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Abstract

®

CrossMark

The controlling parameters regarding tritium burn efficiency (TBE) are derived from first

principles and shown to depend fundamentally on the permitted He gas fraction in the divertor
and effective pumping speeds of He ash and unburned hydrogenic fuel. The analysis is generic
to any equilibrated magnet fusion plasma using a divertor for particle exhaust. The He gas
fraction in the plasma limits the maximum TBE due to the link between ash dilution effects in
the core plasma and fusion performance. High TBE in magnetic fusion devices is
counter-correlated to achieving high gain and power density for commercial fusion. The impact
of TBE on fusion performance for several figures of merit are derived, including power density,

required n — 7, product, and plasma energy gain Q,. The TBE formulation presented here is
applied to existing devices, based on published data of enrichment and 73}, from research
tokamaks. This assessment strongly motivates exploration of technologies that would enhance

the effective pumping speed of He to fuel out of the plasma.

Keywords: tritium, fuel cycle, divertor, helium ash

(Some figures may appear in colour only in the online journal)

1. Introduction

The topic of tritium self-sufficiency in fusion power plants
(FPPs) is gaining more attention in academic studies [1] and
in the popular science press [2] with the growth of the com-
mercial fusion energy sector. It is expected that the first com-
mercial FPPs will utilize the deuterium—tritium (D-T) fusion
cycle. D-T fusion has well-known advantages over other

* Author to whom any correspondence should be addressed.
Original Content from this work may be used under the
BY terms of the Creative Commons Attribution 4.0 licence. Any

further distribution of this work must maintain attribution to the author(s) and
the title of the work, journal citation and DOI.

1741-4326/23/126019+10$33.00 Printed in the UK

1

fusion fuels, including a ~100x higher reactivity at exper-
imentally achieved plasma temperatures (~10-20keV), and
access to ignition and high gain (Qp) at lower T and lower n7g
product [3] due to its high reactivity and significant energy
release per reaction (17.6MeV). The D-T reaction creates
two particles: a helium ion (or alpha, o) and a free neutron
(n). Unlike deuterium, which is stable and highly abundant,
natural tritium reserves are effectively non-existent. Tritium
made from neutron capture in heavy-water moderated fission
plants has very limited reserves (~35 kg worldwide [4]) which
is insufficient to supply fuel to a D-T fusion power industry.
This necessitates that D-T FPPs produce their own tritium via
(n,t) capture reactions with lithium isotopes in the breeding
blanket that surrounds the plasma core. Deuterium and lith-
ium are thus the consumables in D-T fusion. Tritium, and its
additional neutron as compared to deuterium, is continuously

© 2023 The Author(s). Published by IOP Publishing Ltd on behalf of the IAEA
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recycled and can be considered as a catalyst that improves
the fusion performance in the FPP. Therefore, FPP designs
must assure tritium self-sufficiency, which is a multi-faceted
design requirement referring to an FPP’s ability (1) to breed
and recover sufficient tritium for its own fueling needs, (2)
secure sufficient tritium reserves to assure continued operation
and (3) provide the startup inventory for additional FPPs. The
FPP’s tritium supply strategy must consider the effectiveness
of tritium fuel consumption (the subject matter of this work),
the rates at which tritium is bred in the blanket, the charac-
teristic timescales required to recover and process bred and
recycled tritium, and the on-site reserve tritium inventory that
is required.

This work develops and quantifies a dimensionless figure
of merit, tritium burn efficiency (TBE), which describes the
global effectiveness of tritium in an FPP that creates fusion
power with a confined plasma equilibrated on a long timescale.
We argue that TBE tends to apply to most magnetic FPP con-
cepts and should be used when characterizing the fuel cycle
of these systems. The TBE metric provides conceptual clar-
ity on tritium use efficiency in magnetic confinement fusion
(MCEF) devices, which utilize continuous fueling systems that
are controlled by different processes than do FPP concepts in
which fuel is introduced and burned in discrete events, such as
inertial confinement fusion (ICF) or magneto-inertial fusion
(MIF).

