Diagnostics for the General Fusion LM26 Machine
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MTF Overview LM26 Diagnostics

General Fusion (GF) is pursuing Magnetized Target Fusion (MTF) technology to produce commercial Thomson Scattering: | r— | VisibleUV lon Doppler and Xray Spectroscopy:
fusion power. In this approach, a rotating liquid metal wall forms a vortex and vacuum cavity, into which a Thomson scattering will measure timnesolved coreelectron temperature apre- and e e ———— Ao — An lon Doppler Spectroscopy (IDS) system designed f&fisibe ranged.g.Carbon V, 227 nm) will measure the fm@mpression ion
Marshall gun forms a magnetized spherical tokamak plasma. An array of pistons compresses the liner peak compression. For pgompression, a 1064 nm burst laser will pass through the 0 | I T @ temperature. Above 400 eV, these lines will be fully ionized an/ididle IDS will not be possible. Ana) imaging crystalpgctroscopy
radially inwards, compressing the plasma to fusion conditions. Neutrons released from the deuterium plasma to an esitu beam dump. Collection optics will likely be mounted on-a re < 1y system will be developed to measure théand™Y at peak compression, using broadening and ratio&roNe and Fe impurity lines.
tritium fusion reaction deposit their energy int_o the liquid metal, wh_ic_h Is circulated through a heat entrant lens assembly, imaging the plasma core (Fig. 6). ™ | I M_agnetic _Surface Pr_obes: | | o | o
exchanger to generate steam to power a turbine to generate electricity. The peakcompression measurement is under development. A beam dump to control ~ Figure 5: The axis of Thomson scattering collection optics fer pre Mirnov coils measuring the poloidal and toroidal magnetic field will be mounted on the cones and shaft. The probes ard nettessthe
Advantages: stray light will be located inside the back cone section. We expect high levels of compression must be ~1@rom the laser, due to access constraints.  ghaft and surrounded by a thin metal shield to protect them from the plasma. This results in a strong fredepeogent transér function,
A The liquid metal liner shields the machine structure from fusion neutrons. background from Bremsstrahlung and line radiation from the Bigand"Y plasma. il which affects amplitude and phase of the incoming signal. The frequency response will be calibsitedwith a dedicated daewe over a
ﬁ A liquid metal liner is expected to give a high tritium breeding ratio-4{118 [1]. See Poster 4.2 [B] for more details. Liner - no access to plasma /|l broad frequency range (~100 00 kHz).
The liquid metal can be pumped out of the vessel to extract heat for power generation. Neutron Measurement: THIR NS L
A Mechanical compression is an economic way of heating the plasma. Figure 1: Mockup of near commercial machine.  Neutron counters will be placed outside LM26. MCNP simulations of the expected N \'\|~ 1
_ neutron flux from LM26 have been developed with the UKAEA. The results will be us X 1 B =
L M 26 Ove er eW to optimize the type, number, and location of these counters, ealdiate their /I —4! —
responses Fig. 7 shows a neutron flux map for an LM26 peak compression shot. 11 q\ 2 B ! !
. . el . : . . : ' coil
GE is bUIIdlng a machine called Lawson Machine 2026 (LM26) to demons Composite vacuum vessel with solid lithium Ilnerlﬁ;grﬁéer For a direct ion tempera’Fure measurement from fusion n.eutro.ns at peak compression,=_#4 D
- SR - . Mapnal Gon \ Pigsima a neutron spectrometer is being developed in collaboration with SFU and TRIUMF (see Peak compression plasma
the physics viability of MTF, with goals to: . ) ) . : : |
' Diagnostic CollaboratiohsThrough the peak compression chord (Fig. 6), the neutron Nisw:at peak f=100 Hz f=1kHz f=10kHz f =500 kHz
1. Compress a plasma to 10 keV by 2025 Y, PP AR NEY N 5 g - ! compression
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2. Achieve scientific breakeven equivalent by 2026 o2tk q:ingeNl% A s?np-iﬁ‘ied I—aEI\R/Iéi%Igio)r\ sth\;vs #haif]a%orNDﬁctive fEIJx%onserver results in a strong frequency

