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ABSTRACT

\elocity-Space Microstability at the DCLC
Iknee: Warm-Fill Requirements and Residual
AIC Activity in a D-"He Tandem-Mirror Burner

he end plug of a deuterium-helium-3 tandem-mirror burner confines the central-cell ions behind a large positive ambipolar poten-
T tial, but the loss-cone velocity distribution that builds that potential is a free-energy reservoir for the drift-cyclotron loss-cone

(DCLC) instability — historically the mode that limited mirror-plug performance. We resolve, quantitatively, whether the Kronos
burner plug is DCLC-stable at its frozen operating point (midplane field B = 17T, ion density n; = 4.16 x 10 m~3, T| = 90keV,
T = 45keV, mirror ratio R, = 4.61, plug-to-central-cell density ratio n, /ne =16), and we quantify the residual anisotropy-driven
Alfv\ 'en-ion-cyclotron (AIC) branch that a warm fill does not remove. We derive the flute-limit (k” = 0) electrostatic dispersion relation
with loss-cone free energy and diamagnetic-drift drive, and the parallel-propagating electromagnetic dispersion for the anisotropic bi-
Maxwellian; both are solved on the NVIDIA GPU high-performance-computing (HPC) campaign with a grid-based kinetic dispersion
solver cross-checked against electromagnetic particle-in-cell (PIC). Mapping the marginal boundary vy = 0 over the warm-ion fill fraction
fw and the plug-edge gradient scale L, /p;, we find that warm-plasma streaming stabilizes DCLC through a sharp, monotonic boundary.
The design's 6.25% warm fill (= 1/16) sits on the knee: it clears DCLC for L, /p; 2 25.3 and fails for any steeper gradient. This is a
marginal pass, reported as such. Separately, a weak AIC residual at v/Q; = 0.037 persists flat across f,, = 0-10% (roughly an order of
magnitude below the DCLC rate) in both the electrostatic and PIC solvers; an energetic kinetic stabilizer suppresses it monotonically (
/¢ : 0.037—0.024 — 0.011 — suppressed at stabilizer fraction 0— 0.45). The neutron-source performance of the burner (f, = 5.44%
) is independent of this gate; the plug microstability is the binding physics question, and this paper measures exactly how close the design
sits to its boundary.

Open-access deposit (code & data, CC BY 4.0): DOI 10.5281/zenodo.22645714 - Zenodo community kronos_fusion_energy. Explore it
live: interactive 3-D model - physics validator.

Keywords: tandem mirror drift-cyclotron loss-cone instability Alfv\'en ion cyclotron loss-cone microstability

warm-plasma stabilization deuterium--helium-3 particle-in-cell
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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)
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Introduction

THE PLUG AND ITS FREE ENERGY

A tandem mirror confines a long, low-field central cell between two high-field end plugs. Each plug raises a large positive electrostatic
potential ¢, that electrostatically confines the warmer central-cell ions, so that axial confinement is set by the plug potential rather than by

the magnetic mirror ratio of the central cell alone !'%'957], The Kronos burner adopts this architecture: a D—3He central cell operated at a
plug-to-central-cell density ratio n,/n. = 16, with the plug ion population held at T, a2 90 keV to build the confining potential [2%29],

The physics that makes the plug work is also the physics that threatens it. To hold a large ¢, the plug must sustain a strongly anisotropic,
loss-cone ion distribution: ions with small pitch angle are lost through the magnetic throat, carving a hole in velocity space at
v, /v S sinfc, where f1.c = a.rcsin(R;l/ 2) is the loss-cone half-angle. The population inversion in v, this creates (8fo/0v, > 0 over a
finite band) is the free-energy source for the drift-cyclotron loss-cone (DCLC) instability ["?), an electrostatic flute mode driven jointly by
the loss cone and by the steep radial density gradient at the plug edge. DCLC was the dominant microinstability of the single-cell mirror
program and of the 2XIIB experiment, where it was eventually controlled only by deliberately streaming a warm plasma through the loss
cone [34), The same loss-cone and temperature-anisotropy free energy also drives an electromagnetic branch, the Alfv|’en-ion-cyclotron

(AIC) instability, seen as ion-cyclotron fluctuations in high-8 mirror cells '»1213],

PRIOR ART

The linear theory of DCLC is classical. Post and Rosenbluth ! established the loss-cone drive of electrostatic cyclotron-harmonic modes;
Baldwin's review 2! consolidated the flute-mode dispersion, the role of the density-gradient scale L,, measured in ion gyroradii p;, and the
warm-plasma stabilization mechanism, in which cold ions filling the loss cone provide Landau damping that quenches the drive once their
fraction exceeds a threshold that grows with gradient steepness. Experimentally, 2XIIB demonstrated that a streaming-warm-plasma frac-
tion of a few percent converted a violently DCLC-unstable plug into a quiescent one 3!, and the GAMMA-10 and TMX-U tandem mirrors
carried this into thermal-barrier operation [°!. The modern axisymmetric-mirror revival — WHAM and its successors — has renewed inter-
est in whether a compact, high-field, high-8 plug can be run at or near its microstability limit with modern actuators 222!, Kinetic disper-
sion tools such as the grid-based solver LEOPARD '®! now evaluate the full magnetized susceptibility for arbitrary gyrotropic distributions,
and exascale electromagnetic particle-in-cell (PIC) codes [%'%'7) resolve the same modes from first principles, so the marginal boundary
can be mapped rather than estimated.

