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Summary

A The initial diagnostic set should document the achievement of
okey performance parametersod and
operation of MPEX. The set includes:

d Diagnostics which are neededor machine protection as well asbasic and advanced plasma
control,

0 Surface analysis diagnostics co -located with the MPEX facility , which will be utilized to examine
material samples after plasma exposure.

A Additional ports incorporated in the baseline design enable
future diagnostic upgrades and expansion.
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Goals of the 3@ MPEX Users Research Forum:

& ENERGY
Fusion Science & Technology
Roadmap

Office of
Science

Alignment of the MPEX research program with:
the US Fusion S&T Roadmap
the US Fusion Materials Roadmap
industry needs.

Planning for early (years 1&2) MPEX operational
campaigns.
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Generating Electricity from Fusion Energy Requires
Resolution of Three Scientific/Technological Challenges

Creating and Approximate Technical
Sustaining a Fusion Readlnelss Today
Power Source ;. SIS
I \
N
\

Materials to Survive In
the Fusion
Environment

Fusion Electricity

Fuel SelfSufficiency &
Harnessing Fusion
Power

Technical Readiness Imaginable Plausible Feasible Practical
Lovel (TRL) SRR

OAK RIDGE

National Laboratory



What is MPEX?
A MPEX is a linear plasma device under construction at ORNL

d http://mpex.ornl.gov

A Open magnetic field lines (not a confinement device)

A Plasma (D ,) is produced, heated, and transported to target for
the study of plasma -material interactions (PMl)

0 Steady-State
A 10°s

0 RFDriven
A Helicon (13.56 MHz)
A ECH (70, 105 GHz)
A ICH (49 MHz2)

d Feed-Forward
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MPEX Project: from concept to operations

A Proto-MPEX operated from 2014 -2021: established physics basis for MPEX
AThe MPEX Project transitions from o0con
achievement of key performance parameters (KPP).
8 KPP1:. Demonstration of magnet system performance
8 KPP2: Demonstration of Target Exchange Chamber (TEC) performance
6 KPP3: Demonstration of plasma operations
A Measured by initial diagnostic systems
ADuring the oOoperationsoé | ifetime of MP
towards designed ultimate performance parameters (UPP).
o Addition of upgraded diagnostic systems

Conceptual Design | Preliminary Design = Final Design ‘ Operatlons

4
May 2019 Mar 2021 Aug 2024 ~Mar 2027 ~Nov 2027
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MPEX Device Overall Layout

Target plane

Vacuum Pumping Station
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MPEX SystemsT cross section
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MPEX operational plasma scenarios

n, target (m-3) 2x10°1 5x10%0 2x10%0 1x10°
T, target (eV) 2 6 10 15

T target (eV) 2 6 12 20

B target (T) 1 1 1 0.35
Parallel ion flux (m -2s) 1.4x10° 6.5x10%4 3.3x10%4 2.1x10%

g, (MW/m?) 31 40 36 3.5

Ultimate Performance Parameter (UPP) is to deliver these for 9§ i.e. ~2 weeks continuous.
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MPEX operational plasma scenarios (project requirements)

Scenario

n, target (m-3)
T, target (eV)
T target (eV)
B target (T)

Parallel ion flux (m -2s1)

9y (MW/m?)

I N R

2x1071 5x107° 2X1070 1x10°
2 6 10 15
2 6 12 20
1 1 1 0.35
1.4x10%>  6.5x10%4 3.3x1>* 2.1x103
31 40 36 3.5

Ultimate Performance Parameter (UPP) is to
deliver these for 10 s.

1x10
)
)
0.5
1.1x10%3

0.6

30s

30

Scale; 1s=1cm

ITER~30m

MPEX~10krT>
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MPEX Diagnostic Overview at PDR

Helicon ECH Ta rFEt

* Legend:

* IR = InfraRed Camera
* QP =QOptical Puck

* FC=FastCamera

FC IFP T FP|

| o AXUV AXUV * FP = Fluoroptic Probe
con CDZI AXUV T H}{LJ\ILJYR * BAR=Baratron
I 2 83 M Axuv__ AXOM « SXR=SXR Photodiode
< I > | ': + AXUV =AXUV Photodiode
Upstream I Downstream | AXUV I « MWD = Microwave Detector
| 2.82 M >le 5.01 M >
T * BOL=Bolometer

* PYR = Pyrometer
* RGA = Residual Gas Analyzer
%OAK RIDGE + (02 = C02 Interferometer

National Laboratory * TS =Thomson Scattering Laser

SXR



Initial set of MPEX diagnostics needed to document achievement of KPP and to
support early period of MPEX operations.

e Dagosic | Weaswement | Roe

Double Langmuir Probe (DLP) (1, short pulse only) T0), n(0), T(r), n,(r) Basic Machine Control (short pulse
Thomson Scattering (2, at ECH and PMI) T.(0), n,(0), T(r), ng(r) Advanced Plasma Control

