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Reminder: the Lawson criterion
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cPrL Reminder: physics & engineering gain
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cPFL
How can a plasma be confined ?

We need nt.~ 10°°m3s and T = 10keV

Gravitational
Confinement Magnetic Confinement

Magnetic Fisld

Magnetic
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Intenze Energy
EBeams

Inertial
n~ 10 m?
7.~ 101's

! Fuel Pellet

Confinement
B Swiss
Plasma
Center



cPértial Confinement Fusion - the basics

A D-T capsule is irradiated by lasers, X-rays, or particle beams
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haating Comprassion Igniticn Burn

Heating to ignition must occur before ions fly away

Compression: need ~10*? bar to reach 103 m-3
Light pressure from most intense lasers is ~10° bar, largely insufficient
Rocket effect
Shock waves from pellet surface to the center
Once fusion starts, o heating sustains the reactions
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cPrLICF: direct and indirect laser drive
Indirect drive Direct drive

. Capsule
II‘-.
Lasers
\ DT gas
DT fuel

t ~ peak compression

t~10-16 ns
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ICF - laser drive: NIF (US)

192 beams, ~1.8MdJ, 500TW UV light (0.35um)




cPrL [CF: indirect laser drive at NIF

Laser beams focused The hohlraum is heated [ X-rays ablate the capsule, The fuel core Fusion burn spreads
inside the hohlraum creating x-rays accelerate the fuel inwardl] reaches pressures 500 [ through the fuel, yielding
billion atm >> input energy

Achieving the conditions for ignition demands precise control of design, laser, and target parameters
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cPrL [CF: indirect laser drive at NIF

Laser beams focused

The hohlraum is heated | X-rays ablate the capsule, The fuel core Fusion burn spreads
creating x-rays accelerate the fuel inward ] reaches pressures 500 J through the fuel, yielding
billion atm >> input energy

inside the hohlraum
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How X-Ray Generation Works:

1.Laser Deposition: High-energy laser beams (often infrared or UV) enter the hohlraum through small
apertures.

2.Plasma Formation: These lasers strike the inner surface of the high-Z (high atomic number, e.g., gold,
uranium) hohlraum wall, rapidly heating a small layer of the wall material into a super-hot, dense plasma.
3.Energy Conversion: The laser energy is absorbed by the plasma, primarily through inverse
bremsstrahlung, causing electrons to gain significant energy.