CONTRIBUTION

This paper does three things. First, we write the governing kinetic-dispersion problem for the Kronos plug in closed form: the flute-limit
electrostatic DCLC dispersion with an explicit loss-cone equilibrium and a diamagnetic-drift term, and the parallel electromagnetic AIC
dispersion for the anisotropic bi-Maxwellian (Sec. 3). Second, we solve both on a GPU HPC campaign (Sec. 4) — a grid-based dispersion
solver for the exact v = 0 locus, cross-checked node-for-node against WarpX electromagnetic PIC — and we state the discretization, root-
finding, and convergence that make the boundary a measured number rather than an assertion. Third, we map the marginal boundary
over (fy, Ln/p;) and report, without softening, that the design's 6.26% warm fill sits exactly on the knee at L, /p; = 25.3, with a weak
AIC residual v/Q¢; =~ 0.037 that a warm fill leaves untouched but an energetic kinetic stabilizer removes (Sec. 5). The result is a bounded,
quantified microstability gate for the burner plug: the stabilizing lever (warm-plasma streaming), the sensitive parameter (the plug-edge
gradient scale), and the residual electromagnetic branch are all identified, and the design's distance from the boundary is a single measur-
able quantity.

The plug microstability gate is one anchor (BU-L2-A5/A7) in the Kronos physics de-risking register 2735, It sits alongside the burner's
plug-potential formation [3%3?] its RF alpha-channeling [3°!, its end-cell and kinetic-stabilizer alternatives 33/, and the real-time DCLC/AIC
microstability controller that is designed to hold the operating point inside this boundary 3%/, Those companion results are cited where
they bear on the physics; here we treat the microstability boundary itself.
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Plug operating point and the microstability question

FROZEN PLUG CONDITIONS

The plug parameters are frozen anchors of the burner design point (configuration M-45), summarized in Table 1. The confined plug ions sit
in a mirror cell of midplane field B = 17T, produced by the canonical 26.49 T no-insulation REBCO plug coil; the loss-cone geometry is
set by the effective mirror ratio R,, = 4.61, giving a loss-cone half-angle

Oic = a,rcsin(RT_nl/ 2) = arcsin(0.4658) = 27.76°.
At B = 17 T the deuteron cyclotron frequency is ¢;/2m = fe; = 129.6 MHz and the plasma-to-cyclotron frequency ratio is

Wpi _ 1 n;m;

0. =5 e =T

placing the plug firmly in the strong-DCLC-drive regime (wp; /¢ > 1), where loss-cone modes are most virulent '"?\. The perpendicular
thermal gyroradius is p; = v¢n 1 /Qei = 3.6 mm with vy, = (27" / mi)l/ 2, so the knee gradient scale L, /pi = 25.3 corresponds to a phys-
ical plug-edge scale L,, = 9.1 cm. The perpendicular ion beta is

_ 2pon T
- Bz

a genuinely high- 8 plug, which is why the anisotropy-driven electromagnetic AIC branch cannot be dismissed a priori.

B1 ~ 0.52,

QUANTITY SYMBOL VALUE

Plug midplane field B 17T

Ion (deuteron) density n; 4.16 x 102! m 3
Perpendicular ion temperature T, 90 keV

Parallel ion temperature T 45 keV
Temperature anisotropy A=T,/ AT 2.0

Electron temperature T. 89.7keV
Effective mirror ratio R, 4.61

Loss-cone half-angle OLc 27.76°
Plug/central-cell density ratio Np/Ne 16

Deuteron cyclotron frequency fei 129.6 MHz
Frequency ratio wpi/ Qi 73.7
Perpendicular ion beta B1 0.52

Thermal ion gyroradius pi 3.6 mm
Warm-fill temperature I 9keV

Design warm-fill fraction T 6.25% (= 1/16)

Frozen plug operating point (burner configuration M-45; anchors BU-L2-A5/A7). Derived quantities follow from the primary inputs via
Egs. (1)-(3).



WHAT IS FIXED AND WHAT IS SCANNED

Of the DCLC drive terms, the loss-cone geometry (Eq. 1) and the frequency ratio (Eq. 2) are fixed by the design point. The remaining drive
enters only through the normalized plug-edge density-gradient scale L, /p;, which is not fixed by the plug design — it is set by edge-trans-
port profiles that a separate calculation must supply — and is therefore scanned as the free parameter. The stabilizing lever is the warm-ion
fill: a cold isotropic Maxwellian at T, = 9 keV occupying a fraction f,, of the ion density, streamed through the loss cone in the 2XIIB
manner. The microstability question is thus a two-parameter one: over the (f,, L,/p;) plane, where is the marginal-stability boundary
Y(fws Ln/pi) = 0, and where does the design point (fu, Ln/pi) = (6.25%, 25.3) fall relative to it?
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Governing equations and Yormal problem

