7 8 & 8

750 800 1050 1200
target temperature (K)

reflectivity (%

Iength {nm)
2
\

(3 o0 1000 100
target temparature (K}

# 773 K 2 homogeneously populated Mo nanograins; 823 K =
appearance of nano-pores and pin-holes nearby the grain
boundaries, along with 2D Mo fuzz in patches; Seguential
enhancement in fuzz density (3D} with temperatures until 973
K; counterintultively beyond 973 K2 sequential reduction in
fuzz density till 1073 K; finally at 1173 K and above < No
fuzz at all, only Mo nanostructures!

» Temperature window for Mp fuzz formation, 823-70TIK Is
significantly fower gnd narower than that of tungsten (1000- |
2000K)!

# Unigue stacking of nanodiscs ar 1223K/
Tripathi et al. J. Nucl. Mater. 464, 97, 2015

100 eV He* ions 1.3x10% ions m2 (flux > 7.2 x 10% ions m?s") @ 923k~ G MY

O Evolution of elongated half-cylindrical
Mo nano-platelets on the entire Mo
surface,

U The calculated average length of half-
cylindrical Mo nano-platelets 2 ~70 nm

J Fig.(f) = the line profile from the marked
position (green line in figure (e)).

O The observed average width and/or
diameter of these platelets are ~ 55 nm,
however the average protrusion of the
curvature from surface were ~ 14 nm.

ﬁ 0.

& 0.04

g 0 25 50 75100 0 200 400
length (nm) distance (nm)
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Q Line profiles of the typical grain 2
size of the grain—=>~ 450 x 162 nm

U Evidence of 20 45 nm
encapsulated bubbles within the
grain boundaries of this sub-
micron size grain are clearly
evidenced (marked arrow on the
figure)!

QO These  preferential  bubbles
fermation at grain boundary
shows He accumulation at grain
boundary and He diffusion along
the grain boundary.

0 Evidence of, a few large bubbles

E
5
3

on the top of same grain as well. ]
0 E 04
=204 g-'lu- .
oy E20
200 400 ) 100 200 m
Tripathi et al. Appl. Surf. Sci. 353 (2015) 1070 distance {nm) distance (nmj) '
TR LEME e 30
B Wkl [] g ] [ ]

Temperature dependent surface modification of Ta due to 100 eV He*
ion irradiation @ 4.3 x 102 ions m*? fluence (flux: 1.2 x 10*' ions m?s™)

M
CH¥

"
=% 0 B 0 g
Lyt P Bty i )

Homogeneously E g

populated pore E°* {b) g aone

formation, having - .
o 0 - -

average size ~ 50 nm in

1223K]
= el {
% wl 123K
1w '::|_L
S fiih _
E 11 1023 K|
: : g %

(d} 11 LS 122 37K il $ ol
¥ o 923K/

¥ - ol

o T A A, o i
o 00 £ Lo &0 1000 W0

=
diameter (nm)

diameter and ~9 nm in " "R "R g mpgre e

depth. = % O T gy~ T
PURDUE  Novakowski et al. J. Nucl. Mater. 467, 244 (2015) * EL 1 ,1-" 5
UMINERSITY ":.-m.\_.' = -
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Structural response of transient heat loading (1.5 MJ m™2) on a Mo surface

exposed to 100 eV _He*ions (2.6 x 102 ions m-2fluence )

Temperature-dependent surface porosity of Nb,O; under high-flux, low-
energy He*ion irradiation

Viinein

Novakowski et al. Appl. Surf, Sci. 362 (2016} 35 P

PURDUE '
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GMU 1. What materials can be
Conclusion & handled? Actinides?
O Availability of low energy (70 -5 keV) high flux {up to 1.2 x 10?! ions m? s7) helium, 2. We are NOT handling

hydrogen, and deuterium ion irradiation facility. di . terials d
radioactive materials duc

O Availability of in-situ low energy (300- 1200 eV) high flux fiux (up to 1.2 x 1021 ions m* to safety issue.

5"} helium, hydrogen, and deuterium ion irradiation facility.

3 Availability of in-situ thin film & multilayer deposition, lon beam sputter cleaning, ion
irradiation, XPS, AUGER, UPS, LISS and, EUPS facility.

3 Awvailability of Individual, Sequential and Simultaneous dual ion beam irradiation
facility.
O E beam, RF sputtering and pulsed laser deposition {PLD) facility

J Availability of in-situ simultaneous “dual ion beam irradiation” and “transient heat
loading” (using a ms laser).

3 Possibility of the availability of 10k-100kV electron source gun.
I Availability of thermal desorption spectroscopy (TDS) facility.

J More information about the CMUXE are available at :
https:/iengineering.purdue.edu/CMUXE/index.htmlihttps://atrnsuf.inl.gov
J Contacts: i

__ # Prof. Ahmed Hassanein (Director, CMUXE): hassanein@purdue.edu ™
.I- # Dr. Jitendra K. Tripathi (Group leader of SUSNAG at CMUXE): jrripat@purdue.edu

SUSNAG experimental team at CMUXE, Purdue University C-%_ié_

.o

Jitendra K Theodore J Nikhil Arvind

Tripathi Novakowski ~ Gonderman

Bharadwaj Sundaram

PURDUE
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Presentation: High-energy lon Implantation Capability at LLNL

Scott Tumey

The high-energy ion implantation
capability at the LLNL Center for
Accelerator Mass Spectrometry

NSUF lon Beam Investment Options Workshop

Scott Tumey

March 23, 2016

B Lawrence Livermore
National Laboratory

CAMS is recognized as a signature scientific user
facility at LLNL.

= Routinely measures >20,000 samples each year
for a wide range of sponsors.

= Generates dozens of high-impact publications
each year.

= Home of the NIH National Resource for
biomedical AMS

* Primary capability for national-scale carbon cycle
program funded by DOE-BER

= QOver 100 PI collaborators in academia mostly
funded by NSF

’ . o
i | Altarnative Fuak
npment

e

I;';‘“ft
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CAMS was established as a center of excellence for the
application of accelerators for basic science and national
security research.

ad

10 MV Multi-purpose tandem

Versatile design enables a wide range of accelerator-
based research activities with high-throughput.

Cs Sputterlon Sources

Heavy-element AMS beamline
& ' E T e
0 -4|:|

10-MV Tandem

[m)

Implantation experiments can be setup

; : : Plasma discharge ion
while AMS beamlines are operating =

: a source
virtually no down time. e
Compact AMS system

1.

2.

. Additional flexibility due

Couple minute switch
between ion sources.

Since there are four
computer controlled ion
sources, you can do one
type right after another
for quasi-multi-ion
irradiations.

to multiple beam lines.

176



Modular design of end-station allows for
customization for each experiment.

= Wide temperature
range (0-750 °C).

' = Can conduct
experiments with
radioactive materials
(e.g., HEU, Pu, etc).

= Shielding enables
experiments that
produces prompt
radiation.

NS4 -

1. Can generate negative

Multiple ion sources can produce ions from nearly ions of some noble gases
every element on the periodic table. (work in progress).

' Heavy ions Noble
i e (C.Fe,U) | Gases ‘
Typical energy 2-18 MeV 42T MoV 20100 MoV iinder
Maximum current 20-30 UA 5-10 UA 1-10ua  development
o - . Fission
S Isotope production, He e .
Applications S dpa product
H injection injection injection
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Slide 7

1. Is the sample temperature
A custom designed heated sample stage provides stage feedback looped

stable and precise temperature control up to 750°C. into the beam
production?

2. Response to Comment 1:
; We do have the

Block heated by cartridge capability to have these
Rontars: {ow) controlled with an

/ automatic feedback loop;
. however, we find that
/ because the factors that

Water cocled Heat shield

can affect beam current
have a wide range of
magnitudes and time

Cooled (Air/LN) stage provides fast constants, precisely
response temperature control tuning this lo op is

difficult. So in practice,

we maintain feedback
between ion current and

temperature manually.
e A NISA -

Slide 8

1. Calibrates the IR camera
Robust sample mounting and high-resolution IR imaging to the TC behind the

are critical to temperature control and measurement. sample for each run.

298
Gaa7 - !

B I =—1-Thermocouple
o
Ea9e L0
T SD = 0.5°C
Sl ' Set screw
w282
o
291 | .
120000 00000 120000 00000 120000
‘ mmmw Mﬁ 5
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1. Do you keep a running
Absolute, two-dimensional beam dosimetry is tally of the beam profile,

challenging, but necessary when using a defocused beam. or is it an in-beam/out-of-
beam measurement?

« Custom-designed multi-pin Faraday cup 2. Regarding your comment

enables reconstruction of spatial beam about using the tails of
intensity. the beam profile to

= Rotating wire (BPM) provides diagnostic achieve different damage
information in between Faraday cup

levels, can you trust this

method when the damage

varies so steeply with

T position? Any beam

esa0 AT DR T “drift” will have a big
A HERpeR | | impact on the actual

damage to the sample.

measurements.

3. Response to Comment 1:
The Faraday cup
measurements are
periodic in beam
measurements. We

00180 0.0170 0.0160 00150
Time (s}

W Lmooncn Uvermors Nasonat Laboratory augment this with the
BPM, which provides
relative measurements
constantly throughout the

experiment.

4. Response to Comment 2:
This is a very good point.
Our beam stability is
quite good, typically
+/- 0.1 to 0.2 mm, and
the drifts are captured by
the BPM, which runs
continuously throughout
the experiment.
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Deeper penetration depth afforded by high
energy enables “volumetric” implantation.

= “Peak” dpa rates: 10°to 10 dpa/sec

= Sample area:
— 25x%25mm (rastered)
— 10 mm defocused beam

He implanted into Pu for DAC

.

Hos
18 Displacement damage resulfing . .., w l
=14 from Fe implanted inta Fe L1
s | =133 MaV l
£ —T0 MY o \
'E 1.4 Eﬂ! |
fa , .
] < — ?
% 06 | @ 1 N \39\ 40 50 60 TO B0 90 104 110 120
Equ | Depth {um)
var
gaz 1 e
J " Prnn

w

Implantation capability provided key data to the
LLNL weapons program.

* Implanted He into Pu at 40 discrete
energies to produce “uniform”
deposition over 70 um.

= Analyzed samples for microstructure
(TEM) and equation-of-state (DAC) to
assess effects of long-term (~200
years) aging of stockpile.
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lon implantation helped elucidate the role of ODS
nanoparticles in radiation tolerant steels.

80 70
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= 0DS samples irradiates with Fe
(displacement damage) and He ions.

= TEM analysis showed small {~*2 nm)
bubbles coalesced around ODS particles
(Top figures)

= Cavities observed in areas of steel with : Ef‘f
low concentration of ODS particles e | NS \ :
{Bottom figures) Underfocus (-0.5 jpm) in-feent

‘ mmwmm &ﬁ 1z

Recent collaboration with UCSB produced A “big
data"” library: peak dpa = 3.5 at 295°C
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1. Approximately 90 days
Accelerator is currently utilized at ~75% of available for additional

available capacity_ work. Setup can be

performed when the
system is being used for

Typical usage another irradiation.

Maintenance 35 days

* Modular design of accelerator

Radiocarbon 150 days system enables setup of ion
beam experiments during

Be-10, CI-36, Al-26 50 days _

e : : 5 other operations so nearly all
Actinides, 1-129 25 days unused days could be used for
Implantation 15 days high-energy ion irradiation.
Unused 90 days

Accelerator is supported by a large number of diverse sponsors, but there is sufficient capacity

available to perform research relevantto NE.

‘ T - : .,'N;‘ﬁ.,_ 14

1. Proposed experiments
Upgrades to implantation end-station would greatly bridge the gap between

enhance the experimental capabilities available to NE. O S MG
structure properties.

2. Could measure both
microstructure as well as
physical properties.

= Low-energy accelerator coupled with TEM (e.g.,
IVEM at ANL) is a powerful tool for in-situ
characterization of microstructure evolution

= A similar approach built around the CAMS high-
energy implantation beamline could allow for
real-time studies of bulk property changes to
materials under irradiation:

— Non-equilibrium defect concentration via positron
annihilation spectroscopy

— Dimensional instability via capacitive plate
dilatometry

— Embrittlement and stress-corrosion cracking via non-
linear acoustic ultrasound

Lawrence Livermore National Labaratory 15
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1. This would create a true

System could be reconfigured to enable dual- dual-beam system.
beam (Heavy ion + H or He) irradiations.

= Remove legacy beamlines

= Connect microprobe to
implantation beamline

My Lo e ko b NS4 -
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Presentation: Wisconsin IBL
Beata Tyburska-Pueschel

Wisconsin ion beam laboratory: capabilities and needs

Beata Tyburska-Puschel

University of Wisconsin-Madison

Engineering Physics Idaho Falls, March 23, 2016

UNIVERSITY OF WISCONSIN-MADISON

Introduction
I | 1. No pre-imadiated

material (transuranics).

[ntroduction 2. How much NSUF use to
you get?

CLIM - Characterization Laboratory for Irradiated Materials

# lon beam lab — ion-irradiation and IBA
» ATR-NSUF facility since 2011

* PIE equipment

* Sample preparation

» Non- and radioactive samples: 10 mCi storage, 100 mR/hr
unshielded on contact, no transuranic products
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lon-irradiation

1. Commissioning a new
sample chamber in April.

lon-irradiation

=T
Ly =

* 1. 7MV tandem accelerator from NEC, 3 beamlines
* TORVIS and SNICS ion sources

+ Almost all types of ions possible, no Noble gases except He, no
low-current cathodes

s Max. area: 4cm?, various sample holders
» Temperature controlled by thermocouples and IR camera
* Beam spot observation and recording by a digital camera

New irradiation chamber

1. Can change samples
without breaking

" " " vacuum.
New irradiation chamber

* Remote four jaws Ti slits

* Chamber with a pre-chamber
» Sample goniometer

* In-situ RBS, NRA, PIXE

* Digital and IR camera

Iradiation parameters

External heating: —150'C — 800°' C, 900 C flash
Proton flux range: 1x10" —2x10'% p/(cm?)
lon flux range: 4x10'% — 6x10™ ion/(cm?)

4of 13
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Sample goniometer

Sample goniometer

» Motorized 2-axis MultiCentre manipulator

» 1" diameter puck sample holder

» 6 pin type K thermocouple feedthrough

* Sample biasing/current measurement

» Tantalum wire heater element on a boron nitride mandrel for
heating up 900" C (flash heating) and 800" C (radiative heating)

* LN2 sample cooling facility to —150°C

Other equipment
N (1. What is the activity or

dose rate level you can
handle?

2. Answer: exposure
100 mRem/hr unshielded,
on contact.

Other equipment

Radiation certified:

* Sample preparation equipment — low
speed saw, polisher, ion mill etc.

» Analysis techniques CLIM — SEM with
EDS and EBSD, TEM, XRDs

¢ MSC — non dust producing equipment,
e.g. Raman, AFM, etc.
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Projects

400 - 800 hours of irradiation per year, 10-20% NSUF

Federal grants

» Defects in off-stoichiometric UO»

» Densification and thermal conductivity in irradiated UN and U;Siz
» SiC: Ag diffusion, dose to amorphization, BSDs

» Neutron damaged simulation in steels

» Hardness change with dpa in new Zr-containing ferritic steels

Current NSUF projects

« Irradiation effects on properties of LWR concrete
» |rradiation study of zirconium diboride
Tof13d

1. NSUF: 40-50% in 2016.

Lab needs

Lab needs:

» Support to pay staff salary

« Upkeep of equipment

» Annual cost $200k

» Currently supported by NEUP/NSUF - subject to fluctuation
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Beamline 1 — in-situ irradiation and TEM

Beamline 1 -in-situ irradiation and TEM

Shift from subsequent to simultaneous

We have:

¢ The 1.7 MV tandem accelerator
» JEOL 200CX TEM

» TEM technician for adjustments

We need:

 Space — digitalize control room $50k
* Adjust TEM $20k

*» Adjust the beamiine

* Know-how — ANL

Sof 13

1. Consider applying to the
DOE-NE General
Scientific Infrastructure
Program for FY 2017 for
this modification.

2. Would the in situ TEM
be placed on one of the
two unused beamlines?

3. What is the cost of
microscope
modifications?

4. Yes, it will be attached to
Beamline 1, which at this
moment still hosts an old
irradiation chamber.

5. We estimate the total cost
to be around $130K.

Beamline 2 -in-situ corrosion, triple beam

Triple beam ($250k)

» Low-energy ion guns for simulations
irradiation with e.g. He (bubble
formation) and Ag (diffusion in SiC)

In-situ corrosion stage ($50-100k)

= Study synergistic effects of irradiation
and environment in FHR

» Development of a dedicated beamline
for studying the coupling effect of
irradiation and corrosion in HT/LP
molten salts.

Beamline 2 — in-situ corrosion, triple beam

1. Consider applying to the
DOE-NE Infrastructure
grant program for these
modifications.
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Criteria

Ability of the facility to provide a variety of ion 1 MeV - 5.2 MeV, max. 8.5 MeV after repairs and upgrades.
C2irrad (ion types, gies, multiple beams, IONS: H, D, He, sputtered ions; no Nobel gases. Single gun, triple
ete) beam iz p
Ablt\ro!ﬂu ildm to collect and analyze In-situ depth profiling and ation analysis of impl d
€4 mi ization data onsite and in- |species through ion beam analysis; surface chemistry monitoring
situ. through PIXE
About 20% of irradiation time goes to NSUF, 70% to federal
NE support and activities [performed and projects, and 10% to other projects. Recently won a NEUP
C5 anticipated) at the facility including the volume of infrasturcture grant (5200k), total 4 NSUF project, currently 2
experiments that can be handled. ‘engoing, numeraus NEUP, IRP, and NSF projects. Total irradiation
hours about 400-800/year, estimate for 2016 is 1200 h
State license lnf storage and t of rad i |
o7 Ability of the fadiiity to handle rad Is |Notr prod! Storage limit 10 mCi. Max. exposure of
in the beams and elsewhere onsite. 100mﬁfhr unshielded, on contact. Hot cell, sample storage,

for sample prep and analysis.

Contact

Beata Tyburska-Puschel: tyburska engr.wisc.edu

ibl.ep.wisc.edu

W have botm § Buclc s S-uﬂw aer Fénlr!h nr aved 5 p-em
huﬂﬁlﬂwﬁmuuvbdmmwwm- ing
raadbgactivg Baterlsls 1pck 54 veabimm boc's oad BERlFoA- uu‘ht« materisti
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[ Looking for work:
Please donate for
Asst Professorship
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Presentation: In situ lon Irradiation Transmission
Khalid Hattar

w . In situlon Irradiation Transmission Electron Microscope
' at Sandia National Laboratories
K. Hattar

lon Beam Lab at Sandia National Laboratories
March 23,2016 [0 2

Quuine
1) Recentresults
InAu (NPand
N NC films)
M| 2) Recentresults
W InNifilms
3) Future
directions
4) Far-outfuture
directions

Lollaborators:

= IBL: D.C. Bufford, D. Buller, C. Chisholm, B.G. Clark, J. Villone, 5. H. Pratt, M. Steckbeck, J. Kotar & M.T Marshall

= Sandia: B. Boyce, TJ. Boyle, FJ. Cappiliing, JA. Scoft, B.W Jacebs, MA. Hekmaty, D.B. Robinson, WM. Mook, F
Abdeljawad, & S.M. Foiles

« External: A. Minor, LR. Parent, L. Arslan, H. Bei, EP George, P Hosemann, D. Gross, J. Kacher, & LM. Robertson

T wore wad EEGoNea Ty 7S Deparnnaery of Eregy . tfios of Bu oy Bchenims

B N LR TR e 8 TR

1. This facility has greater
specific capabilities that
appear different than
other facilities we heard
about. In addition, there
seems to be quite a bit of
room in their schedule to
do more experiments
from NSUF.

2. This facility was

amazing!
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IBIL from a quariz stage inside the TEM

Sandia’s Concurrent In situ lon
Irradiation TEM Facility . . ...

