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ABSTRACT

Svnchrotron Radiation Transportina D-5l e
Tandem-Mirror Burner: Pinning the Electron
Temperature at the Maximum-Q)_IE Operating Point

electron temperatures required for advanced-fuel reactivity the plasma loses more power to electron-cyclotron (synchrotron) emis-

sion than to any other charged-particle channel, and that loss is what fixes the optimal electron temperature. We formulate the
coupled emission—absorption problem for the burner central cell and solve it self-consistently. The synchrotron loss is neither the optical-
ly-thin estimate nor a fixed fraction of fusion power. At the frozen design point (Prys = 4298.5 MW, neutron fraction f, = 5.44%) the
total radiated power is 2546.14 MW (f;.q = 0.592); the reabsorbed synchrotron loss is 1803.04 MW by a relativistic Maxwell-J\ "uttner
harmonic-emission transport calculation with wall reflection, against 918.59 MW by the Trubnikov universal formula and 66 677 MW
optically thin — a model-form spread of 37X in the dominant loss channel that no design can leave unresolved. The plasma is optically
thick to an effective harmonic cutoff n* = 10.4, above which emission escapes, and the cutoff grows as the one-third power of the central-

U nlike a deuterium—tritium tokamak, a hot deuterium—helium-3 (D-3He) tandem-mirror burner is radiation-dominated: at the

cell size, so the synchrotron loss fraction falls as a~1/ 3. a universal dimensionless coefficient in the reabsorbed scaling, A, = 24.74579, is
reproduced to 2.6 x 1071% against its closed form. Substituting the transport loss into the engineering-gain balance produces an interior
maximum: Qg peaks at a self-consistent electron temperature T, = 89.72keV, falling to 1.158 and 0.887 under F+10% excursions about
the canonical @ g = 1.318. The one hard requirement the analysis exposes is a first-wall (synchrotron-mirror) reflectivity Ry.n = 0.83 for
net-breakeven closure. Every headline quantity is a frozen anchor (gate KX-L1-A3-BU) in the Kronos Physics De-Risking Register.

Open-access deposit (code & data, CC BY 4.0): DOI 10.5281/zenodo.22645772 - Zenodo community kronos_fusion_energy. Explore it
live: interactive 3-D model - physics validator.

Keywords: synchrotron radiation electron-cyclotron emission radiation transport optical depth tandem mirror

deuterium--helium-3 advanced fuel direct energy conversion
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NOMENCLATURE

Symbols, units, and the names of things

Q plasma (fusion) gain, Pg,s/Pux

Qp engineering gain, net electric out / recirculating in
Hgg confinement enhancement over the IPB98(y,2) scaling
Zef effective ion charge

Cee electron—electron bremsstrahlung leading coefficient, 2.120022 (exact)
Tp energy confinement time

1, plasma current

Ry a major radius, minor radius

0] elongation, triangularity

By normalized plasma beta (Troyon-normalized)

1BR tritium breeding ratio

DEC direct energy conversion

CF plant capacity factor (availability)

FOAK/NOAK/BOAK  first [ n'™ | best of a kind

Hyperion the ST breeder (internal: Mode D2)
Aegis the generator, defense/installation housing (internal: Mode M)
MetroVolt the generator, data-center housing (Mode M)



8§ 1

Introduction

THE RADIATION OBJECTION TO ADVANCED FUELS

The case against advanced (aneutronic or neutron-lean) fusion fuels has always been an argument about radiation. A deuterium—helium-3
plasma reacts through D + 3He — p (14.68 MeV) + *He (3.67 MeV), releasing 18.35 MeV entirely in charged particles, so that in princi-
ple the products can be recovered at high efficiency by direct energy conversion rather than through a thermal cycle [/, The price of that
neutron-lean payoff is temperature: the D—3He reactivity peaks near ion temperatures of a few hundred keV 24! an order of magnitude
hotter than a D-T tokamak, and at those temperatures the electrons radiate. Rider's much-cited analysis made the objection quantitative:
for a near-thermal advanced-fuel plasma the bremsstrahlung and cyclotron losses can approach or exceed the fusion power, leaving little
or no margin for net gain ). Whether a D—3He machine closes therefore hinges on getting the radiation loss right, and specifically on
getting the electron-cyclotron (synchrotron) loss right, because at reactor density and field it is the term that is hardest to estimate and
easiest to get wrong by an order of magnitude.

The reason it is hard is reabsorption. Bremsstrahlung escapes a fusion plasma essentially unimpeded and is a well-behaved volumetric loss
o< nEZeffTel/ 2, Synchrotron radiation does not escape freely: the plasma is optically thick at the low cyclotron harmonics that carry most of
the emitted power, so the radiation is emitted, reabsorbed, re-emitted, and only partially transmitted, with the surrounding wall reflecting
a large fraction of what reaches it back into the plasma [%91°], The escaping power is consequently a transport quantity, set by an optical-
depth balance and a wall-reflection coefficient, not by the local emissivity. An optically-thin sum over harmonics overestimates the loss by
nearly two orders of magnitude; a crude “fixed fraction of fusion power” underestimates its steep temperature dependence. The design
point sits between these errors, and only a transport calculation places it.