In systems featuring discrete fusion events, like ICF and
MIF, it is conceptually appropriate to use burn fraction f, and
fueling efficiency 7 to characterize the fuel cycle instead of
TBE. f; is defined as the fraction of fuel burned in the plasma
in a single compression or ignition event, while 7 describes
the maximum percentage of tritium fuel introduced into the
system that can undergo fusion per fueling event. If the fuel
is in a discrete form, such as an IFE pellet or capsule, 7 is
equal to unity. If the fuel is provided by other concepts, such
as one in which an initial plasma is formed via tritium fueling,
only some of the plasma will participate in the ignition event,
and 7r < 1 in this case. Because the energy gain per fusion
reaction is fixed, f, and 7y describe exactly the amount of
fusion energy released per event, and therefore characterize the
energy gain, a key fusion performance metric. The ICF or MIF
FPP designer maximizes the f,,7¢ product to maximize gain and
fusion energy production, and by definition, also maximizes
the effectiveness of tritium consumption. The designer must
consider how to recover ash particles and unburned fuel via
processes which are outside the timeline of the fusion burn
event itself, and which therefore cannot directly impact the
fusion performance.

However, this is not the case in equilibrated plasma fusion
systems, in which the tritium fueling process, and the fusion
itself, is quasi-continuous and not a series of discrete events.
Fuel introduction, use, and ash removal are happening con-
currently, and therefore interactions between these processes
are not decoupled. In this analysis we assume that the
fusion plasma has a sufficient duration such that the plasma
and surrounding systems are in full equilibrium (for MCF
this would typically require pulse duration >10-100s). This

time-averaged equilibrium constraint remains even if fuel-
ing occurs in discrete events (e.g. pellets, gas puffs) because
these, by definition, must occur on timescales shorter than
global particle confinement ~1-10s. Applying this equilib-
rium requirement we will show that tritium fuel use is directly
linked to available fusion performance, and this link is more
accurately described by TBE rather than 7 f,.

The purpose of this work is to derive the expressions needed
to calculate TBE, consider the design parameters that govern
TBE, and understand the constraints that these parameters will
place on fusion performance in burning and commercial mag-
netic fusion devices. We provide example quantitative assess-
ments of TBE using published data from tokamaks, which
have the most mature and extensive results available. However,
it should be noted that this analysis is generic to any equilib-
rated fusion plasma. The script to reproduce the derivations
and figures in this paper is available on GitHub [5].

2. Deriving an expression for TBE

2.1 Key definitions

We define the TBE as the fraction of tritium particles entering
the principal plasma vacuum vessel (VV) that undergo a D-T
fusion reaction:

D+T— a (3.5MeV) +n (14.1MeV). (1)

An illustration of the key processes and parameters
involved in TBE is shown in figure 1. NT,in is defined as the rate
at which neutral tritium particles enter the V'V, with units of tri-
tium atoms per second. NT,bum describes the rate at which tri-
tium is burned through D-T reactions. Every D-T fusion reac-
tion produces a 3.5 MeV alpha («) particle, i.e. a bare helium
(He) nucleus, commonly referred to as helium ash. This fusion
byproduct is produced in the core plasma at a rate of N, ash
particles per second. For clarity we use « to denote helium ash
nuclei in the high temperature core only (helium exhausted in
the divertor is referred to as ‘He’). We define the ‘Tritium Burn
Efficiency’ TBE as the fraction of tritium particles introduced
into the VV that undergo a D-T fusion reaction. Key points to
the derivation are:

e The VV represents the boundary within which we define
TBE. The VV is the region into which neutral particles enter
and leave.

e Neutral particles (D, T) may enter the VV via multiple deliv-
ery technologies (e.g. gas, pellets, or plasmoids). Neutral
particles (D, T, He) leave the VV via pumping action on the
VV. Pumping is the only significant exit pathway for fuel and
ash particles. For simplicity we will not directly consider
inventory build-up of fuel and ash species in internal VV
components. With the exception of plasma-deposited low-Z
layers, the in-vessel inventory will saturate.

e Particle entry and exit rates are calculated assuming that
the plasma, fusion power and neutral species are in full
equilibrium.
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Te (V) e We consider only the fuel and He ash particles. Implications

10* for other non-fusing impurity species will be discussed in
later sections.

e High fusion gain requires that helium ash particles from

10° the D-T fusion reaction be well-confined and heat the

background plasma through Coulomb collisions. Thus, we

assume that the core plasma is designed to force « particles

Separatrix Ne (M-3)
10%

Z.
o

Vacuum Vessel (VV) boundary l

10 10? to thermalize into the background plasma on timescales
faster than the global energy confinement time (<1 s).
e The only significant pathway for the thermalized helium
10t to exit the VV is via pumping at the magnetic divertor(s).
The helium is a neutral particle and is exhausted at a rate
i \ NHe, div- The divertors are intentionally designed to produce
Divertor targe O o 10 L high neutral gas pressure.
plenum
B ewras bi ne0
div 2.2. Derivation
. tral S P .