10 kV Colutron - 200 kV TEM - 6§ MV Tandem

Directreal time observation

of ion irradiation,
ion implantation, or both
| with nanometer resolution
lon species & energy introducedintothe TEM
50+ . :
a5t O wG
g; * 2 Ne ® Mo "
2 10te : ; r‘ g
S # T m W
L 5L i " : 't'; alit i
= a
2 HIY =P wme g
D-:'Lt
o 0 80 120 160 200
Atomic Mass
Sandi Netional Leboratories
- Single lon Strikes:

46 keV Au'- ions into 5 nm Au nanoparticles

[nllnhnrqlnr I]E Butford
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Single lon Strikes:
2.8 MeV Au?* ions into 60 nm Au nanoparticles

Coliaborator: DUC. Bullord

: = 2.8 MeV Au** ions into
60 nm diameter Au
11 nanoparticles
= 100 kx magnification
= Nanoscale filaments

created by individual
Vidao playback at 2x raal thme.

ions

The permanent and
transient structures
resulting from single ion
strikes can be directly
observed

(1) st s Laboratories

_Formation of Dislocation Loops & Sputtered Particles
due to He implantation

Collabaratory: [.C. Bulford, SH. Prot & 1.1 Boyle

g1 dmin|

[0fnm]

0 minutes
d, =263+ 077 nm|

10 minutes
d,, =206 074 nm |

D4t 04l

|
& o2t | 02
u w \
.a/ |
i 4 Tz F 5
Sputtered Pamcle Drameter (nrn] Sputtered Particle Diameter (nm)
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Electron Tomography Provides 3D Insight

In situlon Irradiation TEM (I*TEM) AlignedAu NP it series - UnirradiatedAu NP model
unirradiated

Irradiated Au NP model

AlignedAu NP tilt series-
irradiated

Hummingbird
tomography stage

The application of advanced
microscopy techniquesto
extreme environments provides
exciting new research directions

Dose Rate Effects

Collaborators: C. Chisholm | P'. Horemann, & & Minor

7.9 x 10? ions/em?/s 6.7 x 107 lons/cm?/s

Improvedvibrational and ion beam stability permits us to work at 120kx
or higher permitting imaging of single cascade events
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Quantifying Stability of Nanocrystalline Au during 10 MeV Si lon Irradiation

- d -%ing Stability of Nanocrystalline Au
JEt iring 10 MeV Si lon Irradiation

mborators: 1

Orientation & Index Before

Orientation & Index
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~ Modeling Beam Mixing and Deflection Necessary to

Develop a In situ Triple Beam Facility
Colloborators: M. Steckbeck, D.C_ Buftord, & B.1 !Exlr

P farciues b MEP 1 o it facin
e st fry it g Wty

TR
Colutron Maks-Engrgy Product fu-MeVig’]

Requined Tandem Mass-Energy Product
(u-Mavig’)

10 keV Het D7
a_-*"f—’ﬂ
Stewring Magnet
w
TEM
0|.|1.L|h1! L R T |
L8 Me fart
Bendi
Hagnet Au, He, and D,
ions can all
= Mustcompensate for deflection of Tandem beam by bending magnet reach the
Colutron beams deflected by the TEM objective lens sample |
L] Insigﬂlﬂcmmwoﬂ of Tandem beams e‘oﬂcumw
o = With 10 keV He/D; we can use Tandem beams =13 MeV/g?
(7] st Mot taboraries.

Simultaneous In situ TEM Triple Beam:
2.8 MeV Aué+ + 10 keV He* D,

Collaborator: DG, Bulford

In-situ triple beam He,

D;, and Au beam
irradiation has been
demonstrated on
Sandia’s PTEM!

Intensive work is still
needed to understand
the defect structure
evolution that has been
D 22 x10' ionsicm? Ssaived

Cavity nucleationand disappearance
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10 keV He' Implantation followed by 3 MeV Ni** Irradiation

10 keV He* Implantation
~ followed by 3 MeV Ni** Irradiation

Collaborotos: B, Muntifering & J. Qu

100 nm

C2 ity Growth during In-situ Annealing of 10 keV He*
" Implanted and then 3 MeV Irradiated Ni3*

Nweiage Duameter [nem)
-

Tnrmgeutt (C)

i Dharmeer | rem)
&

Fibarms
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Precession Electron Diffraction Reveals Hidden Grain Structure

ey "~ Precession Electron Diffraction
~..=  Reveals Hidden Grain Structure

Cavitiesin
helium
implanted,
self-ion
irradiated,
nc nickel film
annealedto
400°C

Engineering Stress (GPa)

micrographof 15% pre-strained fiber, (d)He" and Hit'

\rradiated, 3% pre-strained fier. Engindériag Sin

' _ i 3 ]
5 | g .' " e
TEM micrographs of Mo-alioy nanofibers. (a} 0% pre- a j
strained, no observable defects. (b) 9% pre-strained with ! a =
mabile dislocations and sessile loops. (¢) Darkfiekd 0 A8T 02008 00 G058 0.06) .07

4
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L In situ TEM Quantitative Fatigue Testing

vt 00, Bt [ Sy, W, Blook

Loading Direction

¥ plighick spasd

=

Future Direction: In situ TEM Corrosion Direction

Comribotors: . Gross, ). Kacher, & LM Robsrson

= Mixing of two or more channels
= Continucus observation of the reaction channel
» Chamber dimensions are controllable

=Films can be directly deposited on the electron transparent
SiN membrane

e T (111] sencia ol Laboranoies ’
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Future Direction: In situ TEM Hydrogen Exposure

——
- ﬁ;ﬁgtur?é?ﬁlggcﬂon: In situ TEM Hydrogen Exposure

Contribitors:’ B.G. Clark, P.J. Cappliline, BW. Jacobs, M Hekmaty. 0.8. Robinson, L.R. Parent, |. Arslan. & Protochips. Inc.
-P Heati M

= Compatible with a range of gases

« In situ resistive heating

= Continuous observation of the reaction channel

= Chamber dimensions are controllable

» Compatible with MS and other lnM:ﬂ tools

R. Dolmefie, J.. Phys. Chom: ChionE oWl 0, Fesion Sci.& Tech., 28 {2005)p. 530
Phys. {2011)R 11412 Trinkas, H. e al, JHM {2003} p. 228
Thiebaut, 5. & ad JHBE (2000)p. 217

..~ Future Direction: In situ TEM
““ ' lon beam Induced Luminescence (IBIL)

CoHaboraion: J. Gotierrez-Kolar

Cathodoluminescence (CL)

iy
Ma §
s
s &
Ex W
w W
0003t B

lon Beam Induced Luminescence (IBIL)
1
& &

200



“© °_ Summary & Still Father-out Future Directions

= Sandia's I'TEM capabilities:
*  n ity high energy ion ircadiation from H to Au
*  Insitu gasimplantation
= Heating upto 1,000 °C
*  Quantitative and bulk straining
*  Two-port microfludiccall
*  Gas flow/haating stage
*  Electron tomography
*  Precession Electron Diffraction

Currently applying the current PFTEM capabilities to various material
systems in sequential or combined harsh environmental conditions

*  Sandia’s I'TEM future capabilities being developed:
*  In situ len irradiation TEM in liquid or gas (currently capable)
*  DTEM: Manosecond resalution (laser optics being developed)
+ Beamling: Add 1 MV NEC Tandem & convert 907 magnet to bend beams 457
Collaborators:
= |BL: D.C. Bufford, D. Buller, C. Chisholm, B.G. Clark, J. Villone, S. H. Pratt, M.
Steckbeck, J. Kolar & M.T Marshall
= Sandia: B. Boyce, TJ). Boyle, PJ. Cappillino, J.A. Scott, BW Jacobs, MA
Hekmaty, D.B. Robinson, WM. Mook, F Abdeljawad, & S.M. Foiles
= External: A Minor, LR. Parent, |. Arslan, H. Beil, E.P George, P Hosemann, D.
Gross, J. Kacher, & LM, Robertson

@ Tha mi i ARy ended Oy T Divmoe of Memrai Bouerge s Begresnng. O fow ol e g By Boanies o 8
e Hatenm X

Dogayreni o7 Enacyy
LISONIEE B 3 T ST BEINN MANANA 55 SOMTES Ty N33 LA BNRE Seted Bl o) hianaas
Vi Commemias, tar Pl 5 ol By 2 CEACTIALINO @MWM
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Presentation: Michigan IBL
Gary Was

[on Irradiation Capabilities and Needs at

the Michigan lon Beam Laboratory
a NSUF Partner Facility

Nuclear Engineering and Radiological Sciences
University of Michigan

Grary 5. Was

March 23,2016

Michigan Ion Beam Laboratory

ANNOUNCING THE

s MICHIGAN ION BEAM LABORATORY
FOR SURFACE MODIFICATION AND ANALYSIS

OPEN HOUSE

Thursday, Ociober 16, 1988
2-8PM

120 NAME Bidg.
2600 Drapar Road, North Campus
(fcllow sgns)

FACULTY - STAFF - STUDENTS WELCOME

The Michigan lon Beam Laboralory for Surlace
Modification and Analysis was éslablishod 1o sxplodg
both tha fundamentals of lon-soid interactions as woll
as the practical applications 1o surlace modification
e andelysis 1or recsaarch and Industry.

For mos infonmalion casi:
Prodessor Gary 5. Was TEI-48TS
of  Dv. Victor Roibarg 936-0166

ichigan Ion Beam Laboratory
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MIBL
October, 1986

Michigan Ion Beam Laboratory

ATR-NSUF Partnership

Date: Thu, 5 Feb 2008 09:52:31 -0700

Dear Dr. Was:

Congratulations, your facility has been selected to join the ATR NSUF as a
research partner. Attached below is the formal selection letter.

Welcome to the NSUF team. If you have any questions about your
selection, please don't hesitate to contact me.

ToddR. Allen
Scientific Director
ATR National Scientific User Facility

Michigan Ion Beam Laboratory
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Michigan Ion Beam Laboratory

Michigan Ion Beam Laboratory

Summary of Instrumentation at MIBL

Accelerators 9 Beam lines
+ 3 MV Tandem (Pelletron) (Waolverine)

* 1.7 MV Tandem (Tandetron) (Maize) *
y 3
« 0.4 MV implanter (Blue) 5 Target chambers

= jon irradiation
= irradiation accelerated corrosion

lon sources » multi-beam chamber

« TORVIS (protons)— Wolverine » 2 ion beam analysis chambers
» Peabody (sputter)— Wolverine

» Alphatross (He) - Wolverine 300 kV FEI TEM*

* ECR (gases, e.g. He) — Maize = Dual beam interface for

» Multi-cathode SNICS (sputter) — Maize simultaneous damage and gas

» Danfysik, multi-mode source — Blue injection

Target temperature range: /7K to 1500K
Damage rate: < 107 dpa/s (protons). 10 dpa’s (heavy ions)
Irradiated area: up to 200 mm” “in progress

Michigan Ion Beam Laboratory
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Fly around MIBL

lon Irradiation Capabilities at MIBL

* Single Ion Irradiations
— Proton irradiation to moderate dose
— Self-ion irradiation to high dose
— In-situ corrosion
* Dual Beam Irradiations
* Triple Beam Irradiations
* Dual Beam In-situ TEM (in progress)
* Jon Beam Analysis
— Rutherford backscattering spectroscopy (RBS)
— Nuclear Reaction Analysis (NRA)
— Particle Induced X-ray Emission (PIXE)
— Elastic Recoil Detection (ERD)
— lon channeling

Michigan Ion Beam Laboratory
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Laser alignment of ion beams for multi-beam
irradiations

D~ beam Co-linear green laser Both laser and D* beam

Michigan Ion Beam Laboratory

Beam shape and
current balancing of
raster-scanned beams

W Stop
s R e
H‘_M|.J. o .__.ﬁW.i ik i BLA vl 4y
Slits i - . e e
o BL5<
o =T - HAE
T SEE HE B
W 2T FL wuna T L
Dactrom Muphar et R it Sl Cactws Wytphe  Undue Mol plar
3l g (01 WA o e
=
DA por Gy

Michigan Ion Beam Laboratory
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Defocused beam -
shape and spread

X-Direction Profile

[LL=g= 1
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e
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o
-
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Michigan Ion Beam Laboratory

Control of 1on depth distribution using a
programmable rotating foil degrader

100@epth K 2000

oy sLAET =HT e Fe

Michigan Ion Beam Laboratory

207



Stage Design for Proton and Fe** Temperature Control

Stage Design for Proton and Fe™ Temperature Control

Proton Fett

v

Heat Flux Heat Flux

« Indium laver ensures good thermal contact + Copper foil provides sufficient thermal

*  Addition of proton beam heating (100°C) contact
provides major heat flux » Low current Fe** beam contributes

minimal beam heating (5-10°C)

Michigan Ion Beam Laboratory

Irradiations

Temperature Monitoring

T Specimen T =4974% 6.6°C

=2
a

Hold-down bars

£10°C > <

Number of Instances st Temperalure
£
=
&

Ll

1] R S 4 S WA RS i L e
4TS5 480 485 490 495 500 505 510 515 520
Temperature {"C)
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Irradiation Accelerated Corrosion (IAC)

Irradiation Accelerated Corrosion (IAC)

itk IMichigan Ion Beam Laboratory

Corrosion cell and sample

Corrosion cell and sample

. Water
/9 Inlet

Beamline Flange

Sample Mount

Corrosion
Cell
Sample

+  Zircaloy-4

+ 304,316SS

. T91

+ MA956, TS4Y2. APMT,. T35Y2 Water
Outlet

Sams 16

#Michigan Ion Beam Laboratory
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In-situ irradiation creep

£ ] 213 Infrared
TC, Aperture, R Tiernaal Imager

Lerumic

fonlaiary —— p—
i Hamples ; -

\ Cernmyie |
% Baolabar NG LY
A Y

« T91
« SiC
«  Graphite

Michigan Ion Beam Laboratory

FEI Tecnai G2 F30 TWIN (300kV, LaB, filament)

Gatan US1000XP-P high speed camera
EDAX SSD EDS

Low background. double-tilt heating stage
HAADF detector

STEM system

Remote operation from MIBL control room

Michigan Ion Beam Laboratory
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In-situ Dual Beam Facility

+Michigan Lon Beam Laboratory

sion irradiation
the Il\'[, 1- and v ]"\ Tandem vat ANL since 1989

Over 70 SCT journal papers and 1800
citations on TEM with in situ irradiation

‘Mmg Butcht:r (APL 1989 Phil MagA 1991'}

Wang and Ewing. (MRS Bulletin 1992)
Michigan Ion Beam Laboratory
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Michigan Ion Beam Laboratory

About MIBL

Michigan Ion Beam Laboratory
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ichigan Ion Beam Laboratory

ANNUAL RESEARCH REPORT

2016

Gary § Was, Disersen
Chiada Toader, basager nnd Reveaed Specislint

Rasaunch
Foan Ubarnader. Forimarch wht
Thomas Kablry, Resewrch Exgaee

26500 Divapes Rond
Departement of Niaclew Exginceriag and Radiologics] Somoe
Unsvrruty of Mochigan
A Arbor, Machaga $5L09- 2145
RS SR

Telephone: (TH 9280151 Fax: {730 Tel-458

Michigan Ion Beam Laboratory

Triple beams: Self-ion (Fe™) + He and H injection in the MBC

Triple beams: Self-ion (Fe'") + He and

% - W Y e - . ars h..l -

Michigan Ion Beam Laboratory
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Addressing a wide range of dpa, He, H production

Damage rate, He/dpa and H/dpa for various reactor types

Reactor vpe Fast (F-M) | LWR (stainless) | CANDU (Ni-base) Fusion (F-M) SNS (F-M)
Dose rate (dpa’s) =107 Sx107 2= - 10" 107107
He/dpa (appm/dpa) 0.2 2=5 300 -10 =100
H/dpa (appm/dpa) - 12 [ 70 1700

Achievable damage rate, He/dpa and H/dpa in MIBL

lon 400 KV implanter 1.7 MV Tandem 3.0 MV Tandem
Fe - 107-107 dpa/s 107-10" dpa/s
He" 0.1 - 107 appm/dpa 0.1 - 10° appm/dpa 0.1-10" appm/dpa
H 0.1-10" appm/dpa 0.1-10" appm/dpa 0.1-10" appm/dpa

Michigan Ion Beam Laboratory

Use of Ion Irradiation to Study Nuclear Fuel

* Xe(uptol pAofl.6 MeV Xe) and Kr (up to 1.5 pAof 1.2
MeV) ion irradiation to study fission gas effect.

* He ion irradiation to study o particle irradiation effect.

* In-situ Kr/Xe ion irradiation in TEM to study microstructural

evolution with or without gas effect depending on ion energy and
sample thickness.

* Heavy ion irradiation with Zr or Mo ions (both with high fission
yield) to study interface stability under irradiation.

* lon irradiation to study fuel-matrix-interaction (FMI) or
fuel-cladding-chemical-interaction (FCCI) behavior.

Michigan Ion Beam Laboratory
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Experience and capability

In 2013>6600 beam hr logged on irradiation effects studies in MIBL (~200
irradiations) for 130 researchers and 52 projects. In last five years:

+« Labs: INL.LANL, ORNL. PNNL, Bettis. U.S. Army Research Lab

+ Universities: Boise State, Wisc., Connecticut, Texas A&M, Windsor, Illinois, Va.
Tech, Virginia, Comell, Colorado School of Mines, Southem California,
Wayne State, Ohio State, Buffalo, Notre Dame. San Antonio, Tennessee. Alabama A&M,
Duke Univ., Brown Univ., UCLA, Rutgers, Delaware, Pennsylvania, McMaster
+ [nternational:
France - Areva, CEA. CNRS, U. de Toulouse, Ecole Nat'1 Sup. Paris
U.K. - U. Manchester, Oxford
China — IMR. SNPRI, SNERDI, Northeastern U., SJITU, U. Electr. Sci. and Technol.
Canada - AECL
Japan - INSS (Japan)
Germany - Helmholtz Center
Poland — Institute of Physics
Chech Republic — NRI
Korea — KAFRI
Pakistan — Lahore College for Women, NILOP, Pakistan Inst. of Engin & Appl Sci

Michigan Ion Beam Laboratory

Slide 28

Current UM-based Projects at MIBL

» EPRI ARRM program on IASCC

= EPRI 718 program on IASCC of 718 as a function of microstructure

« DOE-BES program on mechanism of IASCC

« DOE/EPRILWRS program on IASCC mechanism and modeling

« NEUP program on IASCC mitigation

» MAVEAF program onIAC

» 5 NEUP programs on Accident Tolerant Fuel Development

« NEUP program on accelerated irradiations for high dose microstructures
« NEUP program on radiation induced segregation

« CASL project on oxidation and hydrogen uptake in Zr under irradiation
* DOE-IRP on High Fidelity Ion Irradiation to Emulate Reactor Irradiation
* TerraPower project on core materials development

Michigan Ion Beam Laboratory
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Accomplishments
NH,
L o
. ourval
E ,;p\:-;pg Bournal of Nochear Makaals 20 (X0} 195206 m
el comlocatcfmmmal

Emulation of neutron irradiation effects with
protons: validation of principle

G.5. Was *°, LT. Busby *, T. Allen ”, E.A. Kenik ©, A. Jenssen “,
S.M. Bruemmer %, J, Gan ®, AD. Fdwards *, PM, Scont ¥, P.L. Andresen ®

Avaisbie orline Bt www.scioncadvect com =
— ScienceDirect %Sﬁnﬂa MATERIALIA

Sk Meatevuda AR (20045 13- 34

wowm shhovier oo focate s riptamat

Emulation of reactor irradiation damage using ion beams

G5, Was,™" Z. Jiao,” E. Getto,” K. Sun,” A M. Monterrosa,”
S.A. Maloy,” O. Anderoglu,” B.H. Sencer” and M, Hackent”

Mir:hlﬂ.‘m Ion Beam Laboratory 2%

Fabian Naab, PhD; Research Specialist

Ethan Uberseder, PhD: Research Specialist

Thomas Kubley. MS: Accelerator Engineer

Michigan Ion Beam Laboratory
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On-site: Irradiated Material Testing Complex

IRRADIATED MATERIAL LABORATORY [**]  HOT CELL FACILITIES Storage for
2 M3 i Radioactive
. . | B Materials
=l - -_ | _'.;‘ -
| |
= Hot Cell #1 Hot Cell #2

M4

ichigan Ion Beam Laboratory
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Facilities for Crack Growth Rate and Crack Initiation
Testing

Control Panel Movable Autoclave Dedicated Hot SEM
& Water Columns & Loading System

On-site: Michigan Center for Materials

Characterization
Available techniques Instruments

« Scanning aisctron microscopy (SEM) « Spacimen preparation

« Focused ion beam (FIB) milling and imaging = Philips XL30 FEG SEM

= X-fay energy dispersive spectrometry (XEDS) « FEI Quanta 3D e-SEM/FIB

« Electron backscattered diffraction (EBSD) = FEI Nowa 200 Nanolab SEM/FIB

+ Cry0 alectron microscopy « FEI Hellos 850 Nanoiab SEM/FIB

= Transmission electron microscopy (TEM) « JEOL 2010F Analytical Electron Microscope
@ diffraction imaging » JEOL 2100F Probe-corrected Electron Microscope
© high resolution (HREM) « JEOL 3011 High Resolution Electron Microscope
& scanning (STEM) « JEOL 3100R05 Double Cs Corrected TEM/STEM
o bemation-coracied « TEM holders

* In-situ alectron microscopy « Cameca LEAP 4000X HR Atom Probe
o (straining, healing, indentation) = Vaeco Dimension loon AFM

+ Electron enargy loss spactrometry (EELS) « Kratas Axis Ultra XPS

« Atom probe microscopy (APM) « Hysitron tribg-indenter

« Alomic lorce microseopy (AFM) « Hysitron pieo-indenter

« X-ray photoeleciron spectroscopy (XPS)

+ Inbo/pieo-ndentation

« Sampie preparaiion

LN

Michigan Ion Beam Laboratory
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Questions?