WHY THE MIRROR IS RADIATION-DOMINATED AND THE TOKAMAK IS NOT

The contrast with the companion breeder is the cleanest statement of the problem. The Kronos programme fields two distinct products
with two distinct magnets: a compact spherical-tokamak (ST) breeder governed by a centrepost at a peak field of 16.84 T, running a D-T-
like plasma at Pgy = 85.04 MW; and a D—3He tandem-mirror burner whose plug coil is a separate, higher-field magnet at 26.49 T.. In the
breeder, at the 10-20keV electron temperatures of a D-T plasma, the whole electron-cyclotron loss is only = 1.55 MW and
bremsstrahlung =~ 3.12 MW — radiation is a ~2% correction to the power balance (register serial KX-L1-A3). In the burner, at
T, ~ 90keV, the synchrotron loss alone is 1803 MW — 42% of the fusion power (KX-L1-A3-BU). The same physics that is a footnote for
the tokamak is the dominant charged-power loss channel for the mirror (figure 8). This is not an artefact of machine choice; it is the BT,
scaling of cyclotron emission acting on a high-field, high-T, advanced-fuel plasma, and it is the reason the burner's operating point cannot
be set without solving the transport problem.

PRIOR ART

Synchrotron loss from hot plasmas has a long literature. Trubnikov derived universal coefficients for the reabsorbed loss from a slab with a
reflecting wall [®7); Tamor's cytran algorithm made the harmonic-resolved transport calculation tractable for reactor studies [*); Bornatici
et al. systematised electron-cyclotron emission and absorption in fusion plasmas [°'; and Albajar, Johner and Granata (the reflective-cavity
relativistic transport model we adopt, hereafter AFJ) improved the harmonic truncation and the treatment of realistic profiles and reflec-

tion for reactor tokamaks "', These tools were built for, and validated on, DT tokamaks where synchrotron loss is a modest correction.
What is missing is their disciplined application to a D—2He mirror, where the loss is dominant rather than corrective, where the geometry
is a long open central cell rather than a torus, and where the escaping loss feeds back onto the choice of the operating temperature itself

through a direct-conversion power balance. The tandem-mirror literature ['>'%'7) treated end-plugging and confinement in depth but
generally folded synchrotron loss into a coefficient; the modern high-field-mirror programme %! reopens the question at reactor field.



CONTRIBUTION

This paper computes the burner synchrotron loss from first principles and shows what it implies for the operating point. Specifically we (i)
write the coupled 0-D power balance of the D—3He central cell with its bremsstrahlung and electron-cyclotron loss terms as explicit equa-
tions (§2); (ii) formulate the electron-cyclotron emission from a relativistic Maxwell-J\ "uttner electron population, the harmonic optical
depth, the reflective-cavity reabsorption, and the three model closures (optically thin, Trubnikov, AFJ) whose 37 spread is the object of
study (§2); (iii) derive the harmonic cutoff n*, its a/3 size scaling, and the universal reabsorption coefficient reproduced to machine preci-
sion (§2); (iv) give the numerical formulation — discretization of the harmonic sum and angular integral, the self-consistent electron-
temperature root-find, the design-plane sweep, and the convergence and verification evidence (§3, §4); (v) report the results, including the
maximum-Q g temperature T, = 89.72keV and its sensitivity, across eight data figures and four tables (§5); (vi) benchmark quantita-
tively against the published synchrotron and advanced-fuel literature (§6); and (vii) state the one honest gate the analysis exposes — the
wall-reflectivity floor Ryan = 0.83 (§7). Every quantitative claim traces to a frozen result in the Kronos Physics De-Risking Register [3°;
the gate identifier KX-L1-A3-BU is given inline so each number is auditable.



§ 2

Governing equations and Yormal problem

THE CENTRAL-CELL POWER BALANCE

The burner central cell is modelled as a uniform, quasi-neutral D—3He plasma of volume V with deuterium and helium-3 ion densities
D, NHe, €lectron density ne = np + 2nge, ion temperature T; and electron temperature 7. The volumetric fusion power is

Dfus = ND NHe <0”U> D3He(fpi) ED3He + Pglls) (CE),

with Epsg, = 18.35 MeV released entirely in charged particles and (ow) the Maxwell-averaged reactivity [3\. The second term collects the
parasitic D + D branches, which — together with the small D-T yield from the tritium they breed — produce the only neutrons the
machine makes; their share defines the neutron fraction

P

fr= 3

Pros = / PrdV.
174

At the frozen design point, Py = 4298.5 MW, f,, = 5.44% and P, = 233.95 MW, so the charged-particle power delivered to the plasma
and the converters is

P = (1 — f,) Prys = 4064.55 MW.

Of P, a part is radiated away as photons and a part flows as particle energy to the mirror ends and the direct-energy converter. The
steady electron energy balance is

Pé}f) aF Pa(lfg); = fbrems o Psync + lei + P;iransport’

heating of electrons Prag

where Pc(}f) is the fraction of charged-particle power that heats electrons, Pa(ﬁ,){ any electron-directed auxiliary heating, and the right-hand
side collects the radiated losses and the collisional /transport exchange. The total radiated power

P, rad
)
P, fus

Prad=Pbrems+Psy'nc+P1jnea j:mdE

is the quantity this paper computes; at the design point P,q = 2546.14 MW and f;,q = 0.592.