: Separatrix Ee(l;qr:) At equilibrium, the burn rate of tritium is equivalent to the pro-
— 102 duction rate of « particles in the core plasma. This is equival-
g ent to the removal rate of helium ash from the divertor, such
E 102 that helium ash inventory in the divertor is constant:

s
2 - 20 13 . . .
° 10721 NT,bum =N, = NHe,diV~ (2)
2
5 A constant fuel particle inventory is maintained in the VV.
8 10%° . . .
g The tritium and deuterium input rate must therefore equal the
et total exhaust of unburned fuel and He ash from the divertor.
10" Since the D and T ratio is 1:1, we have:
Divertor 1018 N in — N in — 1].\’ 1 (3)
Divertor targetl TU"‘D Divertor target (b) T,in D,in 2 Q,in
plenum
W lons/ Electrons Ngiy ~ 1022- 1023 m-3
B Neutrals . .
l Ndiye Ndiv Sp and'
. . 1.

; Separatrix Nr giv = Np giy = ENQ,djv 4
—

g where Q is used to denote all unburned fuel species atoms
5 regardless of molecular form (DT, D,, T;). The VV fuel
s inventory equilibrium requires that the fueling rate equals the
= total exhaust rate:
% Ploss= P +Pext
> | . . .
§ / Ng.in = Ng,div + 2NHe div )
8 [
\ where the factor of 2 on the RHS reflects the fact that two Q
Pion > Prad . . .
o PsoL atoms are required to produce a single He atom. Equivalently
A/ \ one can express the equilibrium condition by:

il (@) . o . s o .

o i Nt in = Nt giv + NHe,div = Np,in = Np giv + Nie,giv ~ (6)

W lons/ Electrons ?

W Neutrals g . . . .

l Ndiv which leads to two important definitions of TBE through these
equilibrium and equivalence relations:
Figure 1. Illustration of key processes and parameters in a
equilibrated magnetic fusion device using a dissipative divertor N N
(a) plasma density and temperature (b) neutrals (c) power. TBE = ,T’b“m = a @)

Ntin  Nt.div + NHe div

e Particles (e.g. unburned fuel and helium ash exiting the . . . —1
divertor) are neutral unless otherwise specified. TBE = Nrbum _ Ne div — ( Nr.giv + 1) . (8

o The D:T ratio is set at 1:1 to maximize fusion reactivity. Ntin  N1.div + NHe,div NHe, div
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And by using equation (4),

. —1
TBE = <NQd + 1) . ©)

NHe, div

These definitions of TBE highlight several key points. First,
by using these global equilibrium arguments at the VV bound-
ary, we remove the requirement to describe fueling in terms
of fueling efficiency 7. Indeed, we do not need to introduce
7¢ to define TBE, which we contend is the more useful and
accurate metric in an equilibrated system. Second, through
equations (2) and (7), we see that TBE is directly linked to
fusion power since N, is equivalent to the fusion reactivity
and tritium burn rate. Third, equation (9) shows that TBE is
determined by divertor parameters, namely the relative rate of
unburned D-T fuel removal to helium ash removal. This arises
from the equilibrium concept itself, and is not applicable to
fusion FPPs with discrete burn events. When NQdiV / ZNHQdiV
decreases, corresponding to a greater rate of He ash removal
via pumping, TBE increases. A high TBE—and high fusion
power—is dependent on the divertor’s ability to efficiently,
continuously remove burnt helium ash.

Divertor pumping removal rates are set by the product of
the neutral gas density n [# m~>] and effective pumping speed
S [m3s~!] of each species X:

Nx,div = Nx div * SX' (10)
We define the ratio of pumping speeds for helium ash and
unburned hydrogenic species that are pumped out of the
divertor as:

= e (11)

We define the relative density of neutral He ash to hydrogenic
fuel in the divertor as:

NHe,div
fl—le,div = .

(12)
nQ,div

By substituting equations (10)-(12) into equation (9), we
arrive at the following expression:

! —1
TBE=| ———— +1 .
<2fHe,divE >

Equation (13) provides the important insight that, at fixed
pumping speeds, TBE monotonically increases with fie div.
This is shown graphically in figure 2. Yet increasing frac-
tions of He ash has significant consequences to fusion per-
formance, which is the topic of the next section. Imagine that
we deployed a theoretical pumping system that enabled X >
1. TBE would monotonically increase and asymptote toward
unity. This represents an extreme case where only He ash
particles are removed from the VYV, leaving fuel particles (Q)
within the VV boundary until they are burned. Even if such
pumping technology becomes available, it is undesirable to
operate in such a scenario because it prevents active control

13)

100 4
>
g N
: L
O A
= 5
I-ICJ 1071 4 i)
—
>
m
S
>
2
= 10724
=
L
m
|_

103 1072 101 10°

fhe, div

Figure 2. Tritium burn efficiency (TBE) as function of divertor He
gas fraction for various values of ¥, the relative effective pumping
speed of He and fuel species.

of the fuel plasma density. Nevertheless, equation (13) indic-
ates that there are multiple pathways we can exploit to increase
TBE.