Visit mibl.engin.umich.edu for more
information on MIBL and working with us.

The expansion and new capabilities of the Michigan ton Beam Laboratory were made possible with suppo
from he DOE Nuclear Energy University Program, Eleciic Power Research Institute, TeraoPower Inc., Oak
Ridge Nalionol Laboratery, the University of Michigan's College of Engineering. and the University of

michigan's Muckeor Engineering and Radiclogical Sciences deporiment,

P OAK
_R] DGE

INEU . EPRI|

U5 Department of Enargy s TerraPDWE‘f."

MICHIGAN ENGINEERING Nusm‘ﬁENGrmEEnms & RADIOLOGICAL SCIENCES

UNIVERSITY OF MICHIGAN LMPVERMTY OF M

i*Michigan Ion Beam Laboratory
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Presentation: Accelerator Based Facility for Materials Irradiation Testing
Nick Simos

lon Irradiation Facilities and Capabilities at the
BNL Accelerator Complex

N. Simos

ION Irradiation Workshop Objective

Goal: Identification of ion beam irradiation capabilities for
nuclear energy focused RD&D

Availability of Neutron SURROGATE Irradiating species
and facilities

Challenges:

= |DENTIFY a reasonable correlation between damage caused by fast
neutrons and surrogate species (energetic protons, heavy ions, etc.)

= REPORT on recent experimental data towards meeting the challenge
based on graphite

INL lon Irradiation Workshop, TEN
Brrnkhavien Soinncs Assiatet March 22-24, 2016 E‘a""“"“ TANOEATIGNY
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BNL Irradiation and Characterization Facilities Synergy

BLIP (Brookhaven Linear Isotope Producer):
Irradiation studies using (a) high energy protons (66 MeV to 200 MeV) and (b) spallation
neutrons from 118 MeV protons on target.
Materials for fusion and fission reactors as well as high power accelerators (LHC, LBNF,
FRIB, ete.)

NSRL - 2 GeV protons + High Energy lons

Tandem Van de Graaff:

Irradiation facility with 28 MeV protons: or ions from an ion array up to "*TAu

Isotope Extraction-Processing Facility:
An experimental area in the facility hot cells for complete macroscopic analysis of
irradiated samples

NSLS Il - X-ray diffraction

Center for Functional Nanomaterials (CFN) - Characterization

—y

INL lon Irradiation Workshop, 2R r TEN
Becokfiaven Schence Asnciate March 22-24, 2016 w--ﬂmm-m

1. Working on getting CFN
to handle radioactive
materials.

BLIP - Working Horse of
Accelerator-based
Irradiations

Mecropatse structurs 700,25 My
~106 micro-A
E sigma beam within = T4nch Siametet
|;l|-|rr| GrusEM - 1 Mad.m
INL lon Irradiation Workshop, IIIIJIM'!II
Breokiawen Schence Asncltem March 22-2‘, 20186 Eﬂ:ﬂ EABORATORY
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High Energy Proton Irradiation

(energies up to 200 MeV)

Material Irradiation Damage Studies for:
= DOE NE

= Large Hadron Collider (CERN) Beam POWER ~32 kW

= Long Baseline Neutrino Facility
= Neutrino Factory

Simultaneous isotope production & Irradiation

e e g B T s+ R

' g [
: o ur.e-... Ll l“!]_ |
. K 1 =
I L i
- " . ‘ " " n ~¥
Breigaey S benice Asa it BN R IDESRHEIL D MR RS IR, WATIOMAL LANOEATORY

March 22-24 2018

Spallation-induced Fast Neutron Irradiation at BLIP

Irradiation damage studies from mixed
spectrum (dominated by fast neutrons)

Studies:

= Fusion Reactor Materials and Composites

= DOE-NE materials (super-alloys, ceramic and
amorphous coatings on reactor steels, etc.)

spectrum

L] =
teta -
PR
8-
Erey
(T
17 e et
.,: e
A
Bk adn N | 1t 198
-
e BROOKHAVEN
Breakiaen 5 ence Aol anm, INL lon Irradiation womﬂp. WATIONAL LAHGRATORY

March 22-24 2018
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Slide 7

Irradiation Damage of Graphite

INL lon Irradiation Workshop, B |
Breokiiaven 5 knce A1t March 22-24 2016 RATIONAL LAHCEATORY

Neutron Surrogate Irradiation — Recent results on graphite

Neutron Surrogate Irradiation - Recent results on graphite

B Masden madation Damage m Gaaphie due o st nevtrons n
tizaaon and fushon systems,” WEATECDOC 1154, 2000

e =
y /%

] \ S~ —5 110420 plem2 :..\_: N. Simos, et al.

~

RELATIVE X-RAY INTENSITY
-

7o .0 0 0
ANGLE OF DIFFRACTION, DEGREES

]

Counts(au.)

i8 75 aw 6.5 Fi FL 5 45 24

INL lon Irradiation Workshop, B .
Breoiioen S ence ATIOOAIm March 22-24, 2016 NATIOWAL CANORATORY
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Neutron Surrogate Irradiation — Recent results on graphite

Neutron Surrogate Irradiation - Recent results on graphite 1. Did Brookhaven measure
the macroscopic (i.e.,

sample) dimensional
change after irradiation?

[ e = 1 308 (A« iy - LINR)
Ayt JEE3 A T3

Fluence = 5 10 pfem?

g
-

E
&

| e b e | / e 7™ This can be directly
s e _'m E sl | xf f'. compared to neutron
== £ s irradiation dim. Change
; _}_.T e E- f'f,rF [ pepensetar o e Basatpones from multiple programs
i f g7 to illustrate direct
E-.a::-r- iy :
| 5 : N Simos, etal. | W macroscopic response. -

Will Windes

2. DOE-NE ART Graphite
program has neutron

= ci B ww 2 2 . irradiated 1G-430
graphite, which is
' B Marsden, “iradiation Damagein Geaphite due 1o fast | d .
Proton irradiation to fluence 5 102 p/cm? neuenss in ssion and Nedon sstenie ! NEE IS il Curfen'f Yy undergoing
POCO (ZXF-5Q) (5 10% cm? ) c-ais growth ~3.17% ' d-spacing change
S ik analysis. These results
IE__“ u_':' o Jemdsy = can be utilized to directly
etpiRemeen e INL lon Irradiation Workshop BROOKHAVEN compare the microscopic
Brookiven Shence Annilate March 22-24. 2016 . WATIOSAL LANOEATORY response of the same
grade.
-Will Windes

Tandem Van de Graaff Accelerator
lon irradiation

INL lon Irradiation Werkshop, nmuﬁlﬂmll
Breokiawen Schence Asncltem March 22-24, 20186 En-ﬂ. AL LANORATORY
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28 MeV Proton & Heavy ion irradiation at Tandem — 2 uA current | 1. How hot are typical

samples after a high-dose
l i | hﬁr’[m iy irradiation study?
o E\:E;I:-TT'_" T
AMU | Mev [ AMU o Microns e [\licroms,
1 o0Te] 2875 25,530 pelsy  45%0| aoun] 2610

.mﬁ
e
£

|

EET 700 572 Ba3] el 30 a7 240
L_s| iy wooes] sss| 177 Lew| 2063 wrsa| s
s ¢ 12.0000] 996 130] el 15043  poa] 11582

"0 1% 128 3000 sl 137.78) L8y 889
9] 1seose] 142) 78] azif nsss| 48] 72
EETEEE G ) 513

(i8] % | zsoass| 157] e6e] zsi| 706 S| soes

ol

[ B [ sasess] 202[ eoo] jusf seei] 29 427
1201 ®ca T 47
|22 48 aroarel 23| 4% peel 418 pad] 3236
24| gy i_'i?';uﬁrEFEJ 230 avee] s3] sios
[26] g [ ssouof 2590 43| 254 2] 172 00
j2ef ™y | sueasa] 20 4ee| 2 46| asa] M7
[ @ | wewoe] 277 e ana| sroe W19
[32] e | Treen| 27a[ asel azef 3w .25
E| Ype | sowied] 287] 355 a3 wse| 2 2611
OETYEE EEEEE 25.4
|9 x| esedt| 13| 203 sepl vras| me| e
s ™ EiEEEEE T n7
[ ™au | 1969665] 337] 1.71] 846 2021] w3 2018

INL lon | radiitien MM o N
Brookiven Shence Annilate March 12'52 ﬁd,'gc-n URY

Sy

Recent 28 MeV proton+ spallation neutron
irradiation experimentat sub-zero
temperatures at Tandem (Simos, et al)

ot e ot i g o e bt i 51 0
e e gt s st s g e A
st e o it R s b fae e
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What Damage Can One Achieve at Tandem?
28 MeV protons on BERYLLIUM target array

S S — i

Tarsthens BERTLLIUR Targes Seemy Deracussnn wion 28 ¥, T oun. Des o Dew protos beas

la-ii

Jaedl

et Praf L s

w
0.5

0.4

0.2
£ 0
0.2

=04

=06

T

Brcnkhaen S b ' = ' NATIONAL LAHOEATORY

%Fe ion on Be target Array

G6Fe BNL Tanden lons (755 MeW: 4,83 MeW/RHU) on BERVLLILM Target array

T T T T T T T 0.1
1k 4
0.0l
0.5 F - - H

-1k -

Tt
SiFe BL Tancen lone (55 FeW: 463 HeW/PL) on BERVLLILM Target wiray
=15 N . . . } 0.5 + - f ;
o2

o .15

(N}

0,05

=05

=51
-0.1%

o o2
iMOS o . -

Becokhaven Schence Asanam, 205 1 2,005 i 2018
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BNL Post-Irradiation Facilities
Isotope Extraction and Processing Facility at BNL

PIE analyses performedare:

= Stress-strain (tension, 3-point and 4-point
bending) _

= Thermal Expansion and annealing

(extremely sensitive dilatometer)

Thermal Conductivity (electrical resistivity)

L]
« Magnetic Whole probe
= Ultrasonic measurements
= Photon spectra and isotopic analysis
* Activity measurements
= Weight loss or gain
; é o
A
INL Ien Irradiation Werkshop,
A March 22-24, 2016 T

BNL Post-lrradiation Facilities X-ray Diffractionat NSLS [l

X-ray diffraction studies of irradiated samples with the
aid of a multi-functional experimental stage enabling:
Tensionftwisting/4-point-bending
Exposure to different environments
Lassr-inducedannealing
Diamond anvil cell to be mtraduced in future update

INL fon Ifradiation WorksHop, BROOKHAVEN
March 22-24,2016
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Slide 17

Looking ahead ......

BLAIRR

A Dedicated, Accelerator-driven Irradiation Facility offering
DOE-NE a complementary approach to the research reactors
(ATR, etc.)

BLAIRR aims to capitalize on the existing/dormant infrastructure of the
old REF/NBTF complex and update it into an irradiation and test
facility that can fill the gap in the DOE complex

INL lon Irradiation Workshog, Illlﬂlll(ﬁrlﬂlﬂﬁll
By 5 e Al Mﬂﬁ:h 22*24. 2016 NATIOMAL LANOEATORY

Slide 18

100m nTOF beasmling 30-100m Bight paths. (vadable]

0L 12, 30, 45, 90 and 135 degroes

reokinysen Science Asinoiaiem INLion| -- -u wpﬁm
S Mwm.zm' b
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Aim: Capitalize on ComplexUnique Features:

Multitude of energies the Linac can provide

* FASTneutrondamage studies of materials for
fast neutronand fusion reactors.

Beam current (165 pA > 2 x in planned update = Proton irradiation damage of materials for
accelerator initiatives as a function of enargy

* Validating experiments of neutron fiuxireaction

PolarizedH-

Heavy ions from Tandem down same beamline

Availability of infrastructure (currently dormant) rlies forgcreiralon-drven gy #oins
) _ ) = Blanket, moderator, reflectorconcept
Neutron time-of-flight path lengths of 30-100 validation/optimization

meters at0, 12, 30, 45, 90 and 135° ) . .
= MNuclear cross-section data

Single micro-pulse selection{<1 ns) with period *»  Neutron detector studies

as low as 400ns
= Expansionof the range ofisotope generation
augmenting BLIP capabilities

= Neutron scattering potential
= Neutron time of flight (n'TOF) and nuclear

physics experiments
INL lon Irradiation Workshop, BROOKARY
Eurecafaen Sehence Kesoraates March 22-24, 2016 HATIONAL CARGEATORY

R % s - 5
LA BT AT T FL R A S

BLAIRR Spallation Optimization

ey

BHL
B AR T e 200 Y

1 GeV Protons om bybei BLAIRR W le target with Be Fhround

—r0Ge
00 NN

e 1) Wt

Bl
el i

229




BLAIRR Proposal to BNL

. Option-2:
Option-1: Update LINAC and Utilize Transfer
Use Boosterto accelerate up to 2 Line Straight (~125m)
GeVand feed BLAIRR 1

LINAC: 200MeVI30kW
(200 MeV, 6.67 Hz, 7.0e+14 pps)

| LINAC: 200MeV/30kWY
& (200 MeV, 6.87 Hz, 7.0e+14 pps)
+ CCA

Booster: 0.2-1.5 GeVI30KW +  Nermal Conducting DTL
(1.5GeV, 66THZ1.0e14pps) with !'n_g“;melomng
Assessment: ‘ 3
* Getting DESIRED Energy : Assessment:
*»  Loosing CURRENT (big time) POSSIBLE !!!!

Tabile 3 Parmmesers of the Plans Cyclimm

or, look into cyclotrons/FFAG = e -

Erergy rage i) 500 MY 7
Raabivs rumpe OEGRL-2008 m

M field ci orba wpen T
Renolution froguency ISA23:0007  MHe
Sechon 1]

Socion edge angle 4, =634

Pucking factor 02 %

Fringe exiénd # T

Mz bk iy 11 6 -1 T
Axyeipiotic vadie X N m

Brcokhzwen Sthence Annclates
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Presentation: In-Situ X-ray Characterization of Microstructural Evolution
Lynne Ecker

In situ X-ray Characterization at the
National Synchrotron Light Source-Il of
Microstructural Evolution During lon Irradiation ,

) ..-L;'nne E. Ecker

BROOKHIVEN
NATION

) ENERGY

In situ X-ray characterization of radiation effects is a
supporting technology for the DOE-NE mission.

Nuclear Energy Research and
Development Roadmap:

«Develop technologies and other solutions that
can improve the reliability, sustain the safety, and
extend the life of current reactors.

=Develop improvements in the affordability of new
reactors to enable nuclear energy to help meet
the Administration’s energy security and climate
change goals.

*Develop sustainable fuel cycles.

sUnderstand and minimize the risks of nuclear
proliferation and terrorism.

Reoakhavon Sonnon Aaaoistes 2 BATIONAL EANGRATORY.
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Qutline

;_;_‘ X-rays for Characterization of Radiation Damage

Synchrotron Beamline for Radioactive Materials

| /" Proposed In Situ lon Beam Capability

Brookdharaen SchEnce Associate 3 NATIONAL LABORATORY

The National Synchrotron Light Source Il (NSLS-ll) is a
new facility for materials characterization

Beam current l,.,, = 500 mA First light October

23, 2014

Bfookhonien S2ence Aot 4 NATIONAL LAROGRATORY

Small electron source size: 40 x 2.5 ym
Beam Energy: 3 GeV

Circumference: 792 m

Project cost: 912 M

More than 10,000 times brighter than the NSLS

232



In situ characterization of the evolving microstructure will
provide unprecedented time resolution of structural changes

Absorption:

« Nearest
neighbors\coordination

+ Oxidation state

Ultra-high X-ray flux
(> 1104 p/s/0.1% BW)

o ——rr— XRD + Chemical mapping
- 1 capability
lon + X-rays beam l 1.
W eV YW Diffraction:

+ Crystal structure
+ Lattice parameter
« Strain (isotropic/anisotropic)

K-edge by XANES o 3
U BL::dg:b:mES LU + Grain or domain Size
e R + Point defects and
¥ Ca W N VoG e s G6 M OO B¢ B Ca MOt NN
dislocations

LU ¥ B W T e BN g e LT ] Lt
B S TR R S R S )

BEET: &k s sk b . ' {- All Techniques uqlihave
*  msec-psec time resolution
«  Submicron spatial resolution

e e W

Very large, tunable energy range

Brookdharnaen Schence Associates 5 NATIONAL LABORATORY

XRD can observe radiation induced structural changes in SiC

Stacking fauits Black spotsivacancy/defect clusters  Dislocations and Frank loops
.'-r‘P' teseBsoba
| =
K hd ] iﬂi'l-tiﬂ
P"]H‘ \}. 5 tqr-b doaon
ﬁ_‘ . coaeceee
- } vl Increase in
l-c;.' i lattice strain

E = E
E 3 Al n3d =
£ E e H
= - = EHNC
Effect on the E b o i
XRODpamern = . — Unirr. g
£ H £
B E
3 E H h L] ine E
T Theta (degreess e [lm“ 2
Additional scattering peaks Characteristic peak shift to Increase in peak broadening
from regular spacings lower two-theta angles componants
Initial microstructure 0.1 30
! Dose (dpa) :
Bicokhawen Sknce ABcoiale Fﬂﬂm#ﬂm AFCand NEET ] ,\E TONA L LARGRATORY
D. J. Sprouster, L. E Eckerel al submidted 2016
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Slide 7

XRD and SAXS can observe radiation induced structural
changes in Steel

Feature
) ; ™ BH Sencer JR Kennedy, J1 Cole SA
micrograph of Fearcartia Vetton @l F A Gamar ) Noc Mat 543 235 (2008)
RPV steel SAXS and APTof RIP Dislocations, precipitates, carbide:
[l [——
% Ardaied
3 - - - wE,
! i i g e
Effecton the } ;] i ji
4RO pamem ] T T I Tloa
[ e e i
: : I-.'.-.. ﬂll“ﬂ'ﬁ‘- : l i Ir & X3 i s a
T wo Tlheta (4 mrem)
Scattering peaks from XRD captures structural Increase in peak
minor phases changesandRIP broadening componenis
Dose (dpa)
B
Brookdhoen Sckence AGooiae Fundhgﬂuml.WS'ﬂndNEET T RATIONA L LABORATORY

D.J Speousier of ol Scapls Met 113, 18 2076

Slide 8

Phase changes were observed using in situ XRD of field
assisted sintering of UO, (BNL-LANL)

{a) Tirne (s}
2 ] fL L]

Tntensity [Arbitrary |

B R ORR R R WA RE PR Gl WG s

Two Theta |degrees|

(saauiap ) mag ] om]

50 e e Flash event —{~8 s) - U,0, and other minor phases
g collapse into UQ, ; shift in d-spacing to higher values
! 307 Pre-sinter period (~30s)
100 ' Sinter event —(~50s) thermal expansion of the U,
0 )9 (shift to higher d-spacing)
Time (s ¥
Biookhaen Stknce ARocialn e Fundingfrom AFC and NEET 8 \gmm\
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DOE-NE has invested the X-ray Powder Diffraction (XPD)
Beamline at the NSLS-lI
2 YT TH Users with interest in nuclear
L materials:
*  Metallic Fuels (UMo Uzr)
= 5iC and SiC-5iC composites
Reacior Pressure Vessel Steels
* Oxide Dispersion Strengthened
Steels
* Advanced Cladding (APMT/HTS)
+  Alloy 690

Robot at XPD /
Magazine I Sample holder
216 Samples in 48 hours E . | 41l

*Fir ight” n
Mg TNt gt exparie) Schematic of a Diffraction
Tomography Expenment

Synchrotrons will be a crucial part of the nuclear test-bed :
BROGKHAVEN

NSLS-Il will support users with data analysis

Data flow for 2D-1D and Rietveld Fitting

Over 12000 2D patterns
for in situ experiment

1D-integration Phase D
IGORPro-Wavemetrics TOPASandICSD
i i
i 1 t
$ . 1
i | =1
- 5| | L
i I
Batch analysis
Fit/calculated pattern Centerfor Data
————————y DrivenDiscovery
v, ar Brookhavenwill
Users have real time g 1 T specialize in large
analysis and leave g1 ! datasets
with data and results ;
T Hi |
AU J
. e | 10 BRODKHAVEN

Ve thma L
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In situ materials for corrosion resistance

What:

+ ability to study materials in their
real-world operating environments

Advanced cladding probed
while corroding

Why:
= provides actionable
information to industry

“Orier collaborations with tie National Synchrotron
Light Source have kelped understanding how
protective passive films develop and aperale on
engineering alloys candidate for accident tolerant
nuclear fuel cladding. These advancements are
crucial for designing safer reactors fo produce clean

Thermal flux

energy for the commuanily at large. " Pressure : ™ ":“a':;;n;'tfrw
3 clad
Raul Rebak, GE Global Research Reaction cell and
- " fluid delivery system

This could ONLY be done in

partnership with a National Lab =
e T 4 B.nl!mnlltll
OGS0 RENCE ATACCM BATIONAL LABRORATO

1. Connection to GAIN?

NSLS-ll has world leading beamlines for ex situ
characterization of low activity samples

Hard X-ray Nanoprobe (HXN)
« Explore new frontiers of hard x-ray micrescepy with

Submicron Resolution X-ray
Spectroscopy (SRX)

] _ XRF capability ] the highest achievable spatial resolution: Long-term
i ? HERRHM geal 1~10nm
bt amEnLaEl creanitificatio
o ) wlsielslafs
als[flvslalalalslalalalalafala s + Complement electron microscopy capabilities with
bt o ] ) 00 L) ) 0 ) 0 0 B B higher elemental sensitivity, and enable in situ
b et G il 8 Gl ed R b i L kBl imaging in a variety of realistic environmental
B conditions.