ENGINEERING GAIN AND THE MAXIMUM-Q g OBJECTIVE

The burner’s figure of merit is the engineering gain Q g, the ratio of net electric output to recirculated electric power. Because the products
are charged, the non-radiated charged flow is recovered by a direct-energy converter at efficiency npgc = 0.49, while the radiated and
neutron power reach the balance-of-plant thermal loop at the lower thermal efficiency 7y :

P, elec — P, recirc

P, recirc

Peec = MpEC (Pch_Prad) + 7th (Prad+Pn+Pend)a Qe =

Equation (6) exposes the mechanism that makes an interior optimum in T, : every watt that Pp,q(T.) moves out of the direct-conversion
stream and into the thermal loop is converted at my < pec, @ penalty that grows with T; on the other side, the electron pressure
supports the plasma S and the self-consistent confinement that the fusion term of equation (1) requires. The formal problem is

0Qg _0 Qg
oT, |z, ~ " oT?

€

<0.
i

€

T* — arg max Qe(Te; {n, B, Ryan, a, - . .}),

The remainder of the section supplies the loss terms that make @ g(Te) concave; §5 reports the maximiser 7% = 89.72keV.



BREMSSTRAHLUNG

For a Maxwellian electron population the relativistic thermal bremsstrahlung power density, including electron—electron bremsstrahlung
and the leading relativistic corrections, is
T.

pbrems:CBngzeffTe1/2[1+alo+a'202+---], 0= —
mec

with Cg = 1.69 x 10738 W m3 keV /2 the standard coefficient and the bracket the relativistic enhancement [5'2], Integrated over the
central cell this gives Pyrems = 743.10 MW, an independent evaluation with the Xie relativistic fit returns 760.21 MW, a +2.3% cross-
check that bounds the model-form error of the (well-behaved) bremsstrahlung term. Bremsstrahlung is optically thin and escapes freely; it
is the synchrotron term that requires transport.

ELECTRON-CYCLOTRON EMISSION FROM A RELATIVISTIC POPULATION

An electron of Lorentz factor 7y gyrating in field B radiates at harmonics of its relativistic cyclotron frequency,

B
Wy = 1 Qee, Q. = €

= , n=1,23,...
ALT

At T, = 89.72keV the electrons are mildly relativistic, § = T, /mec2 = 0.176, so the emission is described by the relativistic Maxwell—
J\"uttner distribution

p

_ 1B Y _ _
fMJ(’Y)—WeXP(—g), B=4/1—772,

with K5 the modified Bessel function. Relativistic mass increase spreads and down-shifts each harmonic and merges the high harmonics

into a continuum, which is exactly what makes the naive non-relativistic harmonic sum unreliable and the Maxwell-J\ "uttner treatment
necessary. The local, optically-thin cyclotron emissivity summed over harmonics scales as

4

thin € 2 ( T )
~ —————n.B 0
g 3megm2c3  © mec> 9(0),

i.e. & nB2T,, with g(d) an order-unity relativistic factor. Equation (11) is what yields the unphysical 66 677 MW when applied to the
burner: it counts every emitted photon as lost, ignoring that at low harmonics the plasma reabsorbs essentially all of them.

OPTICAL DEPTH, THE HARMONIC CUTOFF, AND THE REFLECTIVE CAVITY
Synchrotron transport in the central cell is a reabsorption problem. The optical depth of harmonic 7 across a plasma of transverse size a is
2
w
pe a,
2@

Tn =~ (T, 0k) -

where o, is the (temperature- and angle-dependent) absorption coefficient of the nth harmonic, wf,e = n.e? /eome and wee = eB/me.
Because a, falls steeply with n, the low harmonics are optically thick (7, > 1) and only the high-harmonic tail escapes. Radiation trans-
port through the cell, closed by a wall of power-reflectivity Ryan, is governed by the one-dimensional transfer equation for the spectral

intensity I,, along a ray,

dr, . _
d_: =ju—auly,,  IT =Ry I7" + (1 — Ryan) By(Twan),

with j, the emissivity, a,, the absorption coefficient, B,, the Planck function, and the boundary condition returning a fraction Ry of the
incident intensity. In the optically-thick core the source function approaches the Rayleigh—Jeans surface I, — (w?/8m3c?) T; the net
escaping power is the integral of the emission only above the cutoff harmonic 7* where the Rayleigh—Jeans surface meets the optically-
thin bound, i.e. where 7+ ~ 1:

o0
Pagne = / M dn (1 — Ryar) /2 < Pin,

The (1— Rwau)l/ % dependence is the diffuse-cavity result: a highly reflecting wall recycles the sub-cutoff photons so that only a
V1 — Ry fraction of the would-be loss survives. From equations (12) and (14) the cutoff harmonic is



2
w 1/3
[
n* x ( d a) ~ a3,
Wee

the characteristically weak one-third-power growth with machine size. For the burner central cell the transport calculation returns an
effective cutoff n* =~ 10.4: the plasma is optically thick to the first ~ 10 cyclotron harmonics and transmits only what lies above (figure 5).

THREE CLOSURES AND THE MODEL-FORM SPREAD

Equation (14) admits several closures that differ in how they truncate the harmonic sum and treat the wall, and it is precisely this model
choice — not the underlying physics — that produces the design-critical spread:

Optically thin (equation 11): Pst;‘ni’cl = 66 677 MW. Physically inadmissible here, because the plasma is thick to n* ~ 10.4; retained only

as an unshielded upper bound.

Trubnikov universal [°’: a closed-form fit to the reabsorbed slab-plus-wall loss, Psrg,‘m = 918.59 MW.