Optical Emission Spectrosceplyjgh Resolution (OB&Re$ (7) T, n, Plasma Physics/Heating Physics
Fast Visible Cameras (6) TV (>1 kHz, filtered) Basic Machine Control

Microwave Detectors (6) Stray P, Basic Machine Control
Pyrometers (3) Tear Taump Basic Machine Control

IR Cameras (8) Qiar Qaump (=50 Hz full frame) Basic Machine Control

Diagnostic Residual Gas Analyzer (DRGA) (1) P, (QMS, OPG) PMI Science

Surface Analysis Station (SAS) (1) Surface Properties PMI Science

YaqUaw7cel ¢cql YUt AWmbs RqUIIt + WGGEC qlt Awllgdé 3l aYRY2 Ga It AL
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MPEX operational plasma scenarios (project requirements)

Scenario

n, target (m-3

T, target (eV)
T target (eV)

B target (T)

Parallel ion flux (m -2s1)

9y (MW/m?)

)

I N R

2x1071 5x107° 2X1070 1x10°
2 6 10 15
2 6 12 20
1 1 1 0.35

1.4x10° 6.5x1 04 3.3x10¢4 2.1x103

31 40 36 3.5

Ultimate Performance Parameter (UPP) is to
deliver these for 10 s.
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MPEX Device Layout at FDR
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PMI chamber has many ports available for upgraded
diagnostic set during MPEX operations.

2 Ny e 7 e

%OAKRIDGE  PMI chamber IRL | N
National Laboratory PMI Cham ber CAD




PMI chamber diagnostics
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Ports are available for future capabillity

A There are many more ports available (currently) than planned

diagnostic installations (for the project baseline).

A MURF2 report described (prioritized) expansion path for future

Table 2. Forum-recommended MPEX diagnostic methods.

upgrades in capability
d In the plasma source region,
d In the PMI chamber,

d and forin vacuosurface analysis.

A Collaborators are welcome!

In situ In vacuo Postmortem
(MPEX PMI (MPEX SAS) (external laboratories)
chamber)
Surface morphology Ellipsometry Scanning electron microscopy SEM, AFM, ellipsometry
{SEM), atomic force microscopy
(AFM), ellipsometry
Surface chemistry SEM energy dispersive x-ray SEM-EDX, secondary ion
spectroscopy (EDX), x-ray mass spectroscopy
photoelectron spectroscopy (XPS) (SIMS), XPS
Subsurface morphology SEM focused ion beam (FIB) FIB, transmission electron
microscopy
Subsurface chemistry LIBS/laser LIBS/LAMS, IBA SIMS, LIBS/LAMS,
ablation mass thermal desorption
spectroscopy spectroscopy (TDS), IBA
(LAMS), ion
beam analysis
(IBA)
Mechanical properties AFM AFM, nanoindentation
Thermal properties TGS TGS

d Formal process for MPEX Diagnostics collaborations will be established.

%QAK RIDGE
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https://info.ornl.gov/sites/publications/Files/Pub172024.pdf
https://info.ornl.gov/sites/publications/Files/Pub172024.pdf

Measurements of material characteristics as a result of PMI

should be made:

In situ, real time (in operando)

A In situ, post exposure

In vacuo, post exposure

EX situ, post exposure

EX situ, postmortem

%QAK RIDGE
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Recommendations from 1 st MURF

A Experiments in MPEX should strive to take advantage of the range of measurement
capabilities: in situ, in vacuo, and ex situ at ORNL.

AA single 0do all o6 SAS design is not required.

AArrive at a reasonable instrumentation packag
will be incorporated into the MPEX facility baseline project design and cost.

A The prioritized instrumentation package should include:
d a scanning electron microscope (SEM) to image
d surface morphology with energydispersive xray (EDX) analysis to examine surface composition,

& acompact high-energy, light ion beam for Nuclear Reaction Analysis (NRA) to study presence/retention of
light isotopes,

o0 and laser induced breakdown spectroscopy (LIBS) to enable moderate depth profiling of static retained
gases.

A FIB/SEM capability inclusion warrants further discussion.
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MPEX Device Overall Layout

Diag. Room SAS Room
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7627 Building evice assembly, installation and
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TECHNICAL LAYOUT OF INSTRUMENTS AND INTERFACES

REQUIREMENTS

A The generic SAS Diagnostic Chamber
IS shown in green. The SAS Vacuum
System and support structure is SAS chamber
shown in grey.

A Other than the mounting flange, the
shape of the SAS Diagnostic
Chamber is for illustration purposes
only and the final configuration shall
be at the discretion of the vendor to
meet the functional requirements.

Support structure

A The shape of the SAS Vacuum System \
should be assumed fixed, and any
changes implied by the SAS
Diagnostic Chamber design must be
approved in advance by the MPEX
Project Team.