Comparison of SEM vs. HXN

H K Emissionline can be detected
L Emissionline can be detected Y W

nvaouum undulatot

4 65 ke £ E <25 ke
me_ )

DE=1525 oY @ 1214V
DE =08 eV T keV

Focdl 5901 05 x 018 per (Ha V) HXN

21> 10" photiseo + Pt XRF
Foca syot T0x 70 1 (11 V) «  Enmipixel
107 - 107 photisss @ T ke . D meioixel
And 30 %30 ren H e V) msrpLoe
# 10" phoveec @ 121V

Brookhiawen Scknce Aticciale 12
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An lon X-ray Beam (IXB) capability would enhance the
scope of a beamline to study radioactive materials

Located in a separate building and
will provide two unique capabilities:

Station 1: Characterization of more
highly-radioactive materials than
are currently allowed at US
synchrotrons

] optics

splitter

st
18
1] 1) \
| SRS |
Station 2: lon X-ray Beam (IXB) In situ Proposed Site

studies of radiation damage with
particle beams from multiple
accelerators

Brookdharaen SchEnce Associate 13 NATIONAL LABORATORY

IXB will provide new capabilities that are unique in the world

JANNUS platform

Tandatron .35 MV

“The passibility to conbine ion
irradiationdmplanfation with syrchrofron
radiation would be g very fruilful strategy
to better anderstand these mechanismsin
cladding but also nuclear fuel materials.”

“Sueh equipment would be to our
knowledge unigue in fhe world, ™

- F. Touboul Basic Research Project
o o E— Manager, Nuclear and Altemative Energies
I Counneil, CEA-Saclay

Wiewtt 5y
@ triple-beam irradintion vellte 2.5
@ double-beam irradistion

Egméthte IMY
ECR source

Bunker &2

@ single boam irradiation
=]

Schemaric of the triple-beam Installation at Saclay
Synchrotron techniques are ideally suited to verifying simulations

Bfookhonien S2ence Aot 14 NATIONAL LAROGRATORY
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An endstation for in situ studies with particle accelerators
will be located in a separate facility (IXB) outside of the
NSLS Il ring

- Space for multiple particle accelerators
and supporting infrastructure
Customizable user experiments
Higher radioactivity in the samples
Larger samples (prototypical of bulk)
Previously irradiated (activated)
materials

- Dispersible materials

GE PETtrace No restrictions on
cyclotron number or type of
accelerators because
of space
Brookdharaen SchEnce Associate 15 NATIONAL LABDRATORY

IXB will characterize mesoscale microstructural

evolution under proton and/or ion radiation

X-Rays

Techniques: Diffraction,
Spectroscapy, Imaging

Energy range: 7-150 kel/

Time resolution: msec-ysec

Beam diameter (tunable): >100 pm

Sample =
- fon optics o 1 X-ray beam

Protons (cyclotron): 16.5 MeV

e ex situ {tunable)
irradiation Currents: 150uA (tunable)
/ position Flux in Smm: 10™ p/s

Beam diameter: mm's
Accelerators can also be

used without X-rays lons: 5-6 MV terminal (tunable)

Currents: 0.1-100 uA's

‘ Flux in 5mm: 10" ions/s (40 MeV Xe)
] Beam Diameter: ~ mm's
Materials: structural materials,
Protons lens cements, alpha emitters, fresh and

. irradiated nuclear fuels, nuclear waste

Small samples can be characterized forms, transuranics in solid, powder or
ex situ at additional NSLS-Il beamlines liquid h:';-

E'cvll!mn"::h?mm\.mr-ew\ NATIONA L LABORATORY

238



Slide 17

IXB will be used from discovery to deployment

Basic Science - P — Deployment

Accelerated testing of
‘Access aging and off-
nominal conditions

:
B
H
=
4
z
-

Fwis Thicts il egroes)
XRD from BNL of stacking
fanlts in nanoporons gold

Simulation o
u

fod = o ket el e B
Impr:m undarlst:an:;mg of Improved performance codes Advanced claddings for
radiation resisf ] i
- L7 Lo *J Cheneral 4 Nuc Ma 441, 685 (2013) fuel assemblies
A Caro, at.al Nano Lewers 11 3351 (2000 ** 0 4, Posetion ot al. Expertmanial Mechavites
Brookdharaen SchEnce Associates J_ﬂ-?mfm.l'ﬂl 17 NATIONAL LABORATORY

Slide 18

IXB is an ideal facility for a national laboratory and will
help span the “Valley of Death”

Advance nuclear power from science to production

18 NATIONAL LARDRATORY

Brookhiaven Sckence Atcciate,
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Access IXB is provided through a DOE User Facility: the
NSLS-II

Access to world-leading, complementary beamlines at NSLS-II

Accommodate industry (rapid access to beamtime, remote access, proprietary)
NSLS-Il 5000 hrs/year

DOE user facility with supportinfrastructure, guest center, training,
accommodations, established proposal process

Radiation handling, shipping and receiving, remote hot cells

* Maintenance on x-ray source from NSLS-II XPD

= New directorate for data analysis

&« & ® =

T
) BROOKHAVEN
Brookdharaen SchEnce Associate 19 NATIONAL LABDRATORY

Criteria

Ability of the facility to produce results of high scientific merit and
the potential to meet needs of DOE-NE and industry.

Provide a variety of ion irradiations

Irradiation environments and conditions,

Collect microstructural characterization data onsite and in-situ.
MNE activities / volume of experiments that can be handled.
Unigue capabilities of the facility including new technology
Handle radioactive materials in the beams and elsewhere onsite.

Produce high quality data that can support verification and
validation for modeling and simulation.

&

Biookhuien S:knce Acoiaim 20 NATIONA L LABORATORY
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Summary
* Aunique user facility for
studying radiation effects
Sample
r_ m o =—N *+ Leverage DOE
et g | Xraybeam investment in state-of-
S ox situ the-art synchrotron
il position ,
Accslerstors can sso be | * Impact basic
* e understanding of
p A Y radiation damage,
performance codes, and
Protons lons new and existing nuclear
reactors
Brookhimion Stknce Afiociates 21 va

Thank you

BROOKHAVEN

Ricokfiaen Skence AiCeTin 22 HATIONAL LABORATORY
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Presentation: Univ. of Tennessee IBML
William Weber

UT-ORNL lon Beam Materials Laboratory

UT-ORNL
lon Beam Materials Laboratory

William J. Weber and Yanwen Zhang
http://ibml.utk.edu/

THE UNIVERSITY OF

TENNESSEE

KNOXVILLE

Y. Zhang et al., Nucl. Instrum. Methods Phys. Res. B 338 (2014) 19-30.

UT-ORNL lon Beam Materials Laboratory

UT-ORNL lon Beam Materials Laboratory

Operational for 3 years
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UT-ORNL lon Beam Materials Laboratory

lon Accelerator

» 3.0 MV tandem accelerator
(terminal voltage up to 3.2 MV)

# Three beam lines with 4 end stations

# lons from 600 keV to 27 MeV
{charge states from 1* to 8*)

T

UT-ORNL lon Beam Materials Laboratory

Two lon Sources

~ Alphatross source: producing ions from gases, such as He ions

~ SNICS source: producing ions from solid sources using Cs* sputtering,
suchasH,C, 0, ... uptoPt, Auand Biions
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UT-ORNL lon Beam Materials Laboratory

UT-ORNL lon Beam Materials Laboratory

Typical lon Flux on Target (without raster)

Typical lon Flux on Target (without raster)

Hel* 3.5 MeV:

85 A in 1.5 1.5 mm? (2.4 X 108 jons cm? 571
Charge state distribution of Ni

5it* 1 MeV: accelerated with 2.5 MV

550 A in 33 3 mm? (3.8 10° jons e §7)

5% 13,5 MeV:

1300 nA in 33 mm? (2.3 % 10" jons cm® 571)
Au?* 1 MeV: 0
200 pA in 323 mm? (1.4 X 102 jons om? 57)

Relst v Inbermiy )

Au™ 23 MeV
60 nA in 3 X 3mm? (5.95 > 10" jons e §7)

i b 8 L L

Charge Sude

Au®* 25 MeV
15nA in 3 X3 mm? (1.30X 10" ions cm? 57
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High-Energy End Stations

High-Energy End Stations

Station L3A: Radiation Effects — 100 to 1500 K
» Manipulator has 1 axis of tilt and 3 axes of translation
# Beam rastering capability
> Time-of-Flight spectrometer (ERDA, electronic stopping, etc.)

Station L3B: Closed-cycle helium system (25 to 300 K) - Under testing
Manipulator has 3 axes of rotations and 3 axes of translation

= IBA capabilities

= 30keV electron gun

= In siti luminescence

v

Station L5: Radiation Effects — 150 to 1000 K
» Manipulator has 3 axes of rotations and 3 axes of translation; ideal for
channeling measurements
= Beam rastering capability
= IBA capabilities

Station L6: lon Beam Analysis (300 K)
> Designated for routine, rapid analysis.
# A large number of samples can be mounted on two sample holders
» Equipped with standard IBA capabilities, e.g. RBS, NRA, ERDA, PIXE

No Radioactive Materials at this Time!

UT-ORNL IBML End Stations

UT-ORNL IBML End Stations
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UT-ORNL IBML Endstations

UT-ORNL IBML Endstations

In Situ lon-Beam Induced Luminescence

In Situ lon-Beam Induced Luminescence

# Light emitted from sample transmitted through silica window port (at 150°
with respect to ion beam direction)

# Light collected using 25mm diameter, 4 cm focal-length silicalens into silica
optical fiber (1 mm diameter)
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Luminescence from Electronic Defects

Luminescence from Electronic Defects

STE (27 eV)
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Low-Energy Beam Line / End Station

Low-Energy Beam Line / End Station

Low-Energy Station: support is needed

= Energies up to 100 keV with pA beam currents, mainty for H and He impliantation

Need to Add:
. » Beam Line

# Focusing Optics & Slits
# Target Chamber
# FaradayCup

Target
Chamber

UT-ORNL IBML - Future?

UT-ORNL IBML - Future?

A 1
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lon Channeling in Single Crystal Alloys

1. Running at roughly
25% utilization.

lon Channeling in Single Crystal Alloys
3D View _ 2D View

Fe-15%Cr-15%Ni = w0
. 00

“x// Angleitervals: 0,072

3 MeV Au lon Irradiation of Ni, NiCo and NiFe
T QR0 T

2e10™ e

Wi em®
[ Roam Tempersture “
ol —wce | lon-Channeling
Measurements

aoma

Do Ferutualingg Pristtarmablent (11 )
E-3
g

Dechanmaling Paiimeted (8 )
E-3
§

RBS/C & NRA Spectra for Irradiated 4H-SiC

RBS/C & NRA Spectra for Irradiated 4H-SiC

RBS/C and NRA/C Analyses with 0.94 MeV D* lon Beam
2000

1.1 MeV AL
: 300 K

e 1'";5 *?c{dd:] 13c

Scattering/Reaction Yield

WVirgin
0 i s

100 120 140 160 180 200
Channel Number

Y. Zhanget al., .. Appl. Phys. 91 (2002} 6388-6395
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Helium Implantation Profiles in 3C-SiC

Helium Implantation Profiles in 3C-SiC

Time-of-Flight Elastic Recoil Detection Analysis (ToF-ERDA)

14 . 14000
10¥% em®-0d
= 1z2|| " " : 200 §
el v %
7] @ 3x10' em’ - 20 dpa v 0000 =
g 10 (700 °C) 3 g
[ 15 p ot
+  3x10% cm? - 30 dpa

§ 08 {06 °C) sue g
8 06 000 §
£
2 04 4000 g
x

02} e s 2000

0 . Tl -',‘ i P ey

0 100 200 300 400 500
Depth (nm)

C.=H. Chen et al., /. Nucl. Mater. 472 (2016) 153-160

ToF-ERDA of Multilayer Coating on Steel

ToF-ERDA of Multilayer Coating on Steel

example: s p _ count
Ti/Al multilayer 1 ;
on steel 50
5 double layers of s000-
150 nm Al and 1 s
100 nm Ti ig s 50
g % 12
™ -,.
40~ "
oy 2
3000

energy [channels]
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Helium Bubble Formation in SiC at 700°C

Helium Bubble Formation in SiC at 700 °C

Pre-Implanted Samples Irradiated with 9 MeV Au®* ions 30 dpa

C.-H. Chen et ol,, J. Nucl. Mater. (2016} submitted

Void Formation after Irradiation with 1.5 MeV Ni at 500°C to 3 x 10" ions/cm?

Void Formation after Irradiation with 1.5
MeV Ni at 500 °C to 3 x 10"% ions/cm?

Depth (nm)
=

C. Lu et al., Noture | 2016) submitted
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Users

» University of Tennessee — MSE, NE, Physics
~ Oak Ridge National Laboratory

» North Carolina State University

» University of Michigan

» University of California — Irvine

» Missouri University of Science & Technology
» Kyushu Institute of Technology

» Kyoto University

» University Paris — Sud (Orsay)
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Presentation: Edwards Accelerator Laboratory at the University of Ohio
Steve Grimes

Edwards Accelerator Lab

Ohio University, Athens Ohio

INSTITUTE OF NUCLEAR
& PARTICLE PHYSICS

Physics & Astronomy

NEUF Wodkshop March 22-24 2016

Accelerator

* Tandem van de Graaff with upgrade to
pelletron.

* 4.5 MV Maximum Terminal Voltage
* Design maximum current 200pA.

* Pulsing 200 ns to 204.8 pus in factor of 2
increments.

* Provides beams of: 'H, 2H, *He, *He, °L1, “Li,
10B, UB, 12C, 13C, 160
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Beam Swinger Neutron Time-of-Flight Facility at Ohio University

Swinger Magret
[-4° < s < 158°)

kT nlwel S N i il
rabe il I ﬁ*“"&-’?“ pri=== i m—rae
Tunnal v—-——h E

Neutron Source Reactions

Neutron Source Reactions

» Monoenergetic Sources: 2H(p,n),2H(d,n),
*H(d,n), "Li(p,n),**N(p,n),*>N(d,n)

» Both 3H gas targets and 3H solid targets are
available

* White sources with stopping targets:
°Be(p,n), °Be(d,n), °B(d,n), *B(p,n), 'B(d,n),
13C(p,n), °Be(a,n), 1*C(a,n), 19F(p,n), 27Al(d,n),
V(d,n)
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Neutron Production Reactions
(* production, Drosg calculations
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Neutron Capability

Neutron Capability

» Beam Swinger allows angular distributions to
be measured with one Time-of-Flight Tunnel
flight path — 4.5 to 30 meters , -4° <0 <158°.

* Beam Pulsing ~1 ns width for H, 2H and
~2.5 ns for other beams.

* Adual gas cell is available for background
subtraction.
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Neutron Detectors

Neutron Detectors

Liquid Scintillators NE213

Lithium glass

BF;

Fission chambers- 235U, 2381

Advanced Method for Calibration

Advanced Method for Calibration

* The neutron spectrum for a stopping target
using the ¢7Al(d,n) reaction at E4 = 7.44.

* The spectrum has been measured at 120°
using a 23U fission chamber.

* This spectrum can be used to calibrate a
detector from 0.2 to 12 MeV in a short time.

» The NE213 efficiencies obtained by this
method are close to the calculated
efficiencies.
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Lithium Glass Detectors

Lithium Glass Detectors

* The measured efficiencies of lithium glass
detectors differ from the calculated shape from
just the 6Li(n,a) reaction.

* Contributions from 10(n,n'y) and 28Si(n,n’y)
are important above 1.8 MeV.

* Detectors which have the same specification of
6Li content have efficiencies which varied by a
factor of two at the 250 keV resonance.

Neutron Detector Calibration

Neutron Detector Calibration
* |
Lf "“‘J‘WWWWJMMMﬁ !

1 '

-

— Li glass, 5.0 MeV 60° B(d,n) Source 5 M
— NE213, 7.44 MeV 120° Al{d,n) Source 5 M
“).a i i i L i i i | i . i I i
0 4 B 12
E, (MeV}

Li glass detector was & mm thick and the NE213 was
6.08 cm thick

257



Pulsed Neutron Spheres

* A gas cell is placed in the center of a spherical
shell with high purity material.

* The Time-of-Flight for the emerging neutrons is
measured with a neutron detector.

* The spherical shell is typically 0.5 to 2.0 mean
free paths thick.

* The energy of the neutrons cannot be directly
measured due to multiple scattering.

* The experiment is modeled with Monte Carlo to
calculate the arrival time spectrum

The Iron Sphere Setup
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Pulsed Iron Sphere Measurements

Pulsed Iron Sphere Measurements

VODE <853

- v . v - - =
' \ H \ i '
' : 1 ¥ | i
! ' ' ) '
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" i i P |
i ) i f '
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\ i | i } H
- | : T = Monda: Carfo
I i i I = E gparriment
\ i 1 i i i
100K + D1 H e ol — 5 ik
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=1 | i i
VOOE « DO - - - 4
-
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™
-
]
1.00E-01 v -+ v - v - T
00 150 200 250 300 350 A0 450 SO0

ToF (ns)
Previous data (M.T. Wenneret al. NSE 170 207(2012).) taken with a
mean source energy of 7 MeV, zero degrees and a 5-m flight path. The
comparison to the simulation suggests the ENDF-B/VI library for n+3Fe
needs improvement.

Published Iron Sphere Results

Published Iron Sphere Results

*» AtE, =1 MeVthe spectrumisin agreement
with ENDFB_VII,

* For En >5 MeV, the sphere results disagree
with predictions.

* Modifications are required for the ENDFB_VII
evaluation.

» Elements that need to be checked are C, Zr, U
and Pu.
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Time-of-Flight, Energy spectrometer

Time-of-Flight, Energy spectrometer

* |t is difficult to optimize for AE thickness for a
AE-E telescopeif both alphas and protons
are detected.

* Measuring E and ToF allows the separation
of the different particles emitted.

* This spectrometer has 10 instrumented
angles and has 85 cm or 170 cm flight paths.

* Additional neutron or gamma detectors can
be added.