AFJ reflective-cavity transport ['°! (canonical): the relativistic Maxwell-J\ "uttner harmonic-resolved calculation of equations (10)—
(14), PAYJ — 1803.04 MW, adopted by the power balance while its validity range is satisfied. itemize

sync
The extremes span

thin AFJ
P sync 7 P, sync
AF] —° T %
Psync PSyII.C

a factor of 37 between the optically-thin and reabsorbed extremes and a factor of 2 between the two admissible transport models (figure 2).
A design that adopted any single estimate without the transport calculation would be wrong by up to 37X in its dominant charged-power
loss; the balance conservatively takes the larger AFJ value while it remains in range.

SIZE SCALING AND THE UNIVERSAL COEFFICIENT

Because n* ~ a'/3 (equation 15) and the emission falls with harmonic number, the escaping fraction of the synchrotron power decreases

as the machine grows, approximately as

Psy'nc -1/3 -1/3
—— ~ a 1+a/t ,
L (1+a/0)

where the first factor is the cutoff scaling and the second is the finite-mirror departure appropriate to an open central cell of length £ (as
opposed to an infinite slab). This is the analytic origin of the burner's size-scaling: a longer central cell amortises the radiation burden,

which is why the net electric output climbs with device length (companion burner closure [3')). The semi-analytic reabsorbed-loss scaling
contains a universal dimensionless coefficient

A, = 24.74579,

which the transport solver reproduces against its closed-form derivation to a relative error of 2.6 x 10™'® — machine precision, a byte-
level verification anchor for the calculation (§4). Equations (12) through (18) are the complete formal content of the synchrotron transport
problem; the numerical formulation that solves them, self-consistently with the power balance, is given next.

10



§ 3

Numerical formulation

DISCRETIZATION OF THE EMISSION-ABSORPTION INTEGRAL

The escaping-power integral of equation (14) is evaluated on a discretized harmonic—angle—frequency grid. The harmonic sum is trun-
cated at mpax chosen so that the residual emission above 745 is below a relative tolerance €, = 1079 of the total; for T, = 89.72keV and
the burner field this requires npm,, 2, 60, comfortably above the cutoff n* = 10.4. For each harmonic the absorption coefficient o, (T, fx)
and emissivity 7, are integrated over propagation angle fx on a Gauss—Legendre quadrature of Ny = 64 nodes and over the Maxwell—
J\"uttner momentum distribution (equation 10) on N, = 128 nodes, with the modified Bessel normalisation K3(1/6) evaluated to double
precision. The optical depth of equation (12) is accumulated ray-by-ray, and the transfer equation (13) is closed by the wall boundary

condition at reflectivity Ryan using the escape-probability form of equation (14).

THE SELF-CONSISTENT ELECTRON-TEMPERATURE SOLVE

The operating point is defined by the maximum-Q g condition (equation 7). Numerically, the code performs a one-dimensional optimisa-
tion of @ g(Te) in “Te_mode=maxQE”. At each trial T, the following coupled evaluation is carried out to convergence:

fusion power Py and neutron fraction f,, from the reactivity (1)—(2) at the ion temperature T; and the ambipolar-potential-consistent
density set;

bremsstrahlung Pyrems from (8) with the Xie cross-check;

synchrotron Py, from the transport integral (14) in the AFJ closure, with the Trubnikov and optically-thin closures evaluated in parallel
for the model-form spread;

the ion-confining ambipolar potential ¢; from the plug/central-cell balance (here ¢; = 248.75 ke V'), which closes the particle balance;

the engineering gain @ g from (6). enumerate

The outer optimisation is a bounded Brent search for dQ g/dTe = 0; it converges to T.* = 89.72keV with |0Qg/0Te| < 10~%keV . The
concavity condition 82Qg/8T2 < 0 is verified by the two flanking evaluations at T.*(1 F 0.1), which return Qg = 1.158 and 0.887, both
below the peak @ = 1.318 (table 3).

CONVERGENCE AND DESIGN-PLANE SWEEP

Grid convergence is established by doubling Ny, N, and Nmsx in turn; the escaping synchrotron power is stable to < 0.1% under each
refinement, so the reported 1803.04 MW is converged at the quoted precision. The design-plane sweep spans the electron temperature 7,
the wall reflectivity Ryan, the electron density n. and the normalised central-cell size a; each grid node is an independent self-consistent
solve, so the sweep is embarrassingly parallel (§4). The universal coefficient of equation (18) is reproduced to 2.6 x 1071° against its
analytic form, confirming that the discretization introduces no bias beyond floating point.

11



§ 4

Computational methodology: the GPU-TPC campaign

CODES RUN FOR THIS PAPER

The results were produced on the NVIDIA GPU HPC campaign that underpins the Kronos de-risking programme. The workhorse for this
paper is the Kronos toolkit routine solve_mirror, a 0-D/1-D D—3He tandem-mirror power-balance solver that couples the reactivity
table 13! the relativistic bremsstrahlung term (equation 8) with the Xie cross-check, and a three-model electron-cyclotron radiation-trans-
port module (optically thin, Trubnikov, AFJ). The electron-cyclotron transport is carried by a cytran-class harmonic-resolved algorithm [*)
evaluating the reflective-cavity integral of equations (13)—(14) over the Maxwell-J\ "uttner distribution (equation 10). The self-consistent
electron-temperature root-find and the four-dimensional (7%, Ryan, 7e, @) design-plane sweep are the GPU-accelerated kernels: each node
is an independent solve, so the sweep maps naturally onto the fleet with near-linear scaling. Companion velocity-space microstability that
bounds the same operating point (DCLC/AIC) was computed with WarpX/SMILEI particle-in-cell on the same fleet and is reported sepa-
rately [35); here it enters only as the warm-fill constraint on the density set.