3. Divertor function, helium fraction, TBE, and
fusion power density

3.1. Divertor function

The primary purpose of a divertor in magnetic fusion device is
to create a region inside the VV dedicated to particle exhaust.
This is accomplished by creating poloidal magnetic field nulls
in the divertor region, which result in open field lines ter-
minating at divertor plates (see figure 1). The nulls define
the location of the last closed flux surface and thus determ-
ine the volume of the confined plasma where fusion reactions
can occur. Due to the extremely large plasma heat conduc-
tion (x| oc T%/2) and high sonic exit speed (¢ < T2 ~10% —
10°ms™") that is possible parallel to magnetic field lines
[6], the divertor surfaces experience large incident plasma
heat flux (¢ > 1MW m~2) and charged particle flux dens-
ity (I'; > 10%ionss~ ! m?). The divertor therefore constitutes
the primary location for convective and conductive plasma
heat exhaust. The plasma charged particles have small range
(~10~% m) in structural materials where they undergo recom-
bination with the incident electrons (I', = I'; is enforced by
ambipolarity) that also implant in the surface and neutralize
into atoms. Therefore, plasma particle species (D, T, He) reach
saturation density (~10? #m—3) in the divertor surfaces at
sub-millisecond timescales. The saturated surfaces predomin-
ately release volatile neutral gas species back into the local
plasma at I'y,s ~ I'; via the nearby surface. It is noted that
the species under consideration here all form volatile species,
with the hydrogenic fuel as diatomic molecules and the helium
as atoms. These light (atomic mass M of 1-4) neutral volat-
iles, near room temperature (RT ~ 0.03 V) and thus thermal
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velocities 10* x (Trr/M)'/2 ~ 10° m s~ [6], primarily ion-
ize in the plasma near the divertor surface. These neutrals have
ionization mean-free-paths \io, ~ 1-10 mm, which is much
smaller than the geometric distance from the divertor surface
to the confined core plasma (~100-500 mm). Therefore, the
vast majority of these ionized particles return along magnetic
field lines to the nearby divertor surface. This establishes a
‘recycling loop’ (figure 1) of particle ionization and neutraliza-
tion with characteristic timescale Trecycle = Ajon /vin ~ 1-10 ps.
This is 5—6 orders of magnitude faster than the global energy
and particle confinement time ~1s. This recycling process
therefore strongly increases plasma and neutral gas density
near the divertor. The neutral gas density near the divertor sur-
faces is typically more than 100x larger than it is elsewhere
in the VV [6], and the escape of a small fraction of recycling
neutral particles into the divertor pump plenum volume allows
for particle removal by pumping (figure 1). Poloidal divertors
are by far the leading configuration in MCF. They have estab-
lished sufficient particle exhaust efficiency (e.g [7]) and are
featured in the majority, if not all, of MCF burning plasma
designs such as ITER [8] and SPARC [9].

By considering divertor functionality, the following
important insights regarding trittum burn and TBE are
revealed:

1. Itis a misconception to characterize TBE as the chance that
a given triton has of burning in the confined plasma (TBE)
or being exhausted from the divertor as a neutral species (1-
TBE) upon a singular journey through the core. Fuel and
ash particles can exit and enter the divertor surfaces many
hundreds to thousands of times due to the recycling loop
before they burn or leave the VV via the pumps. This is self-
consistent with (13), which indicates that no knowledge of
fueling efficiency is required to calculate TBE.

2. The recycling loop must be primarily sustained by ioniz-
ation in the divertor, not particles streaming to the diver-
tor from the core plasma. This is because the recycling
timescales are 5—6 orders of magnitude shorter than global
particle confinement timescales, i.e. the particles in the
recycling loop are re-used over and over. The recycling
loop is sustained by power transport parallel to mag-
netic field lines in SOL (scrape off layer) into the diver-
tor (figure 1(c)). Ionization (and the associated radiation)
is inelastic, expending ~40eV per ionization, and thus
requires an energy input source.