Facility Upgrades-Negative lon Source

Facility Upgrades-Negative lon Source

» Torvis (NEC) estimate $500,000
— 40 pA He
— 100 uAH, D
* Aphatross(NEC) $250,000
—4 pA He
— 10 pAH, D
* The ion optics are being checked for
compatibility with our accelerator
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Other facilities

Other facilities

» Two spectrometers available for (n,Z)
reactions.

* Facilities for surface science measurements

* A code which allows correct calculation of
cross sections using the Hauser-Feshbach
formalism for deformed nuclei.

Materials Science with the Application of Nuclear Physics

Materials Science with the Application
of Nuclear Physics

¢ Nuclear Science
« Detection of fissile materials
« Neutron Resonance Radiography
« Neutron Imaging and Tomography
« Neutron Detectordevelopment and calibration
» Materials for Nuclear Reactors
« Neutron Induced Single Event Upsets

« Measurement of the p, d and t, alpha elastic recoil cross-
sections

» Nuclear Reaction Analysis
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Materials Science with the Application of Nuclear Physics (cont.)

Materials Science with the Application
of Nuclear Physics (cont.)

= QOther materials science technigues
« Proton Induced X-ray Emission (PIXE)
« X-ray Photo-electronSpectroscopy (XPS)
« Low Energy Electron Diffraction (LEED)

« In-situ growth and analysis of materials under ultra-high
vacuum (uhv)

Summary

During the past 25 years-

* Numerous elastic and inelastic neutron
scattering measurements completed.

* Measurement of Fe(n,p), Fe(n,a), Cu(n,p),
Cu(n,a), Ni(n,p), Ni(n,a), completed.

* Stopping target neutron spectra
measurements.

« Measurements and calculation of level
densities.
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Summary — continued

Summary- continued

» Collaboration with LLNL, LANL, ANL, Ohio
State University, University of Michigan,
Michigan State University, SUNY Geneseo,
and Oak Ridge National Lab on neutron
calibrations and activation capture
measurements.

* Pulsed Sphere (Fe) measurements at 4
bombarding energies

* Condensed Matter studies.
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Presentation: lon Beam Laboratory at Texas A&M University
Lin Shao

INL lon Beam Workshop, March 23, 2016

lon Beam Lab at Texas A&M University

Lin Shao
Associate Professor
Director, lon Beam Laboratory
Department of Nuclear Engineering
Texas A&M University

Texas A&M University: Aggieland (College Station)

Facts
about TAMU-Nuclear Engineering

Undergraduate: ~300
Graduate: ~150
Facuity Members: 22

Rank (among public institutions):
Undergraduate: 3
Graduate: 2
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Radiation Materials Science Group |Accelerator Lab)

He
E L

!"-“- L ]
Xuemei Wang Wayr
Lab Manager

Robert Balerio  Jianyua

Nririding

Acquisitionof1 MV and 1.7 MV accelerators from the Cornell University
9 years ago

Terminal Voltages: 1 MV and 1.7 MV
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Acquisitionof 3 MV NEC acceleratorfrom PNNL (Aug. , 2015)

T Al
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Lab arrangement

[ Part Storage
[ machine Shop
[ sample Preperation

-

10 kV 140 kV 1.7 MV 400 kV
5:3‘3.-'51 ..

i o
. i

2\ to 280 keV }Fltral-hizh dpa : High-T Wi IBA
gas ion irrad. irra. (up to 1000) {up ta 800°C) (high/low T)

Beam energies (and energy ranges) and lon types and variety

| All elements,
|. except heavy noble gas

All elements,
except heavy noble gas

400 kV _]l All gas atoms including noble gas

140 kV -.I All gas atoms including noble gas

a! All gas atoms including noble gas

100 1000 10000

lon Energy (keV)
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Accelerator: the only choice for fast testing

~10 dpa/y ~20dpa/y ~100 dpa/day

USA testing reactor (HFIR, ATR

Operating Temperature (*C)

Radiation dose (dpa)

=displacements per atom

Accelerators have greatly benefited materials screening

1%/dpa

(L) T T
2 18Cr-10MN1-T1 0.2%/dpa
E1-847 EP-450 (F)(1on irr.)
AISI 316

§ /, ChS-68 CW
| ]

Swelling, %o

Swelling resistance: Austenite < Ferrite < Ferritic-Martensitic < Martensitic
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Key capability: ultra-high dpa irradiation

Identification, testing and optimization of swelling resistant alloys

12 Cr ODS

Key capability: irradiation of nuclear materials

UNG | UM, | UyNi | UM | Uy | Ui | ON |

Complicated interface reactions for
a simple U-Ni bonded structure

4 h

lon irradiation mmp Diffusion kinetics

: 8

Complicated swelling behaviors
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Ultra high dpa testing of nuclear materials

« 24/7 irradiation up to a few weeks
* Peak dpa in steels up to 1000

Proportion of time to be allocated to direct
NE mission work

=  ~100% for 3 MV Accelerator
= ~50% for 1.7 MV Accelerator

Radiation level allowed for samples
<0.1 mCi

Types of sample materials allowed
* Depleted uranium
* Reactor treated stainless steels

Supporting infrastructures (for radiative materials)
* Cutting and polishing of radioactive materials
* SEM characterization of radioactive materials

Supporting infrastructures (for nonradioactive materials)
FIB, TEM, SEM, too much to list...
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Provide a variety of ion irradiations

Dual beam irrad. capability

3
5 MV hccelerator

lH!l? | . IS 400 kV Accelerator

Provide a variety of irradiation environments

Irradiation temperature up to
Vacuum during irradiation: <
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In-situ examination during irradiation

In situ characterization of thermal conductivities of irradiated solids by using ion beam
heating and infrared imaging

TG
l.'r.'.' ':A'.':
'
© - 40
f—

l 1 ,_- I'..

W i

- 4 4 @ i)

[

R i
l Beam i off st 1=10%

Nucl. Instrum. Methods B 332, 381-384 (2014) Appl. Phys. Lett 107, 151904(2015

In-situ examination during irradiation

In situ strain-stresstesting of irradiated solids

Applying a stress during the ion irradiation
Perform strain-stress test after ion irradiation

1. New model will be able
to do creep testing.

2. What are the sizes of
samples? And what
geometry/configurations
are they?
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Provide new capabilities

Micron beam based ion beam analysis: non destructive characterization

Provide new capabilities

In situ scanning tunneling microscopy (STM) under irradiation
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Current NE work performed at facility

ace plasma nitriding for development of corro

tolerance and mechanical properties of nanostructured .m'u:.uplu
a
-

r: DOE-NEUP-NEET

Pi: Michael N i (Univ of Nebraska-Lincoln); Co-Pl: Don Lucca [{'_‘Jklalu-:.:dnl" s

Fa
{Texas AGM =

Total amount:

Development of High Performance ODS Alloys
Sponsor: DOE-NEUP

External Funding

Since 2007, 24 funded projects, total amount: $12.5 millions.

10.98%

10.69%

NE supports through standard R&D grants: aboutd millions (since 2007).
NE investment on equipment and lab infrastructure ; 50
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Key Capabilities

{a) Various lon Beam Analysis
Rutherford backscattering spectrometry (RBS)
Elastic backscattering spectrometry (EES)
Elastic recoil detection (ERD)
Particle induced X-ray er (PIXE)
Nuclear reaction analysis (NRA)
(b) Various lon Beam Modification of Materials
* jon implantation
= lon smoothing
= lon mixing
= Defect engineering
(¢) In situ Sample Characterization
= lon beam analysis + ion irradiation, simultaneously.
(d) Multiple lon Beam Irradiation
= lon irradiation with different icns at different energies, simultansously.
(e) Prolonged lon Irradiation vs. Fast lon Irradiation
« Study radiation response of materials at different stages of structural transformation.

Ability of the facility to produce results of high scientific
merit and the potential to meet needs of DOE-NE and
industry:

Journal paper published: 108 (from 2007 to 2016)
Book chapters: 3 (from 2007 to 2016)
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Thanks!

Ishao@tamu.edu
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Presentation: IBML at LANL
Yong Wang

lon Beam Materials Laboratory in Los Alamos

lon Beam Materials Laboratory in Los Alamos

Yong Q. Wang

Materials Science in Radiation and Dynamics Extremes Group
Materials Science and Technology Division

Los Alamos National Laboratory

L
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RATHONAL LANORATORY
NSUF lon Beam Workshop, idaho Falis, ID March 22.24, 2016
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Challenges: Complex materials science under irradiation extremes

Challenges:
Complex materials science under irradiation extremes

h  Irradiation temperature,
Tlux, ﬂuanvc'm thermal
cycling & initial material
microstructure inputs:

5

2.

“

. Py I8
i Gas diffu re-gmhuﬁnn
E & trapping
E Defect clustering.

Fw diffusion am
§ ultimate annihilation

g :

mm-m = %

AT
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Challenges: Lack of Neutron Sources for Research - Accelerator lons vs. Reactor Neutrons

Challenges: Lack of Neutron Sources for Research
- Accelerator lons vs. Reactor Neutrons

+ |rradiation volume
+ Irradiation dpa rate

175 S — -
L:'-Ashv & :: f.

— L o Beyond dpa:

LMY prens o 7| | Atomicmixing in

f:‘:l-;';—‘\‘/'\ mt cascade

Are Recombination of

T T S e defects in cascade

i Other complex / )
= Q defects formation .

""“'“3”4." e g e e e Qg
4:"::",_ E Meutron Energy, MeV

Frontier of Materials Radiation Damage Science

Frontier of Materials Radiation Damage Science
- Radiation Tolerant Materials by Design
Beyond “Cook and Look:” In-situ diagnostics and tailored materials
Multiscale modeling and simulation tools

=Use ab initio to derive empirical potentials needed by MD/MC
-Feed in the mesoscale codes with correct thermodynamic and kinetic databases
-Modify the continuum model by including voids with pressure (bubbles)

ab initio DFT melecular dynamics continuum
2
!r x
[
A —afewnm nm — 105 nm 1005 nm - pm
Energetics Free functional Iradiation dose effect sirain states
Thermodynamics Mobility database He bubble distribution wding
A Segregation effects Dislocation pinning
) He bubble nucleation Grain size affect
- Los Alamos Dislocation pinning Alloy effect N“)&ﬁ

o
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Multiscale experiments to verify the models

Muitiscale experiments to verify the models

e samples Foils Thin films

Mech IP ' * Nanoindentation
* Micropitlar compression
Measurement * Micron bend bar
Hot Cells
Crystalline struchure
: - - Foint defect structure
= Embrittiement {DETT shift) = Grain size : ]
Provided . o o harderiog (ucreaséd yieid siteet) |+ Ha bubhe :‘g::rmm e,
Data . swelling icnal changes) * Radiation-induced precipitation | 1= BOUNEA £
 Helium behaior

Linking evolved structure and chemistry observed on the ym, nm, and A
scales to mechanical property changes on the mm scale is possible
through combined IPF and IBML irradiations

lon beams can provide the experimental means to accelerate the use of advanced modeling and
simulation

lon beams can provide the experimental means to
accelerate the use of advanced modeling and simulation
300
20 e Marlan
B. ] damage in 5 damage in §
T 200 v
:;H. all™
S 150 ° ﬁl )
E il
3 100 >
50 Genmreactors
10°* 107 10° 10°
s Bkt . Damage rate (dpa/s)
s OSIRIS e  BNE&DO
& HFR e BOR-60
: J:m lon Beama LLNL Triple Beam Workshop (2009) N 1‘ m
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lon — Solid Interactions

&

lon Beams Contribute to Nuclear Materials Research

lon — Solid Interactions

Materials Analysis

Materials Modification and Radiation Damage
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lon beams can contribute to materials research in three ways:
+«Radiation damage effects in materials by ion bombardment
vMaterials characterization with ion beam analysis (IBA) technigues
wMaterials modification and synthesis through ion implantation

S

NATIONAL LANGRATONY
i

INYSH
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lon Accelerator Facilities for Materials Research

lon Accelerator Facilities for Materials Research

Many ion accelerator laboratories in the world conduct materials research:

Europe Unicn, Japan, United States, and the rest of the world..

Established Conference Series by this community:
«ion Beam Modification of Materials (IBMM)

«fon Bearn Analysis (IBA)

“#Application of Accelerators in Research and Industry (CAARI)

~“Fadiation Effectsin Insulators (REI)

posiums at MRS and TMS annual meetings

wSym)
“Huclear Materials Congress

lon Implanters:

+lon species: virtually any elementin PT
“Energies (a few keV to a few MaV/)
“wBeam currents (a few uAto a few mA)
vwMedification through ion implantation
vlon irradiation damage research
wLarge sample sizes

lon Implanters + lon Accelerators:

w'Synergistic activities
vwTDamage plus transmutation products
:#Duab—bem or Triple-beam capabilities

RATIG AL LARSRATORY

—

lon Accelerators:

wlon species: many ion species
“wEnergies (100s keVto 105 MeV)
+“Beam currents (10s nAto 10suA)
lon beam analysis

wModification through fon implantation
«lon irradiation damage research
“Small sample sizes

..

lon Accelerators + TEM:
vwin-situ characterization of radiation damage
“wSynergistic activities

wwDamage plus Transmutation products

v 2-beam, a-baam.d-beamcwas

A
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Accelerator Beam Facilities at Los Alamos

Accelerator Beam Facilities at Los Alamos:

Los Alamos Neutron Science Center (LANSCE):
+1Los Alamos Meson Physics Facility (LAMPF)
»800 MeV Linear Proton Accelerator

wManuel Lujan Neutron Scattering Center (MLNSC)
wMedical Radioisotope Production Facility (IPF)
vwProton Radiography (P-Rad) Facility

“Weapons Neutron Research (WNR) Facility

Dual Axis Radiographic Hydrodynamic Test Facility (DARHT):
w18 MeV Pulsed Electron Beam Accelerator Facility (2 kA, 1.6 uS, 1.25 mm Spot)
vX-ray doses: 100 rads @ 1m

Los Alamos lon Beam Facility (IBF):

+Two Accelerators: Van De Graaff (6 MV Vertical) + FN Tandem (9 MV)
vNuclear Physics Research Facility (protons, deuterons, tritons, alphas etc.)
wSuperconducting Solencid Magnet Nuclear microprobe was constructed (1980)
“lLargely funded by weapons science programs

wThe facility was officially shutdown in 1995

lon Beam Materials Laboratory (IBML) (since 1986)

BTN

LANSCE Experimental Areas

LANSCE Experimental Areas

E 1.0 - 12 GeV e-Accelerator to produce XFEL source
; - -y =Lujan Center
: * National security
research
* Materials, bio-science,
and nuclear physics
* NNSA user facility
=NR
* National security
research
* Nuclear Physics
* Neutron Irradiation

=Proton Radiography
+ National security
research
* Dynamic Materials
science
* Hydrodynamics
=|sotope Production Facility
* Medical radioisotopes

J/“

MaRI
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lon Beam Materials Laboratory

Varian Production
lon Implanter (1986)

High Energy Tandem Capabilities

High Energy Tandem Capabilities
Dual-Beam Joint Chamber.

V/““- : \ Sl ion damage and He effect
_ i
VA b -5 MeV /-85 keV/ Bi

oy 34on Iradiation | lon channeling
| K\‘ SHD-mpiant | HD-analysis

@
RATHG WAL LARSRATGRY
(R D

In-situ FTIR Gas Radiclysis Chamber:
eBeam current. ~ pAlo ~ A
WAlunable achinkde alpha source: ~mCilto ~kCi

Fradainn Gas Tel

High-E / High-T Irradiation Chamber:
#{ 2 o & MeV protons

0.2 10 9 MeV alphas

#1002 to 18 MeV heawy ions

AT 10 1200°C

Fhradiation and comosion experiment (ICE)

INTSH
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lon Beam Materials Research at LANL (1986-2016) (Courtesy of Nastasi, Tesmer, Sickafus, Maggiore,
Misra, Maloy, Uberuaga, Picraux, Jia, and others)

lon Beam Materials Research at LANL (1986-2016)

(Courtesy of Nastasi, Tesmer, Sickafus, Maggiore, Misra, Maloy, Uberuaga, Picraux, Jia, and others)

Ion Beam
Analysis

Frasd amas s AT

1995 2007 2009 2014

IBML related publications: Well over 1000 refereed papers have been published
by LANL researchers using the IBML Facility since its inception, including journals
like Science, Nature Materials, PRL, APL, Advanced Materials, JNM, JMR, NIM etc.

IBML user sponsored conferences: MRS symposium (1989), IBMM (19986), IIT
(2002), IBA (2003), REI (2005), CAARI (2006-2014), IBA (2013).

IBML supported programs: BES (EFRC, CINT, Single Pis), LDRD, NE (FCR&D,
NEUP), Weapons, Space Programs, UCOR, WFO efc.

=

o
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lon Irradiation lon accelerator

lon Irradiation Characterization
lon accelerator FEI Titan 80-300™ Load Frame in Wing 9
CMR Hot Cell

National User Facilities

@ cint

i

Irradiation and corrosion experiment (ICE) at IBML

Irradiation and corrosion experiment (ICE) at IBML

(P Hosemann et al., J. of Nucl, Mater, 376 (2008)392)
(5. Qwistet al. Mucl. Instrum. Meth, A 698 (2013)98)

HTS - LBE
interface:

Synergistic effects
between corrosion
and irradiation on
HT-9 steel clad at
450 C and ~22 dpa
(~60 hours proton
irradiation)
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Slide 17

Tablke 1.3, Caspmigr-asernged b ommalal v
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Irradiation under corrosion lasted for ~60 hours

,__Irrad:atmn under corrosnon lasted for ~60 hours

The oxide layer formed
within the beam region
is significantly thicker
than outside the beam
region, suggestinga
strong synergistic
effect due to radiation
enhanced diffusion and

11

. ; Oxide layer
Thin oxide layer ~1.5 ym ;

Corrosion crack inside the materig HT-9 Steel
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Thermal conductivity by 3-w Method

W sutastrate

_ Za 2K - . = 3 ?_n i,n
- ’“4 s I =1,sin er [2; sinfwe}]* R = cos(2wt)

Trise = Tpe + Tapcos(2wt + ¢ Viw = ?’;; Taosin(3wt + ¢)
nTrp!'-a-l layer -4 Tr»:f = nT:.ll liwee Th_erm&i Eﬂmﬁ"iﬁ‘ Qf ["ﬂdi&ﬁﬂﬂ tan'ppara‘a,lraand
Use AT, 1 to calculate Ky e rackuinel W lyme dosedependence
00 9 TR
g A 2 o] i:: . L T ey : ::
WAD 140
- 1k 120 'r B
Bl 1) (1] o
S ST % + & I } - { + L e & ®» = = & =& eyl
L o = o 1l Lilid o SO B SO . (. . S - S| S
--'-"'"--.._ - [ M - | i ble
e ¥ | Enasitaeiny | a0
1 ° - L

T = 3oo 330 340 T oo 1o

a0 Ed L &
Frequancy fHal TRy ' -
RATIGNAL LARGRATONY 1 o
i i

E. Dechaumphai, etal. J. Nucl. Mater 455(2014)56-60.

Nanomechanical properties by spherical nanoindentation

Nanomechanical properties by spherical

nanoindentation
-1 —
kinion Bl | Lot b |
e o o siim
[T MM ] Lo ]
L) g 1200 i
F0bpn e T2 X
Damage, apa
(a) Spherical indentation (b) Strain field  (¢) Damage profile (d) Indenter size dependence

180 Em

RATHG WAL LARSRATGRY
(R D
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In-situ nano-mechanical testing on ion irradiated materials

- A case study on single crystal Cu (100)
FCR&D (F Hosemann and S. Maloy)
D. Kieneret al. Nature Materials, 10(2011)€08.

Motivation Before irradiation After irradiation

Is nano-mechanical testing
on ion irradiated samples a
viable way to obtain bulk
mechanical properties?

- Pro-rradmtion
Fif cut larmali

In-situ compression testing on Cu (100) under TEM

Before irradiation After irradiation

Material: Cu (100) irradiated to 0.8 dpa
Tes,ng: displacementcontrolled, 1 nm/s
Dimensions: d,,,=118 nm d,,.=198 nm h=
1143 nm

Material: Cu (100)
Tes,ng: Displacement controlled, 1 nm/s

Dimensions: dy,,= 136 nm d,,=206 nm h=
204 nm
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Post-compression TEM examination
len irradiated pillar structure

100nm  2nm.