4.X-Ray Emission: This energetic plasma then emits thermal x-rays, which fill the hohlraum cavity.
5.Radiation Transport: The x-rays bounce around inside the hohlraum, creating a uniform bath of
radiation that heats the outer surface of the fuel capsule suspended in the center.
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https://www.google.com/search?q=laser+beams&client=safari&hs=fmo9&sca_esv=b243d552b696475b&channel=mac_bm&source=hp&ei=GQhlaZeDA_Opi-gPwqmsWQ&iflsig=AFdpzrgAAAAAaWUWKaTLUXjeisKXXFO4oE2ERiPWtqj-&ved=2ahUKEwi0zev9nYaSAxUkR_4FHV3RBRAQgK4QegQIAxAB&uact=5&oq=generation+of+x-rays+in+holraum+for+icf&gs_lp=Egdnd3Mtd2l6IidnZW5lcmF0aW9uIG9mIHgtcmF5cyBpbiBob2xyYXVtIGZvciBpY2YyBxAhGAoYoAFI01pQAFipWXABeACQAQCYAacBoAHbG6oBBTI3LjEzuAEDyAEA-AEBmAIpoALBHcICCxAAGIAEGLEDGIMBwgIREC4YgAQYsQMYgwEYxwEY0QPCAggQABiABBixA8ICDhAAGIAEGIoFGLEDGIMBwgIOEC4YgAQYigUYsQMYgwHCAg4QLhivARjHARixAxiABMICCBAuGLEDGIAEwgIIEC4YgAQYsQPCAgsQLhiABBixAxiDAcICBRAAGIAEwgILEC4YgAQYxwEY0QPCAg4QLhiABBixAxjHARjRA8ICDhAuGMcBGLEDGNEDGIAEwgIFEC4YgATCAgsQLhiABBjHARivAcICBhAAGBYYHsICCBAAGBYYHhgKwgILEAAYgAQYigUYhgPCAgUQIRigAcICBBAhGBXCAggQABiABBiiBJgDAJIHBTI3LjE0oAfO8gGyBwUyNi4xNLgHux3CBwkxLjE2LjIzLjHIB36ACAE&sclient=gws-wiz&mstk=AUtExfDzOPyF2GZ2WcAJEu0a4Uyzbc_Zq5GI9zEv1dvHLHABJwcL0h4WnGbX0_nS-AbgOCLPDH1pj_mjWUH8QeTAgRRa2jo_jOiyVLV7G1bch8T_VCtra6jPLVtfUvlxH8N5kjk&csui=3
https://www.google.com/search?q=UV&client=safari&hs=fmo9&sca_esv=b243d552b696475b&channel=mac_bm&source=hp&ei=GQhlaZeDA_Opi-gPwqmsWQ&iflsig=AFdpzrgAAAAAaWUWKaTLUXjeisKXXFO4oE2ERiPWtqj-&ved=2ahUKEwi0zev9nYaSAxUkR_4FHV3RBRAQgK4QegQIAxAC&uact=5&oq=generation+of+x-rays+in+holraum+for+icf&gs_lp=Egdnd3Mtd2l6IidnZW5lcmF0aW9uIG9mIHgtcmF5cyBpbiBob2xyYXVtIGZvciBpY2YyBxAhGAoYoAFI01pQAFipWXABeACQAQCYAacBoAHbG6oBBTI3LjEzuAEDyAEA-AEBmAIpoALBHcICCxAAGIAEGLEDGIMBwgIREC4YgAQYsQMYgwEYxwEY0QPCAggQABiABBixA8ICDhAAGIAEGIoFGLEDGIMBwgIOEC4YgAQYigUYsQMYgwHCAg4QLhivARjHARixAxiABMICCBAuGLEDGIAEwgIIEC4YgAQYsQPCAgsQLhiABBixAxiDAcICBRAAGIAEwgILEC4YgAQYxwEY0QPCAg4QLhiABBixAxjHARjRA8ICDhAuGMcBGLEDGNEDGIAEwgIFEC4YgATCAgsQLhiABBjHARivAcICBhAAGBYYHsICCBAAGBYYHhgKwgILEAAYgAQYigUYhgPCAgUQIRigAcICBBAhGBXCAggQABiABBiiBJgDAJIHBTI3LjE0oAfO8gGyBwUyNi4xNLgHux3CBwkxLjE2LjIzLjHIB36ACAE&sclient=gws-wiz&mstk=AUtExfDzOPyF2GZ2WcAJEu0a4Uyzbc_Zq5GI9zEv1dvHLHABJwcL0h4WnGbX0_nS-AbgOCLPDH1pj_mjWUH8QeTAgRRa2jo_jOiyVLV7G1bch8T_VCtra6jPLVtfUvlxH8N5kjk&csui=3
https://www.google.com/search?q=thermal+x-rays&client=safari&hs=fmo9&sca_esv=b243d552b696475b&channel=mac_bm&source=hp&ei=GQhlaZeDA_Opi-gPwqmsWQ&iflsig=AFdpzrgAAAAAaWUWKaTLUXjeisKXXFO4oE2ERiPWtqj-&ved=2ahUKEwi0zev9nYaSAxUkR_4FHV3RBRAQgK4QegQIAxAG&uact=5&oq=generation+of+x-rays+in+holraum+for+icf&gs_lp=Egdnd3Mtd2l6IidnZW5lcmF0aW9uIG9mIHgtcmF5cyBpbiBob2xyYXVtIGZvciBpY2YyBxAhGAoYoAFI01pQAFipWXABeACQAQCYAacBoAHbG6oBBTI3LjEzuAEDyAEA-AEBmAIpoALBHcICCxAAGIAEGLEDGIMBwgIREC4YgAQYsQMYgwEYxwEY0QPCAggQABiABBixA8ICDhAAGIAEGIoFGLEDGIMBwgIOEC4YgAQYigUYsQMYgwHCAg4QLhivARjHARixAxiABMICCBAuGLEDGIAEwgIIEC4YgAQYsQPCAgsQLhiABBixAxiDAcICBRAAGIAEwgILEC4YgAQYxwEY0QPCAg4QLhiABBixAxjHARjRA8ICDhAuGMcBGLEDGNEDGIAEwgIFEC4YgATCAgsQLhiABBjHARivAcICBhAAGBYYHsICCBAAGBYYHhgKwgILEAAYgAQYigUYhgPCAgUQIRigAcICBBAhGBXCAggQABiABBiiBJgDAJIHBTI3LjE0oAfO8gGyBwUyNi4xNLgHux3CBwkxLjE2LjIzLjHIB36ACAE&sclient=gws-wiz&mstk=AUtExfDzOPyF2GZ2WcAJEu0a4Uyzbc_Zq5GI9zEv1dvHLHABJwcL0h4WnGbX0_nS-AbgOCLPDH1pj_mjWUH8QeTAgRRa2jo_jOiyVLV7G1bch8T_VCtra6jPLVtfUvlxH8N5kjk&csui=3
https://www.google.com/search?q=fuel+capsule&client=safari&hs=fmo9&sca_esv=b243d552b696475b&channel=mac_bm&source=hp&ei=GQhlaZeDA_Opi-gPwqmsWQ&iflsig=AFdpzrgAAAAAaWUWKaTLUXjeisKXXFO4oE2ERiPWtqj-&ved=2ahUKEwi0zev9nYaSAxUkR_4FHV3RBRAQgK4QegQIAxAI&uact=5&oq=generation+of+x-rays+in+holraum+for+icf&gs_lp=Egdnd3Mtd2l6IidnZW5lcmF0aW9uIG9mIHgtcmF5cyBpbiBob2xyYXVtIGZvciBpY2YyBxAhGAoYoAFI01pQAFipWXABeACQAQCYAacBoAHbG6oBBTI3LjEzuAEDyAEA-AEBmAIpoALBHcICCxAAGIAEGLEDGIMBwgIREC4YgAQYsQMYgwEYxwEY0QPCAggQABiABBixA8ICDhAAGIAEGIoFGLEDGIMBwgIOEC4YgAQYigUYsQMYgwHCAg4QLhivARjHARixAxiABMICCBAuGLEDGIAEwgIIEC4YgAQYsQPCAgsQLhiABBixAxiDAcICBRAAGIAEwgILEC4YgAQYxwEY0QPCAg4QLhiABBixAxjHARjRA8ICDhAuGMcBGLEDGNEDGIAEwgIFEC4YgATCAgsQLhiABBjHARivAcICBhAAGBYYHsICCBAAGBYYHhgKwgILEAAYgAQYigUYhgPCAgUQIRigAcICBBAhGBXCAggQABiABBiiBJgDAJIHBTI3LjE0oAfO8gGyBwUyNi4xNLgHux3CBwkxLjE2LjIzLjHIB36ACAE&sclient=gws-wiz&mstk=AUtExfDzOPyF2GZ2WcAJEu0a4Uyzbc_Zq5GI9zEv1dvHLHABJwcL0h4WnGbX0_nS-AbgOCLPDH1pj_mjWUH8QeTAgRRa2jo_jOiyVLV7G1bch8T_VCtra6jPLVtfUvlxH8N5kjk&csui=3
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Some IFE strategic planning exercises
are now underway in the US
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cPrFLViost recent ICF - result @ NIF (US)