3. Plasma pressure is o< n7 and is conserved along open field
lines of the SOL. As a result, the combination of the recyc-
ling loop and parallel heat conduction force the divertor
plasma to be more dense and less hot than the SOL in
proximity to the core plasma (figure 1(a)). The two-point
model of Stangeby [6] shows that divertor plasma density,
which is proportional to the local gas density, scales non-
linearly with the core plasma density (ngyy o< n2.,.). Thus
one expects divertor particle exhaust to be improved (higher
N divs Nie,div) at higher ngoe.

4. Ionization particle balance in the divertor is a driving con-
sideration for the effectiveness of particle removal because

it is fundamentally the process that established recycling.
The atomic physics that govern this are highly variable
and sensitive to divertor plasma conditions of 7,, n, and
the gas species. Helium is generally harder to ionize than
hydrogen due to its closed electron shell and high ioniza-
tion potential. One can therefore reasonably expect helium
to have a slower recycling loop. Ratios of hydrogenic and
helium densities, and therefore TBE, are not expected to be
constant in the divertor. Due to the strong non-linearity in
atomic physics rates (e.g. ionization, recombination), and
highly variable divertor plasma conditions, direct measure-
ments of fy. giv are required to determine TBE.

3.2. Helium enrichment and dilution

Helium-to-fuel fraction is critical to both TBE and fusion
performance, but this fraction can differ between the core
and divertor, as do the plasma conditions (figure 1). To
describe this difference, we use the term enrichment, which is
defined as:

— fHe,div

N foz,core

where fie ¢iv and fo core are the helium-to-fuel fractions in the
divertor plasma and the core plasma respectively [7]. In the
core plasma, therefore, we have:

MHe (14)

N

5)

f o,core —
nQ,core
equations (14) and (15) are useful because they can be meas-
ured experimentally [7, 10].
Charge neutrality requires:

Ne = NQ,core + 2nq (16)
where n, is the core electron density. Because the Greenwald
density operational limit [11] depends on electron density, it
is convenient to define ash dilution fraction as:

n
fan = —.
ne

a7

By substituting equations (16) and (17) into equation (15), we
have:

Ne ﬁii]
" = = . 18
f ,core n, — 2na 1— 2fdil ( )
We can also solve for fgj in terms of f;, core:
fOé core
fan = (19)
T+ 2acore

Next, consider core fusion power density Py [MW m~3],
defined as:

2

n
Pr= —Qcore R(T)pr ksEpr

) (20)
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where R(T)pr[m?s~!'] is the temperature-dependent D-
T rate coefficient, kg is the Boltzmann constant (1.6 x
10~ JeV~"), and Epr is the energy gain from the DT fusion
reaction (17.6 MeV). We use again Q to denote any fuel spe-
cies so ng = 2np = 2nt assuming equal isotope mixture for
maximized reactivity. By combining equations (15), (17), (18)
and (20), we obtain:

IS

Pr=[1 —2fx)* = R(T)pr kpEpr- (21)

4

Ash dilution therefore decreases the fusion power dens-
ity. The maximum possible value of fusion power density,
Pt max, occurs at zero dilution. We can express the ratio of Py
to Prmax—referred to here as the fusion power reduction—in
terms of the ash dilution fraction alone:

Py

P f,max

=1 —2fw]*. (22)
By using (14) and (19), we can express the fusion power reduc-
tion in terms of the divertor helium fraction and enrichment:

P -1
f_ 1— <1 + THe ) _
Pf,max 2fHe,div
Having derived both equation (13), which defines TBE in
terms of fye qiv and pumping speed ratio 3, and equation (23),
we have now established a quantitative link between TBE,
helium gas fraction in the divertor, effective pumping speeds,

and fusion power density at fixed core temperature and elec-
tron density #,.

(23)

3.3. Experimental observations of He fraction

The relationship between Pr and fie giv is shown in figure 3
for enrichment (7)) ranging from 0.2-2.0. It is informative to
look at experimental results to bound expectations for TBE.
Enrichment has been measured experimentally in tokamaks
using a D-D fuel mixture with helium artificially introduced
into the plasma by gas injection or neutral beams in order to
mimic alpha production. On DIII-D, when the pumping effi-
ciency was optimized by placing the divertor strikepoint near
the pump plenum entrance, and D, fueling was done well
outside the divertor to enhance particle flow to the divertor,
the enrichment of gas-injected helium was found to be 7y ~
0.9-1.1 and fye giv ~ 0.05 [7]. These experiments lacked dir-
ect helium pumping (thus no insight into pump efficiency) but
the fie,qiv imply TBE above 0.1 for the default of X (figure 2)
with a modest 20% decrease in fusion power density com-
pared to the non-diluted case (figure 3). It is of interest to note
that the enrichment of heavier, and easier to ionize, noble spe-
cies (Ne, Ar) were substantially higher than the observed He
enrichment, and increased at higher divertor plasma density.
This is consistent with the idea that ionization near the diver-
tor plates is key to divertor enrichment. On JT-60U, 7y ~ 1
was found with their W-shaped divertor [12]. On JET [10],
Nue ~ 0.3—1.0 was observed, with the general trend being that