50 nm

middle of the sample as pinning defect blocks
“fany defects in the undeformed L

regions

wDefect densities: 1.4x102% m3
“wDefect spacing: ~20 nm

Size dependent of yield strength
from micropillar compression

testing
o Cu(100)
118 nm e Cu(100) irradiated
o 130 nm
1000 - \"{.{’ 1
s L
e "' \
=
®
e
@
=
100 i L
] Dislocation ~<e=d=- Disiocation -~
source controlled + defect interaction
A 100 o 1000
7 Diameter [nm] PR P

NATHO WAL LARORATONY
— Fmaa =
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Dual ion beam capability at Los Alamos

Dual ion beam capability at Los Alamos
Damage accumulation in

& el Inrpseety md Mt o Fiyces Reseors B 00 k) 556-500 O‘ s 4 IC m
%‘ NIM B MgALO. Spinel Cry
1 995 with sberiois & ot 378 ¥ Ko i {100} MgALD, o 130 €
ELSEVIER (1
)
In-situ capability of ion beam modification and characterization i B R
of materials at Los Alamos National Laboratory * i ¥
Ning Yu **, Michael Nastasi *, Timothy E Levios *, Joseph B. Tesmer *, L
Mark G. Hollander *, Caleb R. Evara *, Carl 1. Maggior *
* Sanrials Kefteo s Toiheslopy Dirisite, Lot Al Nosiinnl Labynntory, Ly ldrg, NACETS€1, 50 Lo 5 Duln
¥ Diepatrtment af Mipttebolr Eemtr s Bingloseeing, Coewedl Unireniity; Fhaca, 8%, JaRLE LN r / —Tit
ut)
ﬂ Yu etal, NIM B 99 (1995)585. {
“sﬁi L0 igeie (1) il

B ot fem]

Damage accumulation in

Enamgy (MaV) yttria-stabilized cubic zirconia
1) [ o8 L L2 t - \
T T T T TR
= B B, el w !'mlﬁ ..'F"
P e L et = ol G L
in 1""\ £ - t‘n:: m E .
E.,Tw"i-l “WM'. — Ramdan ] ': . ®
ki L L]
é Wi w"ﬁ \ “ :i b
g '\"MM Mkj"'k“:%-l L
et e T N gen s
T restrin ‘
o T T oot
. w" w*  w” w0t e ;
Dose (ons fomt)

160 keV He ions Weouponsat 950C

Dual

2.5MeV Cu ions
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Slide 27

Relationship Between Disordering Tendencies and Radiation Tolerance

Energy Contours for 1 ; Ay + By = Ag + B,
Cation Antisite + N e

Anion Frenke!

Defect Formation
inAB.O, Pymchlorej

e CR Stanek,
z RW Gnmes,
B J.Amer
3 Cemm. Soc.
pr 86 (8) (2002)
£ 2139-2141.
3
-
KE. Sickalus et
al, Science 289 ; 066 069 072
{2000) 748-751.
B Cation Radius (A)
BAD radiation tolerance GOOD radiation tolerance
350 keV Xe*" jons d=1-10"5 Xefem? 350 keV Xe'* ions ¢=1-10"% Xelem®

ey

48 ErsTio 05 EraZro04

&
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Understanding physics of palladium hydride behavior

Understanding physics of palladium hydride behavior
- Channeling NRA to determine “He or 2D locations in Pd lattice

(Courtesy of D. Safarik and R. Schwarz)
“Relevant to hydrogen economy ¥
“importantto defense applications ¢

B alice: oo

T g a7 Wy e paay

]
==
P

¥sing D to substitute T to form
PdD: using channeling NRA
2H(*He,p)*He to determine D (thus T)
lattice site

vehfter tritium decay, PdT to become
PdT(*He); then isotope exchange to
form PdH(*He): using channeling
NRA *He(d,p)'He to determine He
lattice location in Pd lattice

o,

@
RATIG AL LARSRATORY

— A —
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A science based lon beam program will have impact on the technological issues relevant to nuclear

fusion

A science based lon beam program will have impact
on the technological issues relevant to nuclear fusion

‘5 & o
53055 Eii‘g'g‘szug
£is= Zslzadesn:
?}%gé%g =§~§§§§i§f§
Hardening & = ey
Embrittlement . .
ABCE A BTG
i ® ©
Instabilities
C T VT
Irradiation
Creep by
AR '
Volumetric . <
Swelling Bco
:Tsﬁmwl?m i White = Strong Impact GREEN = Accessible
B) Sequential Irradiations (g, He, HI) g’;’k'_slf;: :mt:npm ;:;“2“,’,; ':,',,..,.QE i

€} Dual and Triple Beam (p, He, Hl}
D%)Be&m and electron microscope ( single and dual and TEM,

Livermore Triple Beam Workshop (April 2009) Nﬂ:&ﬁ

@
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Presentation: Potential for Laboratory Compact Cyclotrons
Lance Snead

THw Potential for Laboratory Cyclotrons:
I I" lons at Energies Relevant to Engineering Properties

Lance Snead

MNSUF lon Beam Investment Cptions Workshop
Idaho Falls, March 22-24, 2016

|I|"‘ CSTAR Facility

2 MeV Tandem lon Accelerator,
<100 microAmp

DIONISOS linear Plasma Device
1077 D*/m?-s, 350 eV

Implantation beamlines,

1.5 MeV Tandem Accelerator
D-T neutron Generator
Underground Vault Room
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THw Facility (the capability) will Reside Within the Current MIT
I ||| lon Beam Laboratory with Access to Radiological Facilities

THw ' Facility (the capability) will Reside Within the Current MIT
I l" lon Beam Laboratory with Access to Radiological Facilities

Cutaway of SC cyclotron P l t G
I3

3 m diameter 250 MeV Superconducting
cyclotron for proton therapy

Compact cyclotron evolution is presenting an opportunity for irradiation materials science:

- compact footprint, reasonable capital procurement, low power consumption,
continuous beam, high-energy.

opportunity and goal: chart a path to irradiation of bulk samples while measuring
physical of microstructural properties.

Use data to seamlessly tie out understanding gained from low and intermediate energy
ions to our limited data from neutron irradiated materials.
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An internal MIT initiative for a combined Compact Cyclotron (10’s of MeV), a compact High-brilliance

X-ray capability, coupled with the native MITR neutron scattering beam.

THa ' Long-Range Goal: Engineering Properties by Leveraging
I I" Coupled Modeling and Reduced Cyclotron Costs.

An internal MIT initiative for a combined Compact Cyclotron (10's of MeV), a compact
High-brilliance X-ray capability, coupled with the native MITR neutron scattering beam.

TH Conceptual Facility Combining High-Energy lons, Neutron | 1. These energies open up
I I" Scattering and Compact High-Brilliance X-rays bulk sample irradiations

~2.5-mm thickness.

» Taking advantage of New Superconducting Cyclotrons
= Taking advantage of Developing Compact High Brilliance X-ray Sources
* Will require significant target development

COLLISION EVENTS

Tarpet Bbinplasrnmn

35 MeV protons on Fe

Noumber/(Angsirom-lon)
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Slide 7

n Compact High-Brilliance X-ray Source Provides 4-order
I Ill Brilliance Increase of X-ray tubes

= Access to actinide edges
< (uranium K-edge is 98 keV)
$1B XFELs - High x-ray energy required for
§ penetration of heavy metals

Arh Genaramion: VUV & K-oray Loaners

Expected technigues include powerful
fluorescence-based CT imaging with 20
30 g nm resolution

5
T

TTTTT

Compact X-ray
i
ST L g u!‘; Light Source

10 e

i
1 L L | 1 1 1 1
1800 1930 1840 1860 1980 FO00 FOF0 SO0

Year

Slide 8

Solution method: Implicit finite element solution of the coupled thermomechanics and species
diffusion equations using the MOOSE framework

Multiphysics constitutive models: large deformation mechanics (plasticity and creep),
cracking, thermal expansion, densification, radiation effects (swelling, thermal conductivity, etc.)

it U s, AP
. m.‘
E
.
. z =
.,
.

Tk
T2 hega)
. TH e+ 002
LRV}
Bt 1002
LR

Substantial experimental
validation is underway

ey e

R. L. Williamson, J. D. Hales, 5. R. Novascone, M. R. Tonks, D, R. Gaston, C, J. Permann, D. Andrs and B. C.
Martineau, “Multidimensional Multiphysics Simulation of Nuclesr Fuel Behavios,” Journal of Muclear Marerials, 413,
149 (2012)
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Fundamental Fuel Modeling, Courtesy of Michael Tonks, INL (now PSU)

1500 |

1000 |

500 |

1000 20

Centerline Temperature Porosity vs. Time

0:15)

Parosity

100

Range of Irradiating Species

10

Energy (MeV)

0.1

0.0

1 nm

10 nm

100 nm 1 pm 10 pm 100 pm 1Tmm 10 mm

Range
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Potential for Laboratory Cyclotrons:
lons at Energies Relevant to Engineering Properties

1 T T T N
Copper Crystal 7.
e 1 MeV incident Particle / ANV
E 0-8 - “ 3
=
K
- - o
g 0.6 P %ﬁ & i
o
2
E 0.4 .
=
o
(]
= 0.2 J
'D Aﬂ!lrﬂwm:k 1994
10' 10° 107
Biased “Relevant” Micrastructure 1. Need to get >1-MeV
s Prapeites/ Ebikopy ke T e protoqs to get the depth
that will allow
. mm.l_mmh'- Pk st et mechanical testing on
small samples.
10
s
Q
=
e
> 1 F
o
5 ;
c
w i
01 | o
o |
g i
td’ffﬂﬁ -.. 'f
0.01 : — .
1nm 10nm 100nm 1 pm Wpm 100pm 1mm 10 mm
Range
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Brased | Microstructure “Relevant” Microstructure
Mano-indentation
msm-' ”"“"“'m“'"'“"’“ Micro-thermal properties small-Specimen Test Technology
Micro-chemical properties
MWD, DO, Ab Initio KM, Lattioe MC FEM, Integrated Codes
100 T T T I
Erooder coscade déstiibution
wfth domage tracks
10 simpledefects 7]
S £ o
Q e _['.;:':f;:"'
= “é
—
5 ' ,
I.E Marrow coscode disiiibution
01 -
w . e
0.01 . ’ L
1nm 10 nm 100 nm 1 pm 10 pm 100 pm 10 mm
Range

1. What is the timeframe for

Near-term Goal : Demonstrate Compact Cyclotron to

Provide Relevant Engineering Data for Model Validation

Particle

Energy
Current

Dimensions
Weight

Power

Peak power
Magnets
Magnetic field
Cryogenics

Target
Target material

Proton+ (deuteron+)
12.5 MeV (6.25 MeV)
<50 pA

096mo¢x1.75m
1800 kg (4000 1b)

208V 3-phase, 125A

35 kW (consumption)
Superconducting (always on)
4.5T (internal); 50 gauss (1 m); 5 gauss (4 m)

o Gy on
Liquid-free; closed loop He ader COM J way
oty Eﬂall 1o UMa‘ 016
Internal (no external beam) -~ amentinst?

Variable

2. [Lance Snead] The

getting this operational?
How long for the rest of
the pieces?

instrument will be
operational within a
month of delivery. Target
design is underway.
Construction of target
thimble this summer.
Irradiation late this year.
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TH. | Installation in Building Adjacent to Building Contiguous
I I with NSUF User Facility (MITR)

ey | I_=[‘r | Accelerator Bay #1

N . -y (DANTE 1.7 MV tandem)

% N (| oo Accelerator Bay #0 g - '
[ || SRR (Egpt Storage) ; !

.
3

o
. =

STCR
\ [T & o L .
REMOVE [JCI:\T FENCING »
\ AL REQD TD N.,'Sl-‘k‘{.‘f\-“x. = 3

o HENGWR PASTITION —
'\\ B ___-_2"‘\ I 7 T II
_ \ R -
AN U ) !

N 18] o R & i
Sy : e (N — -
iRl ! z 1 s '
ukor & | o S e 12,5 MeV
i o - | L, Control Room | Shielded Vault Cyclotron
: ; g e '

. 3 ! [ '
! E 3\ | s | . {
== = by — il ; |

I I-- Realistic “worst case” result; complete prompt gamma
radlauun protection for all areas of concern in facility

= Photon dose calculated using p+9Be
(100 nm) yield of 3.8x107 n/s @ 10 uA
« Gammas result from (n,n"), (n,g)
+ Yield further multiplied by 10 to
give conservative safety factor!

= Need to investigate direct (p,xg)
reactions for various isotopes

s ALl NW13 areas are orders of magnitude

E&.Ol mRer
below maximum acceptable dose limits

bound

Case study result:
Combination of thin-targets
plus a moderate cyclotron
shielding structure provides
complete radiation protection
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Demonstration Experiment: Rad Damage in W

L teor Selectad for TEM
Q Loop + Void [5till in Hot Celis)
‘. Literaturs (Hasegawa et al).

Irradiation dose (dpa)

Slide 18
THw First Irradiation Materials Science Experiment 1. Provides direct
I I" Differentiating Contributions to Hardening in Tungsten comparison of hardening
with and without the
iy . D 30d (1101 Singls Crystal Tangsten transmutation product
i %-} 200 micron thick $5-12 (differ'ence'be.tween n
f [ o & i and p irradiations).
- 9 4 -
E - / . 1.2/
S5 —u L
E ] 4 N E_ T
= 7 -l‘f . * = gas
E f M 200w g
£ 6Tz - 3 o
5 ] -’ N2 0 i Ec—.d
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Hw . 1. Primary purpose is to
I I il Concluding Remarks dead reckon the

models—few facilities
like this needed.

o MIT will be exploring bulk ion irradiation and techniques to characterize samples
while under irradiation. The ultimate goal is to provide a bridge from the bulk of
irradiation materials science from low-to-intermediate energy ions to what is and
will continue to be a limited set of neutron irradiation data.

* As a NSUF user facility and with a local reactor (MITR), comparison with neutron
irradiated material will be straight forward.

« Given throughput issues, radiological issues and somewhat higher costs that the
low-to-intermediate ion beam facilities such a “penetrating sources” will likely be
unique facilities and their science largely guided by modeling goals.

= We will embark on the building blocks of such a facility with the development of
compact high brilliance x-ray sources and demonstrating the usefulness of compact
superconducting cyclotrons.

* |t would be very useful to decide if such a facility is on critical path by carrying out
a community roadmap exercise.
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Appendix F

Facility Ranking Exercise
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Appendix F

Facility Ranking Exercise

Facility Ranking by Criteria
Votes Cast: 21

C1: Viability for the capability to
extend our understanding toward
accurately simulating nuclear

Number of Votes at Each Score (1-5)

irradiation conditions (neutrons or Avg. Std.
No. fission fragments) Score Dev. 0 1 2 3 4 5

13 University of Michigan — Michigan Ion 4.00 0.93 0 0 5 3 9 7
Beam Laboratory
Argonne National Laboratory — Extreme

2 Materials Beam Line (XMAT) 3.57 0.95 0 0 4 4 10 3
Sandia National Laboratory — In Situ

11 | Ion Irradiation Transmission Electron 3.48 0.85 0 0 2 10 6 3
Microscope
Brookhaven National Laboratory — Ion
Irradiation Facilities and Capabilities at

4 the BNL Accelerator Complex — 3.38 113 0 ! 4 6 6 4
BLIP-BLAIRR
Argonne National Laboratory -

1 Intermediate Voltage Electron 3.29 0.98 0 1 3 8 7 2
Microscope (IVEM)
Brookhaven National Laboratory — Ion

3 X-ray Beam (IXB) 3.24 0.87 0 0 5 7 8 1
Lawrence Livermore National

6 Laboratory — Center for Accelerator 3.24 0.81 0 0 4 9 7 1
Mass Spectrometry (CAMS)
Massachusetts Institute of Technology —

8 MIT Nuclear Materials Laboratory 3.19 130 ! 2 ! 8 6 3

D Texas A&M University — Accelerator 319 1.01 0 5 5 3 3 1
Laboratory
Los Alamos National Laboratory — Ion

7 Beam Materials Laboratory 3.14 0.83 0 2 0 12 7 0
University of Wisconsin — Wisconsin

- Tandem Accelerator [on Beam L - ) ! 5 12 ! 2
University of Tennessee-Knoxville —

14 Ion Beam Materials Laboratory 2.81 0.79 0 2 2 16 0 !
Idaho State University — Idaho

i Accelerator Laboratory 2k s L ) . y ! L

9 Ohio University — Edwards Accelerator 1.90 1.06 5 6 6 6 1 0
Laboratory
Purdue University — Center for

10 | Materials Under Extreme Environment 1.86 0.99 1 9 3 8 0 0

(CMUXE)
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C2: Ability of the facility to provide a

Number of Votes at Each Score (1-5)

variety of ion irradiations (ion types, Avg. Std.
No. energies, multiple beams, etc.) Score Dev. 0 1 2 3 4 5
13 University of Michigan — Michigan lon 410 0.87 0 0 1 4 3 3
Beam Laboratory
12 Texas A&M University — Accelerator 3.86 0.89 0 0 1 7 7 6
Laboratory
Brookhaven National Laboratory — Ion
Irradiation Facilities and Capabilities at
4 the BNL Accelerator Complex — 348 114 0 ! 3 7 > >
BLIP-BLAIRR
Sandia National Laboratory — In Situ Ion
11 | Irradiation Transmission Electron 3.43 0.95 0 0 4 7 7 3
Microscope
Lawrence Livermore National
6 Laboratory — Center for Accelerator 3.38 0.84 0 0 3 9 7 2
Mass Spectrometry (CAMS)
Los Alamos National Laboratory — Ion
7 Beam Materials Laboratory 3.33 1.04 0 ! 2 11 3 4
University of Tennessee-Knoxville — Ion
14 Beam Materials Laboratory S 1.02 0 ! . 10 4 .
Argonne National Laboratory — Extreme
2 Materials Beam Line (XMAT) 3.10 123 ! 0 6 6 > 3
University of Wisconsin — Wisconsin
= Tandem Accelerator lon Beam o L1 0 ! 7 4 7 2
Argonne National Laboratory —
1 Intermediate Voltage Electron 3.00 1.31 0 3 5 6 3 4
Microscope (IVEM)
Brookhaven National Laboratory — lon
3 g e (0] 2.86 1.21 1 2 3 10 3 2
Idaho State University — Idaho
S Accelerator Laboratory 2.76 119 0 4 4 8 3 2
Massachusetts Institute of Technology —
. MIT Nuclear Materials Laboratory el Ll i g > . > v
Purdue University — Center for
10 | Materials Under Extreme Environment 2.10 1.34 1 8 5 4 1 2
(CMUXE)
9 Ohio University — Edwards Accelerator 181 1.10 ) 3 4 6 1 0

Laboratory
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C3: Ability of the facility to provide a

Number of Votes at Each Score (1-5)

variety of well-controlled target Avg. Std.
No. environments and conditions Score Dev. 0 1 2 3 4 5

13 University of Michigan — Michigan lon 499 0.70 0 0 0 3 9 9
Beam Laboratory
Sandia National Laboratory — In Situ Ion

11 | Irradiation Transmission Electron 3.48 1.01 0 1 2 7 8 3
Microscope
Argonne National Laboratory —

1 Intermediate Voltage Electron 3.38 1.05 0 1 3 7 7 3
Microscope (IVEM)
Los Alamos National Laboratory — Ion

7 Beam Materials Laboratory 3.38 0.90 0 ! ! 10 7 2

1 Texas A&M University — Accelerator 333 0.84 0 0 3 10 6 )
Laboratory
Argonne National Laboratory — Extreme

2 Materials Beam Line (XMAT) 319 0.85 0 0 > 8 7 !
Brookhaven National Laboratory — lon

3 X-ray Beam (IXB) 3.19 0.91 0 1 2 12 4 2
Brookhaven National Laboratory — Ion
Irradiation Facilities and Capabilities at

4 the BNL Accelerator Complex — 3.19 114 0 2 3 8 > 3
BLIP-BLAIRR
University of Tennessee-Knoxville — Ion

14 Beam Materials Laboratory o ks 0 0 4 12 4 !
Lawrence Livermore National

6 Laboratory — Center for Accelerator 2.95 1.05 1 0 5 9 5 1
Mass Spectrometry (CAMS)
University of Wisconsin — Wisconsin

15 Tandem Accelerator lon Beam 2.90 0.92 0 ! > 12 ! 2
Massachusetts Institute of Technology —

8 MIT Nuclear Materials Laboratory 2.76 1.06 ! ! > 10 3 !
Purdue University — Center for

10 | Materials Under Extreme Environment 2.48 1.01 0 4 7 6 4 0
(CMUXE)