NIF - July 2023° \ ”/ 4

2.05MJ laser energ.x in 9 3.88MJ fu n é rgy out
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cPFL
ICF: physics issues

Core must not be heated before shock waves arrive and compress it
Pellet design
Laser pulse timing

Hydrodynamical stability
Pellet symmetry
Beam alignment, symmetry of drive

Simulated mixing N\
due to Rayleigh- \ ’ 1}'

Taylor instability \ #

/
Courtesy of Mathias ’ oute.r :
Groth, Aalto Univ. material
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=PrL 1 engineering issues

Efficiency, cost and reliability of high energy driver

Materials for first wall of vacuum chamber

Complexity and cost of capsule

LIFE: 15 Hz

From single to repetitive pulses
(3-10Hz)
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=PrL Plasma confinement by
___—_magnetic fields

| _ N
. S ) The Tokamak

— Magnetic

Mutleus . : _ Field s y y ; : : A
e Position control coils anar;r coil Toroidal field coil

Fuel 4 1 3
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Vacuum Plasma Poloidal Toroidal Toroidal field
vessel magnetic magnetic  coil current
field field
o Swie Efficiency of confinement measured by

Plasma

Center B = plasma pressure/B-field pressure = (nT)/(B4/2u,)



=Prl What has been achieved ?

JET > 16 MW
15 (1997)
In a D-T plasma,
S
= . . .
= 10 with 24 MW input into the plasma
=
o
(=%
S total output : max 16 MW
g JET
-5 L o (1997)
A\ U T e O T Tienany
'y \-\_
-
-\"'. %
1 =]
0 T= | tL‘m_%
0 4.0 5.0 6.0

Record fusion power gain: Q ~ 0.7
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Plasma Temperature (10° °C)

1

High Energy
Multiplicatio

=
o

2nd Generatio

1st Generation

Tokamak
Concept
Developed

3rd Generation
~1990-2000

'b = fusion power / input
power

Q > 5: plasma heating is
dominated by fusion by-

. Sma
102" 1022

Fusion performance — Density (m=) x Confinement time (s) X Temperature (keV)



=PrL ITER

Scientific and technological feasibility of fusion

Q =10: first burning plasma
P; sion= D00MW for ~500s

fusion

Under construction in the south of France
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The future: DEMO

Hundreds of MW of electrical
power

EUROfusion

—

pitalise on fusion-intrinsic
safety features, bringing critical
technologies to adequate maturity
with an eye to reducing cost of

electricity...
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cPrL A magnetic fusion power plant
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