PROBLEM SCALE AND ACCELERATION

The design-plane sweep evaluates 0(105) self-consistent power-balance solves, each requiring the harmonic—angle—-momentum quad-
rature above; the GPU acceleration comes from mapping the independent nodes across the fleet and from vectorising the inner Bessel-
weighted quadratures. Heavier first-principles cross-checks that anchor the reduced model — nonlinear gyrokinetic transport and the PIC
microstability maps — run as separate campaigns on the same NVIDIA hardware; the synchrotron transport itself is inexpensive once the
harmonic integral is vectorised, so the cost is dominated by the breadth of the sweep rather than the depth of any single solve.

VERIFICATION AND REPRODUCIBILITY

Three independent checks verify the calculation. First, the internal verification: the universal reabsorption coefficient A, = 24.74579 is
reproduced to 2.6 x 1075 against its closed form (equation 18), a machine-precision agreement that certifies the quadrature and the
harmonic truncation. Second, the model-form cross-check: the three synchrotron closures are evaluated on identical inputs, exposing the
37x spread of equation (16) and confirming that the AFJ value sits between the Trubnikov and optically-thin bounds as physics requires;
the bremsstrahlung term is independently cross-checked by the Xie fit to +2.3%. Third, the anchor reproduction: the full solve reproduces
the frozen design point exactly — Qg = 1.318, Prys = 4298.5 MW, P,, = 233.95 MW, f,, = 5.44%, ¢; = 248.75keV and self-consistent
T, = 89.72keV — as recorded under gate KX-L1-A3-BU in the register [2°!. No result depends on unpublished or proprietary data, and no
economic quantity enters the calculation.

12



)

Results

THE RADIATED-POWER BUDGET

Table 1 lists the frozen burner design point and figure 1 shows its power budget. Of the 4298.5 MW fusion power, 95% (4064.55 MW)
emerges as charged particles, but 2546.14 MW — more than half of the fusion power — is radiated, of which the electron-cyclotron term (
1803.04 MW) is more than twice the bremsstrahlung (743.10 MW). Radiation, and specifically synchrotron radiation, is the dominant
charged-power loss channel; it is what the direct-energy converter does not see, and therefore what sets the achievable gain.

QUANTITY SYMBOL VALUE
engineering gain QE 1.318
fusion power Py 4298.5 MW
neutron power 12, 233.95 MW
neutron fraction fn 5.44%
charged-particle power Py, = (1 — fn)Prus 4064.55 MW
self-consistent electron temperature T; 89.72keV
ion temperature T; 90keV
ion-confining potential b; 248.75 keV
critical beta Be 0.55
plasma pressure p 6.621 MPa
central-cell volume |4 1022.35m?
stored plasma energy W, 10.15GJ
direct-converter efficiency 1IDEC 0.49

Frozen burner design-point anchors (gate KX-L1-A3-BU, register [3°). All values reproduced by the Kronos toolkit solve_mirror in

Te_mode=maxQE. The plug magnet (26.49 T) is a distinct device from the breeder centrepost (16.84 T).
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Burner central-cell power budget at the frozen design point (KX-L1-A3-BU)

fusion power
P fus

charged power 4 065 MW
Pch=(1_fn)Pfus ’

total radiated 2.546 MW
P rad '

synchrotron (AF])
P, sync

bremsstrahlung
Pyrems

neutrons

Py, = fnPsus radiated fraction frag = Praa/Prs = 0.592

2000 3000
power (MW)

fra,d = 0.592

Figure 2 and table 2 show why the transport calculation is not optional. The three closures of §2 span two orders of magnitude: the optical-
ly-thin estimate (66 677 MW) exceeds the fusion power itself and is physically inadmissible for this optically-thick plasma; the Trubnikov
universal formula (918.59 MW) and the adopted AFJ reflective-cavity transport (1803.04 MW) differ by a factor of two. The design takes
the conservative (larger) admissible value. The 37x band collapses to a single, defensible number only once the reabsorption of
equations (12)—(14) is carried explicitly.

bremsstrahlung relativistic, eq. (8) 743.10
Xie cross-check independent fit (+2.3%) 760.21
synchrotron — optically thin eq. (11), no reabsorption 66 677
synchrotron — Trubnikov universal reabsorbed formula [©! 918.59
synchrotron — AFJ (used) reflective-cavity transport [*%! 1803.04
total radiated P;ag brems + synchrotron(AFJ) 2546.14
radiated fraction f..q 1B/ Bl 0.592
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Model-form spread in the dominant loss channel (KX-L1-A3-BU)

66,677 MW
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Trubnikov- AF] reflective-cavity optically thin
universal transport (used) (no reabsorption)

37x%
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THE MAXIMUM-Q) gz TEMPERATURE

Figure 3 is the central result. Substituting the transport loss into the engineering-gain balance (equation 6) and solving the optimisation
(equation 7) yields an interior maximum in the electron temperature: Qg peaks at T, = 89.72keV with Qg = 1.318, and falls on both
sides — Qg = 1.158 at T — 10% and Qg = 0.887 at T.* + 10% (table 3). The optimum is genuine and interior, not a boundary: raising
T. diverts charged power into the low-efficiency thermal loop through the steeply rising radiated fraction of figure 4 (
Sraa = 0.447 — 0.592 — 0.778 across the same F10% window), while lowering T, erodes the pressure and confinement the fusion term
requires. The operating temperature is therefore not a free knob; it is pinned by the radiation balance computed here.