5 Idaho State University — Idaho 294 1.19 ) 3 3 4 4 0
Accelerator Laboratory

9 Ohio University — Edwards Accelerator 1.86 0.99 ) 6 6 7 0 0

Laboratory
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C4: Ability of the facility to collect
and analyze materials properties

Number of Votes at Each Score (1-5)

and/or perform microstructural Avg. Std
No. characterization data onsite Score Dev 0 1 2 3 4 5

13 University of Michigan — Michigan Ion 395 0.79 0 0 0 7 3 6
Beam Laboratory
Argonne National Laboratory —

1 Intermediate Voltage Electron 3.86 1.21 0 2 0 5 6 8
Microscope (IVEM)
Argonne National Laboratory — Extreme

2 Materials Beam Line (XMAT) 371 112 0 ! 2 > 7 6
Los Alamos National Laboratory — lon

7 Beam Materials Laboratory 3.57 1.00 0 ! ! 8 7 4
Sandia National Laboratory — In Situ Ion

11 | Irradiation Transmission Electron 3.57 1.18 0 1 3 6 5 6
Microscope

12 Texas A&M University — Accelerator 357 0.95 0 0 ) 10 4 5
Laboratory
Brookhaven National Laboratory — Ion
Irradiation Facilities and Capabilities at

4 the BNL Accelerator Complex — S R 0 0 2 4 e 4
BLIP-BLAIRR
University of Wisconsin — Wisconsin

15 Tandem Accelerator lon Beam 3.52 1.01 0 0 4 6 7 4
Brookhaven National Laboratory — Ion

3 X-ray Beam (IXB) 3.48 1.22 0 1 5 3 7 5
Lawrence Livermore National

6 Laboratory — Center for Accelerator 3.43 1.00 0 0 4 8 5 4
Mass Spectrometry (CAMS)
University of Tennessee-Knoxville — Ion

. Beam Materials Laboratory S e v i i . i .
Massachusetts Institute of Technology —

8 MIT Nuclear Materials Laboratory 3.10 1.02 0 2 3 8 7 !
Purdue University — Center for Materials

s Under Extreme Environment (CMUXE) 2ol 22 ! 2 J . 2 2

5 Idaho State University — Idaho 294 081 0 4 9 7 1 0
Accelerator Laboratory

9 Ohio University — Edwards Accelerator 1.86 1.04 ) 6 7 s 1 0

Laboratory
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CS: Ability of the facility to collect
and analyze materials properties

Number of Votes at Each Score (1-5)

and/or perform microstructural Avg. Std.
No. characterization data in situ Score Dev. 0 1 2 3 4 5

Argonne National Laboratory —

1 Intermediate Voltage Electron 4.05 1.21 0 1 2 3 4 11
Microscope (IVEM)
Sandia National Laboratory — In Situ Ion

11 | Irradiation Transmission Electron 4.05 1.29 1 0 1 4 4 11
Microscope
Argonne National Laboratory — Extreme

2 Materials Beam Line (XMAT) 3.90 1.02 0 ! 0 6 7 7
Brookhaven National Laboratory — Ion

3 X-ray Beam (IXB) 3.67 1.36 0 3 0 6 4 8

13 University of Michigan — Michigan Ion 35 122 1 0 2 7 6 5
Beam Laboratory
Brookhaven National Laboratory — Ion
Irradiation Facilities and Capabilities at

4 the BNL Accelerator Complex — 2.90 141 ! 4 ! 8 4 3
BLIP-BLAIRR

12 Texas A&M University — Accelerator 290 127 ) 1 2 9 6 1
Laboratory
Massachusetts Institute of Technology —

8 MIT Nuclear Materials Laboratory 2.57 153 2 > 2 > > 2
Los Alamos National Laboratory — Ion

7 Beam Materials Laboratory 248 143 2 4 4 6 3 2
University of Wisconsin — Wisconsin

15 Tandem Accelerator [on Beam 2.14 1.25 2 > > 7 ! !
Lawrence Livermore National

6 Laboratory — Center for Accelerator 2.10 1.41 4 3 5 6 2 1
Mass Spectrometry (CAMS)
Purdue University — Center for Materials

10 Under Extreme Environment (CMUXE) 2.10 131 2 7 3 > 4 0
University of Tennessee-Knoxville — Ton

14 Beam Materials Laboratory A . 2 4 4 4 ! v

5 Idaho State University — Idaho 129 1.03 6 6 6 3 0 0
Accelerator Laboratory

9 Ohio University — Edwards Accelerator 114 0.83 s 9 6 1 0 0

Laboratory
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C6: Current or potential productivity
of the facility (e.g., fewer high-impact

Number of Votes at Each Score (1-5)

experiments or high-volume sample Avg. Std.
No. throughput) Score Dev. 0 1 2 3 4 5

13 University of Michigan — Michigan lon 386 1.08 0 1 0 3 4 3
Beam Laboratory
Argonne National Laboratory —

1 Intermediate Voltage Electron 3.71 1.08 0 0 3 7 4 7
Microscope (IVEM)

1 Texas A&M University — Accelerator 348 0.85 0 0 ) 10 6 3
Laboratory
Sandia National Laboratory — In Situ

11 | Ion Irradiation Transmission Electron 3.43 0.73 0 0 1 12 6 2
Microscope
Brookhaven National Laboratory — lon

3 X-ray Beam (IXB) 3.19 1.05 0 1 4 9 4 3
Los Alamos National Laboratory — Ion

7 Beam Materials Laboratory 3.10 0.81 0 ! 2 13 4 !
Lawrence Livermore National

6 Laboratory — Center for Accelerator 3.00 0.93 0 1 5 9 5 1
Mass Spectrometry (CAMS)
Brookhaven National Laboratory — Ion
Irradiation Facilities and Capabilities at

4 the BNL Accelerator Complex — BLIP- 2.86 112 0 2 7 6 4 2
BLAIRR
University of Wisconsin — Wisconsin

15 Tandem Accelerator lon Beam 281 0.79 0 ! 6 10 4 0
Massachusetts Institute of Technology —

8 MIT Nuclear Materials Laboratory 2.76 0.87 0 2 > 10 4 0
University of Tennessee-Knoxville —

i Ion Beam Materials Laboratory e b v g 9 > i v
Argonne National Laboratory — Extreme

2 Materials Beam Line (XMAT) 2.67 1.04 0 4 3 1 2 !
Idaho State University — Idaho

8 Accelerator Laboratory izt - ! i 4 : 5 L
Purdue University — Center for

10 | Materials Under Extreme Environment 2.14 1.21 2 5 4 9 0 1
(CMUXE)

9 Ohio University — Edwards Accelerator 1.86 1.04 ) 7 4 3 0 0

Laboratory
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C7: Unique capabilities of the facility,
including any new technology that has

Number of Votes at Each Score (1-5)

the capability to close technological Avg. Std.
No. gaps Score Dev. 0 1 2 3 4 5

Argonne National Laboratory — Extreme

2 Materials Beam Line (XMAT) - 0.84 0 0 0 8 6 7
Sandia National Laboratory — In Situ Ion

11 | Irradiation Transmission Electron 3.90 0.97 0 0 2 5 7 7
Microscope

13 University of Michigan — Michigan Ion 376 1.06 0 1 1 6 7 6
Beam Laboratory
Argonne National Laboratory —

1 Intermediate Voltage Electron 3.71 1.03 0 0 3 6 6 6
Microscope (IVEM)
Brookhaven National Laboratory — lon

3 X-ray Beam (IXB) 3.71 0.98 0 0 2 8 5 6
Brookhaven National Laboratory — Ion
Irradiation Facilities and Capabilities at

4 the BNL Accelerator Complex — 348 118 0 ! 4 > 6 >
BLIP-BLAIRR
Lawrence Livermore National

6 Laboratory — Center for Accelerator 3.38 0.90 0 0 4 7 8 2
Mass Spectrometry (CAMS)
Massachusetts Institute of Technology —

8 MIT Nuclear Materials Laboratory 3.29 120 0 2 3 7 > 4

12 Texas A&M University — Accelerator 295 0.90 0 ) 3 10 6 0
Laboratory
Los Alamos National Laboratory — Ion

7 Beam Materials Laboratory 2.86 0.94 ! 0 > 10 > 0
University of Wisconsin — Wisconsin

15 Tandem Accelerator lon Beam 2.67 0.78 0 ! 8 ? 3 0
University of Tennessee-Knoxville — Ion

14 Beam Materials Laboratory 2.57 0.79 0 2 7 10 2 0
Purdue University — Center for

10 | Materials Under Extreme Environment 2.33 0.89 0 4 8 7 2 0
(CMUXE)

9 Ohio University — Edwards Accelerator 1.95 1.5 3 5 6 4 3 0
Laboratory

5 Idaho State University — Idaho 181 101 ) 7 5 7 0 0

Accelerator Laboratory
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C8: Ability of the facility to handle
radioactive materials (structural

Number of Votes at Each Score (1-5)

materials and/or fuels) in the beams Avg. Std.
No. and elsewhere onsite Score Dev. 0 1 2 3 4 5

Los Alamos National Laboratory — lon

7 Beam Materials Laboratory 395 1.00 0 ! ! 2 11 6
Lawrence Livermore National

6 Laboratory — Center for Accelerator 3.81 1.01 0 1 1 4 10 5
Mass Spectrometry (CAMS)
Argonne National Laboratory —

2 Extreme Materials Beam Line (XMAT) 3.62 1.09 0 ! 2 6 / >
Brookhaven National Laboratory — Ion

3 X-ray Beam (IXB) 3.48 1.10 0 1 2 9 4 5
Brookhaven National Laboratory — Ion
Irradiation Facilities and Capabilities at

4 the BNL Accelerator Complex — ke 114 0 ! 4 2 7 4
BLIP-BLAIRR
Argonne National Laboratory —

1 Intermediate Voltage Electron 3.29 1.16 0 1 5 6 5 4
Microscope (IVEM)
Idaho State University — Idaho

8 Accelerator Laboratory SR s ! ! ! 12 i !

13 University of Michigan — Michigan lon 290 127 5 0 3 12 1 3
Beam Laboratory
Massachusetts Institute of Technology —

8 MIT Nuclear Materials Laboratory 2.62 133 ! 4 > 4 6 !
University of Wisconsin — Wisconsin

15 Tandem Accelerator lon Beam 2.48 114 ! 4 3 1 ! !

12 Texas A&M University — Accelerator )38 0.90 1 5 7 10 1 0
Laboratory
Sandia National Laboratory — In Situ

11 | Ion Irradiation Transmission Electron 2.33 0.94 0 5 6 8 2 0
Microscope

9 Ohio University — Edwards Accelerator 1.29 135 3 5 4 3 0 1
Laboratory
Purdue University — Center for

10 | Materials Under Extreme Environment 0.90 0.92 9 6 5 1 0 0
(CMUXE)

14 University of Tennessee-Knoxville — 086 112 12 3 3 3 0 0

Ion Beam Materials Laboratory
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C9: Ability of the facility to produce
quality-level data that can support

Number of Votes at Each Score (1-5)

licensing as well as verification and Avg. Std.
No. | validation of modeling and simulation | Score Dev. 0 1 2 3 4 5

13 University of Michigan — Michigan lon 376 1.02 0 0 3 5 7 6
Beam Laboratory
Brookhaven National Laboratory — Ion

3 X-ray Beam (IXB) 3.62 0.84 0 0 1 10 6 4
Sandia National Laboratory — In Situ Ion

11 | Irradiation Transmission Electron 3.62 0.90 0 0 2 8 7 4
Microscope
Argonne National Laboratory —

1 Intermediate Voltage Electron 3.57 1.40 1 1 2 5 5 7
Microscope (IVEM)
Argonne National Laboratory — Extreme

2 Materials Beam Line (XMAT) S a0 L ! ! . J 4
Brookhaven National Laboratory — Ion
Irradiation Facilities and Capabilities at

4 the BNL Accelerator Complex — 343 1.09 0 ! 3 7 6 4
BLIP-BLAIRR
Lawrence Livermore National

6 Laboratory — Center for Accelerator 3.43 0.90 0 0 3 9 6 3
Mass Spectrometry (CAMS)
Massachusetts Institute of Technology —

8 MIT Nuclear Materials Laboratory 343 114 0 2 ! 8 6 4
Los Alamos National Laboratory — Ion

7 Beam Materials Laboratory 3.33 1.04 0 ! 2 11 3 4

12 Texas A&M University — Accelerator 399 120 0 1 5 7 3 5
Laboratory
University of Tennessee-Knoxville — Ton

i Beam Materials Laboratory S WB v i > . 9 .
University of Wisconsin — Wisconsin

15 Tandem Accelerator [on Beam 2.86 121 ! ! 6 7 4 2

5 Idaho State University — Idaho 243 0.95 0 4 7 7 3 0
Accelerator Laboratory
Purdue University — Center for

10 | Materials Under Extreme Environment 2.24 1.23 1 7 3 6 4 0
(CMUXE)

9 Ohio University — Edwards Accelerator 1.90 111 1 9 4 s ) 0

Laboratory
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C10: Ability of the facility to produce
results that meet the needs of DOE—
NE (including cross-cutting

Number of Votes at Each Score (1-5)

programs) and the nuclear energy Avg. Std
No. industry Score Dev 0 1 2 3 4 5

13 University of Michigan — Michigan Ion 405 0.90 0 0 5 5 10 7
Beam Laboratory
Argonne National Laboratory —

1 Intermediate Voltage Electron 3.81 1.14 0 1 2 4 7 7
Microscope (IVEM)
Brookhaven National Laboratory — Ion

3 X-ray Beam (IXB) 3.67 0.94 0 0 1 11 3 6
Argonne National Laboratory — Extreme

2 Materials Beam Line (XMAT) 3.57 1.09 0 ! 2 7 6 >
Massachusetts Institute of Technology —

. MIT Nuclear Materials Laboratory e 1.29 ! 0 . : 6 6
Brookhaven National Laboratory — Ion
Irradiation Facilities and Capabilities at

4 the BNL Accelerator Complex — 3.32 118 0 ! 3 7 4 6
BLIP-BLAIRR
Lawrence Livermore National

6 Laboratory — Center for Accelerator 3.52 1.30 0 3 0 7 5 6
Mass Spectrometry (CAMS)
Sandia National Laboratory — In Situ

11 | Ton Irradiation Transmission Electron 3.52 0.91 0 0 2 10 5 4
Microscope
Los Alamos National Laboratory — Ion

7 Beam Materials Laboratory 348 122 0 2 2 6 6 >

12 Texas A&M University — Accelerator 338 1.00 0 1 2 9 6 3
Laboratory
University of Wisconsin — Wisconsin

S Tandem Accelerator [on Beam . = v . > > : :
University of Tennessee-Knoxville —

14 Ion Beam Materials Laboratory 2.86 1.08 0 3 4 8 > !
Idaho State University — Idaho

J Accelerator Laboratory e LD . . ¢ J . v
Purdue University — Center for

10 | Materials Under Extreme Environment 1.95 1.13 1 9 3 6 2 0
(CMUXE)

9 Ohio University — Edwards Accelerator 176 1.23 3 3 3 5 ) 0

Laboratory
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Overall Facility Rankings

No. Facility C1 C2 | C3 | C4 | C5 | C6 | C7T | C8 | C9 | Cl10 | Total

13 | University of Michigan —Michigan fon Beam 400 | 4.10 | 429 | 3.95 | 3.52 | 3.86 | 3.76 | 2.90 | 3.76 | 4.05 | 38.19
Laboratory
Argonne National Laboratory — Intermediate

1 Voltage Electron Microscope (IVEM) 329 | 3.00 | 3.38 | 3.86 | 4.05 | 3.71 | 3.71 | 3.29 | 3.57 | 3.81 | 35.67
Argonne National Laboratory — Extreme Materials

2 Beam Line (XMAT) 3.57 | 3.10 | 3.19 | 3.71 | 3.90 | 2.67 | 3.95 | 3.62 | 3.52 | 3.57 34.81

11 | Sandia National Laboratory — In Situ lon 3.48 | 3.43 | 3.48 | 3.57 | 4.05 | 3.43 | 3.90 | 2.33 | 3.62 | 3.52 | 34.81
Irradiation Transmission Electron Microscope

3 | Brookhaven National Laboratory - lon X-ray 324 | 2.86 | 3.19 | 3.48 | 3.67 | 3.19 | 3.71 | 3.48 | 3.62 | 3.67 | 34.10
Beam (IXB)
Brookhaven National Laboratory — lon Irradiation

4 | Facilities and Capabilities at the BNL Accelerator 338 | 3.48 | 3.19 | 3.52 | 290 | 2.86 | 3.48 | 3.43 | 3.43 | 3.52 | 33.19
Complex - BLIP-BLAIRR

7 | Los Alamos National Laboratory —lon Beam 3.14 | 333 | 3.38 | 3.57 | 2.48 | 3.10 | 2.86 | 3.95 | 333 | 3.48 | 32.62
Materials Laboratory

12 | Texas A&M University — Accelerator Laboratory 3.19 | 3.86 | 3.33 | 3.57 | 290 | 348 | 295 | 2.38 | 3.29 | 3.38 | 32.33
Lawrence Livermore National Laboratory — Center

6 o Aemslermior Minss S aseimmsing (CANS) 324 | 338 | 295 | 343 | 2.10 | 3.00 | 3.38 | 3.81 | 3.43 | 3.52 32.24

g | Massachusetts Institute of Technology —MIT 3.9 | 2.67 | 276 | 3.10 | 2.57 | 276 | 329 | 2.62 | 343 | 3.57 | 29.95
Nuclear Materials Laboratory

15 | University of Wisconsin —Wisconsin Tandem 290 | 3.10 | 2.90 | 3.52 | 2.14 | 2.81 | 2.67 | 2.48 | 2.86 | 3.05 | 28.43
Accelerator lon Beam

14 | University of Tennessee-Knoxville —lfon Beam | 5 o1 | 34 | 319 | 3,19 | 2,05 | 2.71 | 2.57 | 0.86 | 3.05 | 2.86 | 26.43
Materials Laboratory

5 | Idaho State University —Idaho Accelerator 219 | 276 | 224 | 224 | 129 | 2.33 | 1.81 | 3.05 | 243 | 238 | 22.71
Laboratory
Purdue University — Center for Materials Under

10 Extreme Environment (CMUXE) 1.86 | 2.10 | 248 | 2.71 | 2.10 | 2.14 | 2.33 | 0.90 | 2.24 | 1.95 20.81

9 | Ohio University — Edwards Accelerator Laboratory | 1.90 | 1.81 | 1.86 | 1.86 | 1.14 | 1.86 | 1.95 | 1.29 | 1.90 | 1.76 17.33
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Ranked Facilibes Based on Weighted Criteria

Linhersity of Michigan - Michigan lon Beam Laboratory ]

Argonne Mational Laboratory - Intermediate Vollage Electron Microscops (IVEM)
Sandia Natoonal Laboratory - in-situ lon lrsdiation Transmssion Eleciron Mcroscope
Argonne National Laboratory - Extreme Maternals Beam Line (IMAT)

Brockhaven National Laboratory - lon X-ray Beam (IXB)

Brookhaven Mational Laboratory - lon Imadiation Faciities and Capabdities af the BNL
Accelerator Complex - BLIP-BLAIRR

Los Alamos National Laboratory - lon Bearn Materials Laboratory

Texas ABM Universily - Acceberator Laboratory
mmmmﬁwmmmm
Massachusetts Institute of Technology - MIT Nuckear Materials Laboratory
University of Wisconsin - Wisconsin Tandem Accelerator lon Beam
University of Tennessee -Knaxwille - lon Beam Materials Laboratory

idaho State University - Idaho Accelerator Laboratory

Purdue University - Center lor Materiats Under Extreme Environment (CMUXE)
Oia University - Edwards Accelerator Laboratory

10 15
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Community Comments on Facility Rankings

Purdue University — Center for Materials Under

Facilities Any Comments

Argonne National Laboratory — Intermediate 1. Comment was made that there should be an “n/a” option in the scoring levels.

Voltage Electron Microscope (IVEM) 2. The IVEM is a clearly an important facility for high-impact science. However, I see no
direct linkage between the data emanating from this facility and licensing data. I only
see indirect linkage through multi-length-scale modeling.