1.0
0.8 -
x 0.6
©
€
- P
= 3 %
Q 0.4 %p 2\ ©
2 ? ‘©
% EONY
N\
Q
N Qk
0.0 T T T )
1073 1072 107t 10°

fHe, div

Figure 3. Fusion power density reduction as a function of helium
gas fraction in the divertor (fie,qiv) for values of He divertor
enrichment 7y ranging from 0.2-2.0, which spans experimental
measurements. Higher fie giv corresponds to greater reduction in Py.
Higher divertor enrichment relative to the core corresponds to lower
reduction in Ps.

Nie decreased for higher core plasma density ne core. Helium
has the highest ionization potential, 24.6 eV, of any neutral
element, and the trend observed on JET likely indicates that
helium ionization becomes relatively weaker to hydrogenic
species (hydrogen has an ionization potential of 13.6eV) as
the divertor T, falls below ~10-15eV at higher electron dens-
ity (the two-point model predicts divertor 7,  n7 ,,,). These
experimentally measured values of 7y, presently bound the
expected values to ~0.5-1.0, yet it would clearly be advant-
ageous to obtain more data, and simulations, from present
magnetic fusion devices on fie div-

3.4. TBE, reduced fusion power density and selective He
pumping

At fixed relative pumping efficiency ¥, TBE and fie dgiv
are monotonically dependent. Moreover, from equations (13)
and (23) the fusion power reduction can be expressed as:

-2
Pr _ 1— _r
Pf,max ( Z"]He (1—1113]5)> .

Figure 4 plots Ps reduction as a function of TBE for represent-
ative values of 7y for X =1, 3, 5, and 10. These plots indicate
that achieving high TBE incurs a penalty: it is always accom-
panied by a reduction in Py, and therefore this is a trade-off
that must be considered in the operational design. At > =1
(helium ash and unburned fuel are pumped out of the divertor
at equal rates, and there is no attempt to selectively pump out
He ash), a reasonable limit for TBE is ~0.05-0.1. Within the
range of nye, ~ 0.5-1.0, this results in only a 20% reduction in
maximum allowed fusion power. When ¥ is increased mod-
estly to 3, the TBE at P/ Pt max = 0.8 increases to ~0.25. At
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Figure 4. Fusion power density reduction as function of tritium burn efficiency (TBE) for representative values of He divertor enrichment
nHe and X, the relative pumping efficiency of He ash to fuel species (equation (11)). Increasing ¥ increases TBE, but high TBE is also

correlated to a reduction in fusion power density Ps.

> = 10, TBE reaches even higher values (~0.5). This exercise
informs us that increasing Y (selectively pumping helium ash
out of the divertor at higher rates than unburned fuel particles
in the divertor) is a highly effective way to increase TBE to
robust levels (TBE > 0.1). ¥ can be increased, for example,
by designing for selectivity in the gas species that reach the
pumping plenum and/or pump surfaces [13], or designing the
plant such that some volume of pumped species is filtered for
helium ash and then internally recycled [14]. Increasing X is
flagged as a critical technology development to increase TBE
in FPPs.

4. Achieving high TBE and fusion energy gain

The previous section showed that there is a key design tradeoff
between high TBE and high Py, using experimentally determ-
ined enrichment parameters to bound the problem. But how do
we actually achieve a target TBE and fi. giy in a FPP, and how
difficult will that be? Furthermore, the minimum allowable
value of P¢/Psmax is rather undetermined; is P¢/Pg max ~ 0.8
a reasonable compromise?

These questions can be partially answered by further con-
sidering power balance and access to fusion gain. Fusion gain
O, is the ratio of fusion power density Pt to the externally
applied heating power density P.y,. Reiter et al provide a thor-
ough examination of the impact of ash dilution and impur-
ities on access to ignition (Qp, = 00) [15, 16]. We will fol-
low a simplified version of their analysis, ignoring the impact
of bremsstrahlung radiation since it plays a minor role for
tokamak reactor designs with Tcoe > 10keV. The effect of
other impurities is ignored. Noble elements are often added to
enhance radiative power dissipation from the FPP core plasma,
thus intentionally introducing another source of fuel dilution.
The exact quantity of radiative impurities is highly depend-
ent on the noble species and the core plasma temperature. As
shown in [15, 16], these can also close off access to high gain.