%OAK RIDGE
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The layout of the diagnostic equipment in the SAS
SAS Chamber diagnostic chamber

A The shape of the chamber is
at the discretion of the
supplier.

A The chamber body shall be
perpendicular to the tungsten
target face to allow maximal
probing of the materials during
analysis.

A The positions of the
equipment shall be in the
orientation shown.

End view of the arrangement of the diagnostic ports for specific
diagnostic system on the SAS Diagnostic Chamber.

% OAK RIDGE Figure 2
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SAS Roomrt Top View
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TESCAN GROUP

O ORSAY PHYSICS

SAS overview

¥ OAK RIDGE www.orsayphysics.com
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Final Design Targeted Specifications by Tescan

Handling and alignment SAS Chamber supporting frame FIB support and installation
cart

¥, 0AK RIDGE D] ORSAY PHYSICS
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SAS Diagnostic Chamber being Constructed by Tescan

O ORSAY PHYSICS
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Software will be Pegasus: An interface to control the SAS

analysis chamber

Pegasus - Login

Login
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Characterization of plasma induced effects

(a) defect density (cm™)
1910 10." 1q12 10.13 10.14 1q15 1q16 1q17 1q18 1q19 1920 1921 1922
metals vacancy, interstitial @) intrinsic
N C defects &
B. P As impurities
plasma- [ _ .
induced | DB (dangling bonds) bond deformation
defects impurities/residues
(b) TEM/EDS
aman
XPS
FTIR
XRF
detection SIMS
methods |

PAS (positron annihilation spectroscopy)
ESR (electron spin resonance)
PL(photoluminescence), CL (cathodoluminescence)
DLTS (deep-level transient spectroscopy), CV measurement
PCD (photoconductance decay)

PP-PC (pump-probe photocurrent)

—

The plasma induced-defects are extrinsic, in the
form of dangling bond (DB), bond deformation, or
residual/impurity originating from the processing
gases.

TEM, SEM/EDS, Raman, XPS, FTIR, XRF, SIMS,
ESR, PL and CL widely used to characterize
various types of defects.

Capacitance-voltage (CV) measurement used to
characterize the trap energy and density.

DLTS and PCD most sensitive methods to detect
t he defect s, as@d | ow as

The pump-probe photocurrent (PP-PC)
measurement for in-situ and real-time detection of
plasma-induced defects during plasma processing

SAS will focus on surface characterization using
SEM-FIB and likely SIMS

ShotaNunomura Phy. D: Appl. Phy., 2023, 56, 363002, . DOI 10:6488/42862d5



SIMS as a diagnostic tool for MPEX

ToRSIMS offers spectroscopy, imaging, and depth profiling
Strengths

AFull mass spectral analysis from the outermost surface of a
sample (top 3-4 atom layers)

AAtomic species H to U, plus isotopes

AMass resolution to separate isobaric species (e.g., D* from H,*)
AExcellent for detection of molecular species, insulator

analysis

AOffer sub-micrometer imaging

APositive or negative ion mode, according to elements of interest

Cs/ O, ion gun o] ” | O luster primary
| ion gun

»* /Viewing optics
e o & camera

%OAK RIDGE Laser or other detectors
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An Example Of Port Arrangments

Primary ion beam: Au* or Ga*

25 kV beam energy Probe size 0.5 nm, scan size

out to 1000 nm

Scanning, pulsing primary probe produces mass spectra
and imaging

Profiling ion beam: Cs* or O,*3-5kV beam energy, crater
size: 500-750 mm



LAMDAc Low Activation Material Development and Analysis Laboratory

Microstructural
characterization

LAMDA is a worleclass, multipurpose radiological
materials science facility for the evaluation of materials of
low or no radioactivity. It consists of four laboratory suites
containing specialized instrument for materials testing and
characterization.

Electricall g =
Seebeck " |

as Permeability
Specialized instruments

LECO O&H
% OAK RIDGE Chemical analysis
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Measurement -needs will be determined partly by the
outcome of this MURF3 process.

A Additional diagnostics for plasma  -scenario development?

0 Interferometer for higher data rate (line integrated) density

0 TALIF for neutral density

A Additional in operando and/or in situ PMI diagnostics?
0 LIBS/LIDS/LAMS

0 Digital holographic imaging of target surface modification

A Additional invacuo and/or ex situ diagnostics for surface
characterization?

0 SIMS
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Summary

A The initial diagnostic set should document the achievement of
okey performance parametersod and
operation of MPEX. The set includes:

d Diagnostics which are neededor machine protection as well asbasic and advanced plasma
control,

0 Surface analysis diagnostics co -located with the MPEX facility , which will be utilized to examine
material samples after plasma exposure.

A Additional ports incorporated in the baseline design enable
future diagnostic upgrades and expansion.
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Discussion
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