3. lon irradiation data will unlikely be used for licensing purpose without the strong
support of computer models to correlate the ion irradiation to neutron irradiation
damage. The IVEM-Tandem Facility provides unique capability to facilitate the
development of such computer models.

Argonne National Laboratory — Extreme

Materials Beam Line (XMAT)

Brookhaven National Laboratory — lon X-ray

Beam (IXB)

Brookhaven National Laboratory — Ion Irradiation

Facilities and Capabilities at the BNL Accelerator

Complex — BLIP-BLAIRR

Idaho State University — [daho Accelerator 1. No in situ capabilities.

Laboratory 2. Lack of in situ capabilities specifically mentioned in the Excel file.

Lawrence Livermore National Laboratory — 1. No mention of specific in situ capabilities either in the presentation or in the Excel file.

Center for Accelerator Mass Spectrometry

(CAMS)

Los Alamos National Laboratory — lon Beam 1. These facilities appear duplicative of what is being productively used in the complex.

Materials Laboratory 2. No mention of specific in situ capabilities either in the presentation or in the Excel file.

Massachusetts Institute of Technology — MIT 1. Entries in the spreadsheet are either not there or statements like “yes.” I cannot work

Nuclear Materials Laboratory with that.

2. No mention of specific in situ capabilities either in the presentation or in the Excel file.
Saying “yes” to the presence of capabilities is not enough.

Ohio University — Edwards Accelerator 1. No info provided on ability to handle radioactive materials.

Laboratory 2. No info provided in the spreadsheet.

3. Cannot handle radioactive materials.

4. Ohio can handle 100 mR/hr beta/gamma activity at 25 cm separation.

5. No mention of specific in situ capabilities either in the presentation or in the Excel file.

1. Not able to handle active materials.
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Facilities Any Comments
Extreme Environment (CMUXE) 2. No info provided on ability to handle radioactive material.

3. We do not agree with the zero score for Criteria #2, #3, #4, #5, #6, #7, #9, and #10.
Someone gave us “zero score” for these criteria, which is certainly NOT true. CMUXE
has capability for these criteria, which is self reflected from our presentation slides.

Sandia National Laboratory — In Situ lon 1. Thatis BS!

Irradiation Transmission Electron Microscope 2. Assuming that comment refers to the 0 in situ rating. If so, then agreed.

Texas A&M University — Accelerator Laboratory | 1. Apparently not an accurate comment.

University of Michigan — Michigan lon Beam 1. MIBL has the capability to handle 100 mR/hr samples and so should be scored a
Laboratory 3 according to the Criteria Scoring Definitions.

University of Tennessee-Knoxville — lon Beam 1. Not able to handle active materials.

Materials Laboratory 2. Stated inability to handle radioactive materials.

3. Cannot handle radioactive material.

4. Cannot handle radioactive materials.

5. Cannot handle radioactive materials.

6. The University of Tennessee has a full suite of materials characterization capabilities
onsite, including all the capabilities in the new Joint Institute for Advanced Materials
that has opened on campus. We also have all the characterization capabilities available
at Oak Ridge National Laboratory.

University of Wisconsin — Wisconsin Tandem 1. We can handle 100 mR/hr on contact—there should be no standard deviation here.
Accelerator fon Beam 2. UW-Madison supports DOE-NE through a vast number of NEUP projects.
3. UW-Madison has in situ ion beam analysis (RBS, NRA), in situ chemical analysis

through PIXE, and we plan for in situ TEM and molten salt corrosion.
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Appendix G

lon Beam Facilities’ Quantitative Data
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National Laboratories

Appendix G

lon Beam Facilities’ Quantitative Data

Institution LANL Argonne National Laboratory | LLNL Sandia National Laboratories
Intermediate Voltage In Situ Ion Irradiation
Ion Beam Materials Electron Microscope Tandem | Center for Accelerator Mass | Transmission Electron
Facility Laboratory User Facility IVEM-TUF) Spectrometry (CAMS) Microscope (I3TEM)

In Situ Ion Beam Characteristics

Beam #1 Ions

H, He, Li, C, Si, Fe, Ni, Cu,
Ag, W, Au, and more

H, He, Ne, Ar, Kr, Xe, and
many elements from Al to Au

H, He, B, C, O, Ne, Al, Si, Ti,
Cr, Fe, Ni, Au, Ag, etc.

Beam #1 Energy 0.4 0.05 0.01 He
(Low) (MeV)
Beam #1 Energy 21 1 14 (Si)

(High) (MeV)

Beam #2 Ions

H, He, N, O, Ne, Si, Ar, Fe, K,
Xe, etc.

Beam #2 Energy 0.01
(Low) (MeV)
Beam #2 Energy 0.38
(High) (MeV)

Beam #3 Ions

Beam #3 Energy
(Low) (MeV)

Beam #3 Energy

(High) (MeV)

Maximum Flux 1E13 ions/cm*/s 1
(1E+12 nv)

Maximum Dose Rate | 1E-2 dpa/s 1
(1E-4 dpa/s)

Beam Spot Diameter 10.0 - 50.0 1.5

(mm)
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National Laboratories (continued)

Institution LANL Argonne National Laboratory | LLNL Sandia National Laboratories
Intermediate Voltage In Situ Ion Irradiation
Ion Beam Materials Electron Microscope Tandem | Center for Accelerator Mass | Transmission Electron
Facility Laboratory User Facility (IVEM-TUF) Spectrometry (CAMS) Microscope (I3TEM)

Ex Situ Ion Beam Characteristics

Beam #1 Ions

H, He, Li, C, Si, Fe, Ni, Cu,
Ag, W, Au, and more

He

H, He, and all heavy ions
except noble gases

Beam #1 Energy 0.4 0.003 1
(Low) (MeV)
Beam #1 Energy 21 0.02 100
(High) (MeV)
Beam #2 Ions H, He, Ne, Ar, Kr, Xe, etc. Heavy ions (e.g., Fe, Ni, Au,
Si, etc.)

Beam #2 Energy 0.01 0.1
(Low) (MeV)
Beam #2 Energy 0.38 4
(High) (MeV)
Beam #3 Ions H, He, Ne, Ar, Kr, Xe, C, Si,

Fe, Ni, Cu, Ag, W, Au, and

more
Beam #3 Energy 0.02
(Low) (MeV)
Beam #3 Energy 0.8
(High) (MeV)
Maximum Flux 1E13 ions/cm2/s 10000
(1E+12 nv)
Maximum Dose Rate | 1E-2 dpa/s 100
(1E-4 dpa/s)
Beam Spot Diameter 10.0 to 50.0 0.5-10

(mm)
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National Laboratories (continued)

Institution LANL Argonne National Laboratory | LLNL Sandia National Laboratories
Intermediate Voltage In Situ Ion Irradiation
Ion Beam Materials Electron Microscope Tandem | Center for Accelerator Mass | Transmission Electron
Facility Laboratory User Facility (IVEM-TUF) Spectrometry (CAMS) Microscope (I3TEM)

Accelerator #1

3 MV NEC Pelletron tandem
with radio frequency plasma
and sputter ion sources and five
beamlines

2 MeV tandem (IVEM)

10 MV FN tandem Pelletron

HVE 6 MV tandem

Accelerator #2

200 kV Varian DF-3000 ion
implanter with gas ion source

500 keV ion implanter (IVEM)

NEC 1.7 MV tandem
accelerator

NEC 1 MV tandem

and radiation shielding for
performing corrosion of lead-
bismuth eutectic or molten salts

2 | Accelerator #3 200 kV Danfysik high current Low-energy ion gun (IVEM) NEC 3 MV Pelletron

§ ion implanter with gas-oven-

5 sputter ion source with

8 potential for up to three

> beamlines
Accelerator #4 350 kV High-Voltage

Engineering Europa Implanter
Accelerator #5 A&D 100 kV nanolmplanter
Accelerator #6 10 kV Colutron
Accelerator #7 Radio frequency quadrupole
booster

Temperature (Low) 77 20 273 (routine), LN, (possible) 43
X)
Temperature (High) 1473 1573 1273 (routine), 1473 (possible) | 1473
x)

% Air X

E Gas Environment cell holder X

2 (700°C)

Z | Water X

- Vacuum ~5E-8 Torr <2E-7 Torr ~10-7 Torr (normal operation)
Other Corrosion experiment chamber Liquid cell, gas cell, electrical

bias, 77 K to 1000°C
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National Laboratories (continued)

instruments, including high-
temperature grazing incident x-
ray diffraction for shallow-
depth regions

Source

Institution LANL Argonne National Laboratory | LLNL Sandia National Laboratories
Intermediate Voltage In Situ Ion Irradiation
Ion Beam Materials Electron Microscope Tandem | Center for Accelerator Mass | Transmission Electron
Facility Laboratory User Facility (IVEM-TUF) Spectrometry (CAMS) Microscope (I3TEM)
Stage #1 Ion beam analysis chamber Double-tilt low-temperature Single-tilt general purpose Single-tilt, room-temperature
(RBS, ERD, NRA, PIXE, and stage (20-295 K) stage (0-1000°C) straining stage
channeling)
Stage #2 High-energy, high-temperature | Double-tilt, high-temperature Single-tilt stage for radiological | Hysitron PI-95
- irradiation chamber stage (20-900°C) materials (samples over
gn Class I1I threshold, 0-200°C)
@ | Stage #3 Tandem-Varian dual-beam Single-tilt, high-temperature Double-tilt rotate stage
g chamber for damage/He stage (20-1300°C)
g experiments (77 to 1473 K)
% Stage #4 High-energy helium Single-tilt, high-temperature High-tilt (+/- 81) tilt stage
implantation chamber straining stage (20—600°C)
Stage #5 Irradiation and Corrosion Single-tilt, low-temperature 2.3-mm heating (800°C) and
Experiment (ICE) chamber straining stage (-196—-100°C) LN, (77 K) stages
Stage #6 Low-energy implantation Gas/heating and liquid mixing
chambers (77-1473 K) stages
TEM Three TEMs at Electron In situ @ IVEM Ex situ In situ @ 3TEM
Microscopy Laboratory
Hardness Testing Two nanoindenters at the Ex situ Quantitative mechanical
= Center for Integrated (Hysitron PI-95)
S Nanotechnologies user facility
_§ Strain/Tension Testing | In situ strain/tension stage - Single-tilt, high-temperature Ex situ Quantitative mechanical
§ attached to TEMs straining stage (20—600°C) (Hysitron PI-95 w/P2P)
M - Single-tilt, low-temperature
E straining stage (-196—-100°C)
O | X-Ray Techniques Several x-ray diffraction Ex situ @ Advanced Photon Ex situ
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National Laboratories (continued)

Metallurgy Research facility
hot cell

Institution LANL Argonne National Laboratory | LLNL Sandia National Laboratories
Intermediate Voltage In Situ Ion Irradiation
Ion Beam Materials Electron Microscope Tandem | Center for Accelerator Mass | Transmission Electron
Facility Laboratory User Facility (IVEM-TUF) Spectrometry (CAMS) Microscope (I3TEM)
Fatigue Testing Ex situ Quantitative mechanical
(Hysitron PI-95 w/P2P) under
beta test
Not Permitted
Trace Amount Yes x and 3-mm disk Yes Yes
(TEM Lamellae)
Contact Direct 3000 500 100
Reading (DR)
Limit (mR/hr)
30 cm DR limit 100 5 100
= (mR/hr)
‘S | Uranium Fuel X Y
é" N-Irradiated U Fuel X Y
© | Actinides Depends on activity Y
E Beta-Gamma Activity | Isotope specific, e.g., 290 Ci 0.005
.% Limit (Ci) for Co-60
52 Alpha Activity Isotope specific, e.g., 14.6 Ci 0.0005
Limit (Ci) for U-235
Pu-239 Grams 38.6 grams 0.5
Equivalent
Can Ship and Receive | Yes @ ANL-IML Y Receive
Radiological Sample At nearby Sigma uranium @ ANL-IML Y
Preparation facility and Chemistry
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Universities (Texas A&M University, University of Michigan, and University of Wisconsin)

Ex Situ Ion Beam Characteristics

Institution Texas A&M University University of Michigan University of Wisconsin
Facility Accelerator Laboratory Ion Beam Laboratory Tandem Accelerator Ion Beam
Beam #1 Ions All elements, except heavy noble gases | H, He, D, O, Ar, Ni, Fe, etc. H, D, He, O, N
Beam #1 Energy (Low) (MeV) 0.7 MeV
é Beam #1 Energy (High) MeV) |3 >1.5 4 MeV (depends on ion)
'é Beam #2 lons All elements, except heavy noble gases All sputtered ions if commercial
‘g cathode available
E Beam #2 Energy (Low) (MeV) 0.7 MeV
C | Beam #2 Energy (High) (MeV) 1.7 1.2 8.5 MeV (depends on ion)
§ Beam #3 Ions
é Beam #3 Energy (Low) (MeV)
';‘ Beam #3 Energy (High) (MeV)
Z | Maximum Flux (1E+12 nv) 2el5 ion/cm2/s
£ | Maximum Dose Rate 1 1 dpa/s
(1E-4 dpa/s)
Beam Spot Diameter (mm) 2 1-600 mm?2
Beam #1 Ions H, D, He, O, N
Beam #1 Energy (Low) (MeV) 0.7 MeV
Beam #1 Energy (High) (MeV) 4 MeV (depends on ion)
Beam #2 lons Zr or Mo All sputtered ions if commercial

cathode available

Beam #2 Energy (Low) (MeV)

0.7 MeV

Beam #2 Energy (High) (MeV)

8.5 MeV (depends on ion)

Beam #3 Ions

Beam #3 Energy (Low) (MeV)

Beam #3 Energy (High) (MeV)

Maximum Flux (1E+12 nv)

2el5 ion/cm?2/s

Maximum Dose Rate
(1E-4 dpa/s)

1 dpa/s
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Universities (Texas A&M University, University of Michigan, and University of Wisconsin) (continued)

Institution

Texas A&M University

University of Michigan

University of Wisconsin

Facility

Accelerator Laboratory

Ion Beam Laboratory

Tandem Accelerator Ion Beam

Beam Spot Diameter (mm)

1-600 mm?2

Accelerators

Accelerator #1

1.7 MV ion accelerator

3 MV tandem (Pelletron) (Wolverine)

1.7 MV tandem

Accelerator #2

3 MV ion accelerator

1.7 MV tandem (Tandetron) (Maize)

Accelerator #3

400 kV Van de Graaff

0.4 MV implanter (Blue)

Accelerator #4

140 kV gas atom accelerator

Accelerator #5

10 kV gas ion source

Accelerator #6

Accelerator #7

Environment

Temperature (Low) (K)

573 (also LN, temps)

77

77

Temperature (High) (K)

1073

1500

1500

Air

Gas

Water

High-temperature/high-pressure water
(PWR PW, BWR NWC, BWR HWC)

Vacuum

Greater than 2E-7 Torr

10E-8 Torr

le-8 Torr

Other

Planned molten salt corrosion

Specimen Stages

Stage #1

High temperature and under static load

Stage #2

Stage #3

Stage #4

Stage #5

Stage #6

Characterization

TEM

FEI Titan aberration-corrected STEM,
Phillips CM200 Ultra Twin TEM,
Tecnai T-12 Cryo TEM, Tecnai TF-30

Hardness Testing

Buehler hardness indenter

Hysitron Tribonanoindenter

Strain/Tension Testing

X-Ray Techniques

PIXE

Bruker D8 Discovery, PANalytical
X’Pert PRO, Rigaku small angle x-ray
scattering, Siemens Stoe, PIXE
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Universities (Texas A&M University, University of Michigan, and University of Wisconsin) (continued)

Alpha Activity Limit (Ci)

Not allowed

Institution Texas A&M University University of Michigan University of Wisconsin
Facility Accelerator Laboratory Ion Beam Laboratory Tandem Accelerator Ion Beam
Fatigue Testing
Not Permitted
Trace Amount (TEM Lamellae) | x X Yes
Contact DR Limit (mR/hr) 10 100 1000

= | 30cm DR limit (mR/hr) 100

i: Uranium Fuel Yes

= | N-Irradiated U Fuel Not allowed

E Actinides Not allowed

,é Beta-Gamma Activity Limit (Ci) 0.01

E

Pu-239 Grams Equivalent

Not allowed

Can Ship and Receive

@ Michigan Irradiated Materials
Testing Complex

Yes, at Characterization Laboratory for

Irradiated Materials

Radiological Sample Preparation

Yes
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Universities (University of Tennessee, Idaho State University, Purdue University, and Ohio University)

University of Tennessee-

(mm)

Institution Knoxville Idaho State University Purdue University Ohio University
Center for Materials Under
Ion Beam Materials Idaho Accelerator Extreme Environment Edwards Accelerator
Facility Laboratory Laboratory (CMUXE) Laboratory
Beam #1 lons Most elements, except heavy Electrons Inert and some of the reactive
noble gases gases (H2, CH4, etc.)
Beam #1 Energy 0.5 2 MeV 0.0003
(Low) (MeV)
Beam #1 Energy 27 25 MeV 0.0012
» | (High) (MeV)
'é Beam #2 lons Electrons
§ Beam #2 Energy 2 MeV
g (Low) (MeV)
£ | Beam #2 Energy 44 MeV
CE) (High) (MeV)
S | Beam #3 Ions H,D, others with source
n: Beam #3 Energy 0.5 MeV
= | (Low) (MeV)
é Beam #3 Energy 8 MeV
= (High) (MeV)
Maximum Flux
(1E+12 nv)
Maximum Dose Rate 100
(1E-4 dpa/s)
Beam Spot Diameter 2 to 5 mm ~10 10
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Universities (University of Tennessee, Idaho State University, Purdue University, and Ohio University) (continued)

Institution

University of Tennessee-
Knoxville

Idaho State University

Purdue University

Ohio University

Facility

Ion Beam Materials
Laboratory

Idaho Accelerator
Laboratory

Center for Materials Under
Extreme Environment
(CMUXE)

Edwards Accelerator
Laboratory

Ex Situ Ion Beam Characteristics

Beam #1 Ions

Beam #1 Energy
(Low) (MeV)

Beam #1 Energy
(High) (MeV)

Beam #2 Ions

Beam #2 Energy
(Low) (MeV)

Beam #2 Energy
(High) (MeV)

Beam #3 Ions

Beam #3 Energy
(Low) (MeV)

Beam #3 Energy
(High) (MeV)

Maximum Flux
(1E+12 nv)

Maximum Dose Rate
(1E-4 dpa/s)

Beam Spot Diameter
(mm)

Accelerators

Accelerator #1

3.0 MV tandem

25 MeV LINAC

4.5 MV Tandem Van de Graaff

Accelerator #2

44 MeV LINAC

Accelerator #3

8 MV Tandem

Accelerator #4

45 MV LINAC

Accelerator #5

3 MeV pulse power (30kA)

Accelerator #6

Accelerator #7
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Universities (University of Tennessee, Idaho State University, Purdue University, and Ohio University) (continued)

Institution

University of Tennessee-
Knoxville

Idaho State University

Purdue University

Ohio University

Facility

Ion Beam Materials
Laboratory

Idaho Accelerator
Laboratory

Center for Materials Under
Extreme Environment
(CMUXE)

Edwards Accelerator
Laboratory

Environment

Temperature
(Low) (K)

25

298

Temperature
(High) (K)

1475

Air

Gas

Water

Vacuum

High vacuum

High vacuum available

Other

Specimen Stages

Stage #1

Stage #2

Stage #3

Stage #4

Stage #5

Stage #6

Characteriza-

tion

TEM

Hardness Testing

Strain/Tension Testing

X-Ray Techniques

Fatigue Testing
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Universities (University of Tennessee, Idaho State University, Purdue University, and Ohio University) (continued)

University of Tennessee-

Radioactive Material

Institution Knoxville Idaho State University Purdue University Ohio University
Center for Materials Under
Ion Beam Materials Idaho Accelerator Extreme Environment Edwards Accelerator
Facility Laboratory Laboratory (CMUXE) Laboratory
Not Permitted X
Trace Amount (TEM X
Lamellae)
Contact DR Limit 100
(mR/hr)
30-cm DR limit
(mR/hr)

Uranium Fuel

N-Irradiated U Fuel

Actinides

Beta-Gamma Activity
Limit (Ci)

Alpha Activity Limit
(Ci)

Pu-239 Grams
Equivalent

Can Ship and Receive

Hot lab for radiochemistry and
an SEM/TEM/FIB lab that can
handle moderate activity
material

Radiological Sample
Preparation
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