However, for purposes of generality, we consider here only the
He ash effect on dilution.
Power balance in the core requires:

Wiy

Pa+Pext:P(y(1+5/Qp)*T7 (25)
E

where 7g[s] is the energy confinement time, Wy, [MJm ™3] is
the thermal energy density, and P,, is the alpha heating power
density, defined as

P, = P; (Eo/Epr) & Pf/5 (26)
where E, = 3.5MeV.

With the standard assumption that the species are iso-
thermal, the thermal energy density of the core is expressed as:

3 .
Wi = E(ne +nQ,core + 1 )k T = 3nckpT (1 _fczhl) 27)

where the third term is obtained by applying charge neutrality,
per equations (16) and (17).

From equation (21), the full expression for fusion/alpha
power density, equations (25) and (27), one obtains:

] {10.5fdﬂ
(1 —2fau)?

This reverts to the familiar Lawson ignition criterion of n,7g >
1.5 x 10 m~3 s for Q, = oo and fg = 0, near the broad min-
imum at T ~ 25keV for the first RHS bracketed term, which
depends only on temperature.

As in section 3.2, we can substitute in the relationships
between dilution, divertor He fraction, and TBE. Figure 5
shows the n7g performance multiplier that is required on
the non-diluted n7g product in order to keep Q, constant at
fixed core temperature. It is difficult to assign a hard limit to
the performance multiplier in a design, but >1.5 is unlikely

12T
EoR(T)pr

ne e (1+5/0p) = { ] (28)
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Figure 5. Effect of TBE through dilution on required multiplier to
nTE to maintain constant energy gain Q, (see equation (28)). The
curves represent constant values of the product of relative pumping
efficiency ¥ and He enrichment nye.

to be achieved. This will be due either to proximity to the
Greenwald density limit, or to the fact that most fusion plasma
designs already seek to maximize confinement, and the statist-
ical spread of empirically predicted confinement values have
+/—15%. It is noted that FPP D-T core plasma scenarios
often default to the assumption of a few % ash in the core
plasma. The primary purpose of figure 5 is to identify the TBE
at which the fusion performance multiplier becomes so steep
versus TBE that TBE effectively saturates. For example, at
> - e = 1.0, this could be estimated to occur at TBE = 0.2,
where a 50% increase to TBE = 0.3 requires a doubling in n7g.

It is illuminating to consider the effect of dilution and TBE
on the ability to achieve a targeted energy gain Qp o at fixed
ntg with no dilution. Figure 6 shows two cases: one where
the non-diluted targeted O, o = 10 (which is typical of burn-
ing plasma experimental designs like ITER or SPARC) and the
case Q) 0 = 40 (more typical of power plant designs that must
achieve engineering electrical gain Q. > 1). For the former
case, O, dropping to 5 or lower is a clear threshold since one
drops out of the burning plasma regime where alpha heating
dominates. For the latter case, the restrictions on TBE are more
severe because the target plasma is highly reliant on alpha
heating and this is curtailed by dilution. This further motiv-
ates the deployment of technologies that increase X in power
plant design. TBE will be more important in a power plant and
the ability to sustain high Qp and Q. will be very sensitive to
> MHe-

The principal point of these figures and analysis is to show
there is an inherent limitation on TBE. This limitation arises
because we achieve the target TBE via ash dilution of the
divertor plasma, which has implications for the core plasma.
If it is possible to design more margin into the core fusion
reactivity, for example by having a higher Greenwald frac-
tion/density or more margin in confinement, then TBE can

10 A

Q, with dilution
z‘(\U"L

2 Qp,():lo

40

35 1

30

25 A

20 1

151

Q, with dilution

101

Qp,() =40

1072

TBE

Figure 6. Effect of TBE through dilution on achievable plasma
energy gain Op. The curves represent constant values of the product
of relative pumping efficiency 3 and He enrichment 7y (see
equation (28)). Two representative curves are provided (top) where
non-diluted Qp, 0 = 10 is typical of a burning plasma experiment like
ITER or SPARC and (bottom) where Qp o = 40 is typical of a power
plant design.

theoretically be increased to higher values. And as previously
stated, any increase in X via deployment of technology that
preferentially increases Sy enables the achievement of very
high TBE (> 0.2) while maintaining fusion core performance.
Fueling efficiency does not play a direct role in setting the lim-
its of TBE. However, it can play a role in accessing the desired
operating point of the core plasma. These two criteria—TBE
and 7y—should not be confused. This naturally leads to the
question of how fie ¢iv and TBE can be ‘set’ such that that a
fusion designer can vary TBE to trade off between efficien-
cies in the fuel cycle and the overall fusion performance. This
has to do with the details of the high-recycling, high gas dens-
ity divertor region described in section 3 and the design of the
associated pumps. For example, the physical proximity of the
pumping plenum to regions of high particle density has been
found to be important [7].