Synchrotron transport pins the maximum-Qg temperature

max-Qg at T, = 89.72 keV

[y
W

‘ngineering breakeven Qg=1

[N
o

=4
o
a
@
&
211
i =
QD
2
g
@D

H
)

e
©

—— 0-D balance model (guide)
® frozen anchors (KX-L1-A3-BU)

85 90 95
electron temperature T, (keV)
Qe QE
T, T =89.72keV (Qp = 1.318 Qr=1
T —10% T T +10%

electron temperature (keV) 80.75 89.72 98.69
engineering gain Qg 1.158 1.318 0.887
radiated fraction f,q 0.447 0.592 0.778

Qe
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Radiation loss climbs steeply while fusion power saturates

- radiated fraction (guide)
® frozen anchors (KX-L1-A3-BU)

= Praa/Prtus

{ﬁc\"‘

radiated fraction fiqq
design T. = 89.7

3
.

90 95
electron temperature T, (keV)

f rad
Qr
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OPTICAL DEPTH AND THE HARMONIC CUTOFF

Figure 5 shows the harmonic optical depth of equation (12). The plasma is optically thick (7, > 1) to the first ~ 10 cyclotron harmonics
and transmits only those above the effective cutoff n* ~ 10.4, where 7+ ~ 1. This is the quantitative statement that the emission of equa-
tion (11) is almost entirely reabsorbed: the escaping power of equation (14) is the integral over the thin, high-harmonic tail only, which is
why the transport value is 37 x below the optically-thin one.

Reabsorption: only harmonics above n™ escape (KX-L1-A3-BU)
; harmonic optical depth 1, (transport model)

optically thick

cutoff n* =10.4
(frozen anchor)

=
&
=
o
)
=
2
S

5.0 7.5 10.0 12.5 15.0 17.5 20.0
cyclotron harmonic number n (w=nawcge)

~10.4

n>n Tn
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SIZE SCALING

Figure 6 plots the size scaling of equations (15) and (17). The cutoff harmonic grows as n* al/3, so the synchrotron loss fraction falls
approximately as a~/3, modified by the finite-mirror factor 1+a/ K)_l/ 3. The one-third power is weak but favourable: it means a longer
central cell amortises the radiation burden, so the burner’s net electric output improves with device length. This analytic size-scaling is the
physics behind the burner's length optimisation reported in the companion closure 3",

Weak a'/® size scaling amortizes the radiation burden

m—= harmonic cutoff n* «a'/®
= synchrotron fraction «a~13

w w . finite-mirror (1+a/#)~13

*

e
o

=
o
=
- 3
& H
]
- 7]
8 S
S 0.6 §
z g
o
: £
= g
/3]

o
N

<
w

1.0 1.5 2.0 2.5
normalized central-cell size afa,

n* «x al/3 n* =10.4
a~1/3 (1+a/t)"1/3

THE WALL-REFLECTIVITY REQUIREMENT

Figure 7 makes the one hard requirement explicit. Because the escaping synchrotron power scales as (1 — Rwau)l/ 2 (equation 14), the loss
— and therefore whether the machine closes — depends sensitively on the first-wall reflectivity. The design wall gives the adopted AFJ
value 1803 MW, and a reflectivity Ryan = 0.90 returns 1904 MW; but as Ry falls, the reabsorbed loss rises steeply, and net-breakeven
closure requires

Ryan 2 0.83

~J

(register serial AG-DR-01). Below this floor the synchrotron loss overwhelms the direct-conversion stream and @ g drops below unity. The
reflective first wall therefore does double duty — it is both the plasma-facing surface and the synchrotron mirror — and equation (19) is the
load-bearing engineering constraint the physics imposes on the wall (§7).

19



The wall-reflectivity requirement is the honest gate (AG-DR-01)

reabsorbed synchrotron Pgyne(Rywan)

no closure

P:s)-'m:(ﬂ =0.90)=[1904 MW
design AF] value 1803 MW

synchrotron loss (MW)
=
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fan]
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0
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first-wall (synchrotron-mirror) reflectivity Rwan

(1 — Ryan)'? Ryan = 0.90
Ryan 2 0.83
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Figure 8 closes the loop with the contrast that opened the paper. In the compact ST breeder, at D—T-like electron temperatures,
synchrotron loss is 1.8% of fusion power and bremsstrahlung 3.7% — radiation is a small correction (KX-L1-A3). In the D—3He burner the
synchrotron fraction jumps by more than twenty times, to 42% of fusion power (KX-L1-A3-BU). The BT, scaling of cyclotron emission,
acting on a high-field, high-T, advanced-fuel plasma, is what makes the mirror radiation-dominated and the tokamak not — and is why
the operating point of the burner, but not of the breeder, must be set by a synchrotron transport calculation.