¢KS GFNBSGO OKIFYOSNXRa 2dziSNJ gttt A, 7 0 Vij%t?émirf-e th%%et-'trﬂryeﬂew %Sf;ri Utif_m, which is a function of the ion temperature Figure 6: Thetr'\]'eu”zn aznd >|<ray Slgectro(;netertview t?e plasma at peak  gependence of the magnetic field strength measured by a Mirnov coil in a recessed well. Figure 12: Crossection of fields of view of cormounted AXUV diodes and
composite vacuum vessel. Toroidal coils outside the vessel are pulsed, cr 2 — i 4]."See Poster 3.4.4573] for more details. FOMPTESSION THDHIT & S NS, Zoiim Semetet bort AXUVTeRatio and Bolometry: front plate mounted AXUV.
a‘ -pinch to compress the liner (Fig. 3), which will compress the plasma to | Interferometry: _ _ _ Signal ratios from three filtered AXUV (absolute extreme ultraviolet) diodes provide view
fusion conditions. The duration of the compression is abomisg2]. Liner E b A set of interferometer chordg will be thg primary measurement of electron density. For cone average electron temperature measurements. The three filters are 6, 12 and 8P
diagnostics will measure the wall position during compression } :gg_%&:} \ !J outer chords (early compressmn),_ we WI|| use a‘(E[éBle (10.6um/6§3nm) system. For Mylar, each with a 0.2m aluminum layer for visible spectrum absorption. For-pre
Between compression shots, the compressed lithium liner will be extracted and recycled” A" — 1 \ the inner chords at late compression, highdensity ( p T p T a ), we may _ compression, the diagnostic will be on the LM26 front cone, with°asit®v cone angle, for
fresh liner will be replaced, and the machineaeacuated. The inner surfaces of the liner and pestructible shafl use a shorter wavelength 1550/1310 nm system. This is due to beam refraction causing sufficient signal and spatial resolution (Fig. 12). Three filters are used to have three unique
target chamber will be evaporatively lithium coated. The initial and final plasma Figure 2: Cross section of LM26 vessel. mlsallg_nment and the_ fast phase Shlft ramp requiring very high measurement ratios for measuringY, which can be crosschecked against one another.
parameters are shown in Table 1. A veto will be implemented to ensure target initial plasma parameters are reached befessicomWe bandwidth. See density trajectory (Fig. 15). Some chords must make two passes For peak compression, the diagnostic will be mounted on the front plate with an axial view
expect to run compression shots once per week, beginning2®26. Compression trajectories from a simplified model are shov#ginl5s. through the plasma using machkxmeounted retroreflectors. This has significant risk through the front cone. The view cone angle is approximatelfiy. 12). Thicker mylar
" \ . due to vibration from the compression. Delay mounted mirrors amakcolour filters (~12, 22, 46m) will be used for measuring bremsstrahlung at higher temperatures.
a) b) C) vibration subtraction are under development as vibration mitigation techniques. High bremsstrahlung radiation at peak compression is expected to compensate for the small
- e o measurement solid angle. A fourth, unfiltered diode, with the same view will measure thgure 13: AXUV responsivity vs photon energy (blue). For filtere

e 1822us 232308 P L b broad-spectrum radiated power, from which total radiated power can be estimated. Thevaried response in lower energy spectrum can be disregarded. F
i unfiltered measurement, an assumption of effective diode

responsivity must be made.

Figure 7: MCNP simulated neutron transport map for LM26 at peak diodes will likely be broken and replaced with each compression shot, so responsivity

1.0 4 . . .
) compression, developed by the UKAEA. degradation is not expected to be an issue.
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3 $ g 8. Diagnostic Challenges and Mitigations
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01\ ) | —— A Temperature, density and magnetic field will change by several orders of magnitude during compre ..
— Crord i A Fast (~5>s) diagnostics with high dynamic range are required.
-1.0 4 -0. ! | . . . . . . - E 0.1
S 02 Rl A Access to plasma is mostly limited to the central shaft, and the compressing liner will cut off most ¢ -
_ _ _ _ _ o _ o _ _ o _ Casdl L ) L e 3 ports. Critical diagnostics will have dedicated access points. B
Figure 3: a) t=50us. Thepinch coils pulse, generating a high magnetic field on the back side of the solid)lim600us. Magnetic pressure from the coil pulse initiates compression of the solid 0.250.500.75 025 050 01 02 03 01 02 0.075 0.100 2 2 VS S ] = A Shocks/vibrati f - | f ali t dd t Vibrati %10
liner. c) t=2700us. The liner hits the cones and traps the plasma in the central volume around the shaft, achieving a peak mesiaomatio of 10:1 at t=3000us. s T e R R 8 =P . 1] 8 SNOCKS/vibration 1rom compression may cause 10Ss of alighment and damage to Sensors. vibratior £
Figure 8: Gra®hafranowquilibria at different compression times, overlayed with axial chords. | & m .. . B . .. . nll | isolation and rap|d replacement and calibration pI’OtOCO|S are belng deS|gned. 107
LM26 Diagnostic Ports: Note how the liner collapse means axial views get blocked over the shot duration. : I crord « L : A Windows/optics will be protected from lithiursapoursvia shutters, reentrant windows, or coatings. S ‘/
Due to the solid lithium liner, no diagnostic ports are Sb/ ‘lc"h‘f"-s;ﬂ\\ = A The machine will operate at UHV (Arr) and high temperature (158C) during a compression shot tc &
available on the outboard side of the plasma chamb@bple 1: LM26 plasma parameters for a 10 keV compression. Ml U 210 b i 57 TG il Al soften the lithium. Surface temperature of the shaft could be much higher near peak compression. Figure 14: LM26 compression trajectories
4 ] —— . . . . . . )
Figure 9: 5x axial interferometer chords passing through LM26 (yellow). Note, inner chords must double pass through the Compatible materials are required for all plasfaaing components of all diagnostics systems. for some of the main physical parameters.