An interesting example is from JT-60U, which tested
various divertor plasma and plenum geometries [12]. These
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were characterized by measurements of the normalized global
helium confinement time 73}, [s], which is defined by the fol-
lowing relationship:

ng 1

THe _ Mo (29)
TE N TE

where n,,[m~3] is the core He density. In the case of JT-60U,
the helium was deposited volumetrically into the core plasma
using high-energy He neutral beams to mimic « production in
the FPP core via fusion reactions. In an FPP, one can define
the He/a production rate as:

n2

fla =~ (1= 2f5)* R(T)pr-

. (30)

Then, using the previous derivation of equation (28) to re-
arrange equation (29) into a form that links it directly to dilu-
tion and energy gain, one obtains:

The _ _ Jai E, 1
TE (1 —O.Sfdil) 3T 1—|—5/QP

3D

Because the target core T is mostly determined by the min-
imum in the Lawson criterion, T ~ 12-25 keV, the typical term
g—;‘ has a value from 50-100. This fact is used to motivate
the experimental demonstration of 775, /7z < 10 such that pro-
jected fgi; were not excessive for fusion performance at fixed
Op. This is a similar motivation to the assessment of TBE on
fusion performance that we have provided here. Importantly,
in JT-60U it was found that 75, /7 could be increased from ~3
up to ~10 by altering the divertor plasma separatrix position.
This points to the need to apply modern computational plasma
physics tools to better predict the particle pumping efficiency
for different FPP configurations.

5. Conclusion

We have formulated TBE, which is a figure of merit describing
tritium usage in an equilibrated fusion plasma. TBE defines the
rate at which tritium is burned by the fusion plasma compared
to the rate of tritium particle injection into the FPP vacuum
system. By enforcing equilibrium constraints, the TBE con-
ceptually simplifies the understanding of the controlling para-
meters, as well as the consequences, for tritium consumption
in a FPP. TBE depends on the fraction of He ash particles to
unburned fuel particles in the divertor, and the relative pump-
ing speeds at which these species are removed from the sys-
tem. The TBE concept obviates the need to specify fueling
efficiency to characterize tritium usage. Experimental meas-
urements of tokamak divertor helium fraction from 20+ years
ago indicate that TBE >5-10% should be achievable. Given
the sparse and aged data set, this motivates the need for more
experiments on present magnetic fusion devices, including
non-tokamak concepts like stellarators, as well as boundary
plasma numerical modeling of helium transport and recycling.

The primary consequence of obtaining high TBE is the cor-
responding increase in the core plasma fuel dilution, which

strongly affects fusion power performance. The impact is
quantified by the enrichment of the divertor-to-core ash frac-
tion 7. Experimental trends of enrichment vary with operat-
ing conditions, but generally indicate that ionization balance,
divertor atomic physics, and pump geometry play key roles.
Enrichment is also flagged as an important research topic for
present day experiments and models. For typical divertor He
fractions (~0.1) and typical enrichment (0.5-1), fusion power
density is decreased by 30%—50%. This is a significant pen-
alty to FPP economic performance. When fusion power dens-
ity is calculated versus TBE, one finds regions of rapid dropoff
in power as TBE is increased. The TBE where this dropoff
occurs varies significantly. It increases monotonically with
the product of enrichment and the ratio of effective pump-
ing speeds X. Increased TBE also forces the FPP designer to
access higher values of the n1g product to achieve a targeted
energy gain Q) values due to dilution. Again, it is found that
the required multiplier depends on TBE and the 7752 product.
It is further noted that the issue of fusion-product accumula-
tion and removal is a generic issue of concern in all fusion
fuel cycles (e.g. D-D, D—He, p-''B). Some of the charged
products have extremely small chances of undergoing fusion
(helium,protons) and act as ash, while others (tritium, 3He )
may undergo fusion and alter the fusion power balance and
the mixture of neutrons. This motivates additional derivations
and models for these fuel cycles.

This exercise identifies the need to explore technology solu-
tions such as filtering and direct internal recycling that increase
the relative pumping speed at which He ash is removed from
the divertor region compared to unburned fuel. The posit-
ive news is that rather modest increases to . (~3-5) greatly
enhance the permitted TBE (up to ~50%). This indicates that
a significant increase in research and development activities
devoted to technologies that increase X is justified.
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