Why the mirror is radiation-dominated and the tokamak is not

synchrotron fraction jumps = 23 X from breeder to burner
41 .9%0

17.3%

B synchrotron /Pgys
I bremsstrahlung /Pgys

3.7%

=)
2
2
o
LT
-}
3
o
3
&
=
3
I
g
<
b

breeder burner
(compact ST, D-T-like) (D-3He tandem mirror)

Figure 9 summarises the transport picture schematically: hot Maxwell-J\ "uttner electrons emit at cyclotron harmonics, the sub-cutoff
harmonics are reabsorbed and recycled by the reflecting wall, and only the high-harmonic tail above n* escapes as the net loss.
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Reflective-cavity electron-cyclotron radiation transport in the central cell

ot D-3He electrons (T, = 90 keV, Maxwell--]\"uttne

n<n": optically thick, reabsorbed

reflecting first wall Riyvan

cutoff n* where 1,+~1; n”* «al’®; universal lever A, =24.74579
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8§ 6

Discussion

AGAINST THE SYNCHROTRON LITERATURE

The result should be read against the reactor-synchrotron literature it builds on. Trubnikov's universal coefficients '° and Tamor's cytran
transport '8/ were constructed for D-T tokamaks, where the reabsorbed synchrotron loss is a ~@(10) MW correction on a ~ GW fusion
power; Albajar, Johner and Granata ! improved the harmonic truncation and the profile/reflection treatment and remain the reference
for reactor tokamak synchrotron loss. Our contribution is not a new emission formula but the disciplined application of these tools to a
regime where the loss is dominant rather than corrective. Two features of our numbers are consistent with, and sharpen, that literature.
First, the ordering PT < pAF] « pthin (equation 16) reproduces the well-known fact that the Trubnikov fit tends to sit below the fuller
harmonic-resolved transport, and that both are far below the optically-thin bound; our factor-of-two AFJ/Trubnikov gap is squarely in the
range these models show against each other in tokamak studies. Second, the n* oc a'/? scaling of equation (15) is the same weak size-
dependence long recognised for reabsorbed cyclotron loss !'°; what is new is its consequence for an open mirror geometry, where the

finite-mirror factor (1 + a/£) ~X/3 of equation (17) governs the central-cell length optimisation.

AGAINST THE ADVANCED-FUEL RADIATION OBJECTION

Rider's limits %' framed the objection that radiation can prevent net gain in near-thermal advanced-fuel plasmas. Our transport calculation
is precisely the quantitative answer for the D—3He mirror: radiation is indeed dominant (f;aq = 0.592), and it does pin the operating
temperature (figure 3) — but at the transport value of 1803 MW, not the optically-thin 66 677 MW, the machine closes with Q@ = 1.318
against engineering breakeven. Had the design used the optically-thin loss, Qg would collapse below unity; had it used the Trubnikov
value uncritically, it would have claimed a more optimistic gain than the reflective-cavity transport supports. Sitting between the two
errors, and taking the conservative admissible value, is what makes the closure credible. The neutron fraction f, = 5.44% and the direct-
conversion efficiency nprc = 0.49 keep the neutron-lean, direct-conversion premise of the D—3He fuel choice intact [3433] eyen under the
honest radiation loss.

PLACEMENT IN THE KRONOS SERIES

This paper supplies the synchrotron loss that the burner power-balance and closure papers consume. The recirculation-resolved Qg
closure identifies the same operating point as synchrotron-limited and carries the central-cell length optimisation [3"); the tandem-mirror
design-space mapping benchmarks the 0-D balance against the WHAM operating point and the Pastukhov plug [32/; the direct-energy-
conversion papers 133! take the non-radiated charged flow that the synchrotron loss defines; and the advanced-fuel scorecard 34! places the
D-3He radiation trade against DT, D-D and p—'!B. The red-team of the binding gates [3°! stresses exactly the synchrotron model-form
and reflectivity sensitivities quantified here. Together these fix the burner operating point as a synchrotron-transport-limited, wall-reflec-
tivity-gated closure.
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§7

Limitations

One honest gate bounds the result. The transport calculation assumes a first-wall power-reflectivity Ryan and a representative central-cell
density/temperature profile; both are carried as inputs, and the net closure is sensitive to the reflectivity through the (1 — Rwau)l/ 2 depen-
dence of equation (14). Equation (19) — Ryan = 0.83 for net-breakeven — is therefore a hard requirement on the plasma-facing surface,
not a soft preference: the wall must be engineered as a high-reflectivity synchrotron mirror and must stay reflective under the erosion,
redeposition and neutron damage of service, or the dominant loss channel grows and the closure is lost. The finite-mirror correction
1+ a/f)‘l/ 3 is an analytic bracket on the open-end geometry, not a full three-dimensional emission calculation; a 3-D reflective-cavity
solve for the true mirror geometry is the natural follow-on. Finally, the calculation sets the operating temperature; it does not by itself
establish the plug-gated confinement closure of the machine, which is treated in the companion mirror-physics papers 332, Within these
bounds the maximum-Q) g temperature and the synchrotron loss are firm.
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§ 8