plasma. Orange dashes represent the probed reflectometer profile for a dual band (K and Ka band) system.

andaccess is limited to the central shaft. The centra Pre Peak
shaft haghree distinctsectionsthe destructible compression | compression [

equatorial section and the front and back cone SeCtiOM?ajor 0.5 m 0.08 m Reflectometry: | | | | D|ag nOStiC COI |aborations

(Fig. 4). Radius A kband, Gmode, homodyne reflectometer will be developed in collaboration with IST(see

Sixpassive radiation/laser chords pass axially at four Diagnostic Collaboratiohsind mounted to the LM26 cone to measure edge electron density GF is collaborating with several international institutions to develop and improve multiple diagnostics, including:

evenly spaced toroidal positions (Figs. 4,5). Port ullnies U UHbE profilesfrome ™8 T& p ™ & .A custom horn will maximize directivity and power A The UK Atomic Energy Authority, on the development of Thomson Scattering, magnetic probes manufacturing, and neutron argasul
diameters are limited by structural and magnetic erro‘Radlus transmitted through the limited port diameter. Further development could upgrade to a-lbaadl, and validation

field constraints, requiring ports closer to the Core 300 eV 10 keV V= Desructible K- and Kaband system, to measure density profiles froeh ¢8t p m & (Fig. 9). A cwL! aCz /FylIRIQa Yyl icénteyhbsted dukthdNdampDd oSUniveGsiy $ft BStiskd Qolanbia and Simon Fraser Univer
destructible shaft (peakompressed plasma position) Temperature | Center Shaft Front Cone | Adding higher frequency bands to measure density profiles during compressgp (U,V,W to develop the neutron spectrometer

to be smallerFour other toroidal angles have normal core Density 5619 s 1e23 m? T bands,upte€ p& p m a )isunder consideration. A Instituto Superior Técnico (IST) at the University of Lisbon to develop a reflectometer to measure electron density profiles
to-surface ports (Fig. 5). Core Biield 0.5 T 100 T A — Section A Survey Spectroscopy arfélterscopes References: [1] General Fusion TBR Analysis by UKAEA [internal report], March 17, 2024.

Anangled, 15 mm diameter, 2m long port through the . _ . - There is risk that the collapsing lithium liner injects substantial impurities into the plasma. An arraywor 8 C® . N} 3t Al SG Ff 2 45AF3y2adAoda FT2N 0K
Figure 104x sets of axial passive radiation/laser
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: : : Figure 4: One set of six passive radiation and laser chords ! ; Ve PO : : : : wo8 { @ /4kBEzikigiBydamlern@eThamson scatteringon LM26 LINB&SY U SR Fd 1 A3IK ¢SYLI® t &Yl -25R024 Rostér #.2.1. 5 0
shaft will provide an unobstructed view of the plasma srl%:/v > 4 One set of anpgle. ve radiation and faser Shords - chords at different toroidal positions (green, red, of survey spectrometers and fasie-resolvedfilterscopeswill measure the plasma impurity OGné td /FINIES SG FEds abodii NPy SYAZAA2Y &LISOGNEYSHSNIndram 03S1BKBINA 2y G S Y LIS NI O d2NB

core at peak compression (Fig. 6). chords (Fig. 10) yellow, blue). Normato-surface ports (Mirnov coils, Lcomposition, targeting several lines of interest such gd.H, L. GOpB ! &  wbl SRIKIORR yS ({ LISOHINRAYSGSNI F YR bSdziNBYy [/ 2dzy (i34 ILISB A IWRER AI0G [FRMNK DEYBING ft {CldZEWI2 yIY
g. : reflectometer) shown in orange. 22-25, 2024. Poster 3.4.45.
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