PHYS-E0463 Fusion Energy Technology January 13, 2021
Groth Kiviniemi Kumpulainen Exercise set 2

General information

The exercise sessions will be held as blackboard sessions, where the participants will present
their solutions to the group. As such, the problems should be set up and solved before
the session. The focus of the exercises lies on analyzing and discussing the task at hand
together with the group: thus, a perfect solution is not required to be awarded points. The
(attempted) solutions should be submitted via email to the assistant at the start of the
exercise session on January 20. A point will be awarded for each question, and a person will
be chosen to present their solution from the pool.

Exercise 1.
The fusion reaction

a) The chemical reaction describing the complete combustion of gasoline is
2 CgHyg + 25 Oy — 16 CO5 + 18 HyO 494 eV,
releasing an average energy of 0.9 eV per atom. The D-T fusion reaction
D+ T — *He+n+ 17.6 MeV

releases, on average, 8.8 MeV per atom, a factor of 107 times more than the cemical
combustion of gasoline per atom. What are the reasons for this difference, and how do
these values compare to the ionization potential for e.g. hydrogen?

b) Show that the neutron carries 14.05 MeV of the 17.6 MeV produced in D-T fusion.
What are the implications for fusion control of this? Tt is advisable to use a center of
mass coordinate system for the calculations.

Exercise 2.
Ignition (Lawson) criterion

a) Ideal ignition: Find the ignition temperature of D-T fuel in a thermonuclear fusion
reaction, only considering losses due to Bremsstrahlung. Is this a stable or unstable
equilibrium? Assume a 50-50 D-T fuel mix and the low temperature (7' < 25 keV)
approximation for the mean collisionalities

(0v) pr = 3.68 x 10718773 exp (—19.94T771/%) m? 571,

for [T] = keV.
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b) Ignition: Derive the ignition (Lawson) criterion for nrg, where 75 is the energy con-
finement time, considering power losses due to Bremsstrahlung radiation and thermal
conduction Piperm = W/Tp, were W denotes the plasma internal energy. Spectral line
radiation losses are not considered for simplicity. Plot the obtained relation, using the
same approximation for the mean collisionality as above. How does the obtained curve
relate to the temperature found above?

c) Ideal operation: What is the minimum value of n7g, and at which temperature does
the minima occur? Assuming the hydrostatic plasma pressure to be p = 2nT, calculate
the pressure required for ITER-like confinement times of 8 s. How does this pressure
compare to the pressure at the center of the sun and the atmospheric pressure? What
factors do you need to consider when analysing your answers from this exercise?

Exercise 3.
Plasma power balance and impurity concentration

a) Carbon contamination: Calculate the fusion power reduction due to fuel dilution
and impurity radiation density for a 7' = 10 keV, n. = 10?° m—3 plasma with 4% ¢C®*
carbon concentration (n¢/n. = 0.04), and compare the values to each other and to the
power density of a pure D-T plasma. The power radiated by carbon at 7" = 10 keV,
assuming coronal equilibrium, is Rc = 1073 Wm? [1] and the impurity radiation losses
are given by

Prad - nZneRZ [Wmig}

Set out from the quasi-neutrality condition for plasmas and assume the electron density
to have an upper density limit. Assume the carbon to be fully ionized.

b) Tungsten contamination: Perform the same calculations and analysis as above, as-
suming ny /n. = 107 and that all tungsten atoms are have charge state 50 (Z = 50).
The power radiated by tungsten at 7' = 10 keV, assuming coronal equilibrium, is
Ry = 1073 Wm? [1]

c) What can be said about impurity contamination and fuel dilution based on your findings?

Exercise 4.

The Lawson criterion and fuel dilution and impurity radiation.

For realistic approximation of the Lawson criterion fuel dilution and impurity radiation
must be considered when evaluating the operating space igniting the plasma. To investigate
these effects, download the .m files in the exercise repository of MyCourses. The main script
plotting script for ntaue.m plots the viable ignition parameter regime for given helium
confinement time parameter p*, impurity concentration f, and impurity charge state Z, with
a switch whether to include radiation losses or not. As the rate of fusion reactions and the
helium concentration are coupled, the function solve fhe.m solves the helium concentration
fre from equation (2.8) in [2].
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a) Investigate the parameter space for ignition for a pure plasma (no impurities, fz = 0).
Try running the script with and without the radiation contribution for different values
of p*. What drives the closure of the ignition domain for a pure plasma?

b) Investigate the impact of carbon (Z = 6) and tungsten (Z = 74) impurities on the size of
the ignition domain. Run the plotting script with p* = 5 and try to replicate the figures
on the page 24 in the lecture slides Fusion Principles. The result should look similar, but
the models applied are necessarily not identical. Assume that the carbon impurities are
fully ionized, and that the dominant charge state for the tungsten impurities is about
50. How does this reflect to the calculations in the previous exercise?

c) Based on your findings, outline the physical processes causing the closing and shrinkage
of the parameter space for ignition. Sections 2 and 3 of the Reiter et al. paper [2] might
be of assistance.

Constants:

1eV =1.602 x 1071 ]

m, = 1.673 x 10727 kg

my = 1.675 x 10727 kg

N4 = 6.022 x 10?3 mol™!

kg = 1381 x 1002 m? kg s 2 K~!
osp =5.67Tx10®*Wm2 K™

cp = 1.71 x 1073 W m3 eV—1/2

Power equations assuming pure hydrogenic (Z=1) plasma:

Fusion power density: Py = an;n;{ov)Ey,
where Iy represents the produced energy per a fusion reaction, n; and n; are the fuel isotope
densities, n. the electron density, Ts the surface temperature of the black body, and A the
surface area of the black body. The a parameter in the fusion power density equation is 1 for
D-T fusion, and 1/2 for D-D fusion. This parameter arises due to the fact that when calculat-
ing the fusion cross-section integral ((ov)) for like particle collisions (D-D), every collision is
counted twice. This should not be confused with the 1/4-factor that arises in the D-T fusion
cross-section with 50-50 % fuel mixture due to np = ny = n./2 — np x nyr = (1/4) x n,.
More information can be found in e.g. [3].

Bremsstrahlung radiation: Pg, = cgn2T, /2

Black body radiation: Py, = o55TgA
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