Conclusion

The deuterium-helium-3 tandem-mirror burner is radiation-dominated, and its operating point cannot be placed without a first-princi-
ples electron-cyclotron radiation-transport calculation. Solving the coupled emission—absorption problem for the burner central cell, the
reabsorbed synchrotron loss is 1803.04 MW (relativistic Maxwell-J\ "uttner reflective-cavity transport) against a total radiated scale of
2546.14 MW ( fraq = 0.592), collapsing a 37x model-form band between the optically-thin (66 677 MW) and reabsorbed extremes. The
plasma is optically thick to an effective harmonic cutoff n* & 10.4, the cutoff grows as a'/? so the loss fraction falls as /3, and a univer-
sal reabsorption coefficient A, = 24.74579 is reproduced to 2.6 x 107!%. Substituting the transport loss into the engineering-gain balance
produces an interior maximum: Qg peaks at a self-consistent electron temperature 7% = 89.72keV with Qg = 1.318, falling to 1.158
and 0.887 under F10% excursions. The one hard requirement the analysis exposes is a first-wall synchrotron-mirror reflectivity
Ryan 2 0.83. This transport calculation pins the maximum-Q g temperature, underlies the burner's favourable a'/? size-scaling, and —
with the breeder centrepost (16.84 T') and burner plug (26.49 T) kept as the distinct magnets they are — fixes the radiation term in the
burner's power balance.
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INTELLECTUAL PROPERTY

The patent portiolio

tal-twin control provisional, a registered trademark application, and the original 2022 provisional family. Every patentable disclo-

sure in the five-paper arXiv drop was protected before publication: the breeder and burner provisionals were filed 1-2 August, and
a publication-gap omnibus filing the evening before the drop swept up the DEC, plasma-control, and REBCO-winding matter of the three
otherwise-unprotected papers. Patent numbers and application serials are matters of public record; claim scope is summarised, not
reproduced.

T he estate spans a granted high-field magnet patent, pending utility and 2026 provisional filings that map to the two products, a digi-

GRANTED & PENDING UTILITY

US 12,009,112 High-field tilted graded-REBCO magnet architecture (KRONO-002A) - app. 17/878,550 GRANTED

US 17/878,507 Core device / method (KRONO-001A) - utility
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64/105,530 Negative-triangularity spherical-tokamak architecture - foundational ST filing - filed Jul 2026 FILED
64/128,097 Publication-gap omnibus — quasineutral two-species expander DEC - provenance-gated | latency-split plasma FILED

control - as-built high-field winding & conductor architecture - filed 7 Aug 2026, the evening before the arXiv drop

TRADEMARK & ORIGIN

FTK-98801894 Kronos Fusion Energy — trademark application FILED

KR-2022-% Original provisional family (KR-2022-00001 ... 00027) - 27 filings, 2022 PRIORITY

The narrow, defensible magnet novelty — the specific conductor and the digital-twin winding optimisation, not high-field REBCO as a
category — is the commercial core that can earn ahead of any Q > 1 milestone, with markets in fusion magnet supply, MRI/NMR, accelera-
tors, and proton therapy. The claim is scoped honestly: the high field is a system field result, not a stand-alone-coil record; the small-bore
plug coil is structurally infeasible as a bare winding but resolved by a stress-managed structural shield (feasible-pending-FEA); and the
winding-tape experiment returned a null result. The value is the method, not a field record.
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Every headline quantity carries an evidence class; withdrawn and restated values are marked as

such. Nothing herein is frozen beyond the founder-approved Tier-A set.

Explore it live — turn the interactive 3-D model, run the deposited solvers in the physics

validator, and watch the companion film series.
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https://kronosfusionenergy.com/3D_Model
https://kronosfusionenergy.com/physics_Validation_Simulation
https://kronosfusionenergy.com/physics_Validation_Simulation
https://www.youtube.com/playlist?list=PLK7X4NzfmaAQ

LEGAL NOTICE

Notice, status, and distribution

Conceptual design & simulation study. This document reports a conceptual design and simulation study. It is not a construction
commitment, a safety-analysis report, a regulatory filing, or an offer of securities. Forward-looking statements — schedules, costs, market
sizes, and performance — are estimates subject to the limitations set out in the Simulations part and may change.

Numbers and their classes. Quantities are reported with evidence classes and case labels; modelled, assumed, and requirement-class
values are identified as such and are not to be quoted without their labels.

Public edition. This edition carries the physics and design only; all financial, funding, and defense-commercial content has been
removed for public distribution. The scientific text corresponds to the arXiv and journal submissions.

© 2026 Kronos Fusion Energy. All rights reserved. Hyperion, Aegis, and MetroVolt are product designations of Kronos Fusion Energy.
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THE 2026 KRONOS SERIES

One programme, many papers

his editorial is one paper in the Kronos 2026 series — a real fusion company’s complete, reproducible physics record for a spherical-
tokamak breeder and its low-neutron D—3He tandem-mirror burners. Every headline number is a frozen anchor in the Physics De-
Risking Register.

Explore the whole programme: the De-Risking Register, the interactive 3-D model, and the physics validator.
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https://kronosfusionenergy.com/publications/de-risking-register
https://kronosfusionenergy.com/3D_Model
https://kronosfusionenergy.com/physics_Validation_Simulation

KRONES CFUSIEQN 5N EREN

Synchrotron Radiation Transport in a
D-3He Tandem-Mirror Burner: Pinning
the Electron Temperature at the
Maximum-Q_E Operating Point

A real fusion company building real machines. Explore the science, live.

Zenodo - doi:10.5281/zenodo.22645772
Read on kronosfusionenergy.com

The Physics De-Risking Register
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