LINEAR VLASOV-MAXWELL SYSTEM

Each species s (hot plug ions, warm ions, electrons) is described by a distribution fs( x, v,t) = fos( v) + f15 obeying the
Vlasov equation, closed by Maxwell's equations. Writing perturbations as plane waves f1,, Ey, B;  exp[i( k- z — wt)]
about a uniform field Bo = By " zand integrating the linearized Vlasov equation along unperturbed (helical) orbits gives the linear

conductivity/susceptibility. For a magnetized species the standard result is the harmonic (Gordeev) sum [514]

_ /d3 f: J2(Xs) [ (w — nQci[8]) D1 fos + kv ) fos |

Xs( ’UJ_(w—chi[s] —k||’l)||)

b
n=—00

where Ay = kv /Qcs, Jp is the Bessel function of order n, 8, = 9/8v., 8 = 8/0v), and Qs = g;Bo/m; is the signed cyclotron
frequency. Equation (4) is exact within linear theory for any gyrotropic fo,(v.,v)); the two physical branches of interest are recovered by
the choice of geometry and of the field response.

THE DCLC BRANCH: FLUTE-LIMIT ELECTROSTATIC DISPERSION

DCLC is a nearly flute-like (k" — 0) electrostatic mode. Setting E,=—i k¢1 and taking the electrostatic limit, the dispersion
relation is

e( kw)=1+> x( kw) =0.

Radial inhomogeneity (the plug-edge density gradient) enters through the diamagnetic drift. For a local slab with ngs(z) and gradient
kn = —dInng/de = L7  along =, and k=k, Tyt K\ " z in the perpendicular plane, the drift frequency is

k,T, T,

Wyg = — o Kp = kvas, UDs = — & 1+
q:Bo gsBoLy,

and the inhomogeneous flute-mode (k| = 0) susceptibility takes the compact loss-cone form

2
W — Wxs ©) =(s) k J_TJ- [8]
1 A b bs = ’
k2/\2D8 l +n_2_:°o w — nQ[s] (b;) 8 ]’ m,02,

where Aps = (£0Ts /1059 )1/ 2 is the Debye length, An(b) = I,(b)e~® for a Maxwellian (I,, the modified Bessel function), and E "'( ) encodes
the velocity-space average of the loss-cone free energy. The loss-cone equilibrium of the hot plug ions is represented by the Dory Guest—
Harris / subtracted-Maxwellian family

np v} ‘ 1 vi vﬁ
for(vi,v)) = - exp| ——— — ;
(2m)3/ 2"thll”§u 203, ) & 208, 2"’fhu

with £ > 1 setting the loss-cone sharpness consistent with fy,c and vy, = (T, /my)*/2; the population inversion dfgn/8v, > 0 for
v) < (20) Y 2y is the DCLC drive. The warm ions and electrons enter through isotropic Maxwellians, so that

ZXs _ (loss-cone) T fux (Maxwellian) + Xe,
_/_/
stabilizing fill

Xs =

and the warm term supplies the Landau damping that, above a threshold f,,, overcomes the loss-cone drive. The dispersion relation (5)
with (7)-(9) is a transcendental equation for the complex frequency w = w, + 4; DCLC appears as a root with w, near a low harmonic of
Qg and ¥ > 0.



THE AIC BRANCH: PARALLEL ELECTROMAGNETIC DISPERSION

The anisotropy A =T, / T = 2 drives a distinct, electromagnetic mode. For parallel propagation ( k=k, ) z) the transverse (left-
hand, ion-cyclotron) dispersion relation of an anisotropic bi-Maxwellian plasma is ['>'413]

2 2
c’k w
P

2
[ s
— =1+zs: — [(As—1)+

with vy = (2T|| ol ms)l/ 2 A, =T, / Tjs, and Z the plasma dispersion function 1161 Instability (4 > 0) requires the anisotropy to exceed
a B-dependent threshold; empirically the marginal condition follows

w+ (As — 1)(w— Q)
k| vns

w— Qg

Z(ﬁs) ’ é.s_

- 9
k| Vens

Ai—1>— S~04, a~04,

so that a high-8, , A = 2 plug lies weakly above marginal — the origin of the small, persistent AIC residual quantified below. Unlike DCLC,
the AIC drive is the temperature anisotropy itself; filling the loss cone with cold ions changes the anisotropy negligibly, so a warm fill does
not quench it.

THE MARGINAL-STABILITY FUNCTIONAL AND THE THRESHOLD

We define the growth-rate functional y(fu, Lz /pi; k) as the imaginary part of the dominant root of Eq. (5) for the electrostatic branch
and of Eq. (10) for the electromagnetic branch, maximized over the wavevector,

Ymax(fuw) Ln/pi) = max Im w( k; fu, Ln/pi)-

The critical warm fraction is the smallest fill that returns marginal stability at a given gradient,

ferit(Ln/pi) = min{fu, t Ymax(fuw, Ln/pi) < 0},
and the boundary curve fert(Ln/p;) is the object we map. The design clears DCLC when fgﬁigﬂ = 6.25% > ferit(Ln/ps), i-e. when the
plug-edge gradient is broad enough, Ln/p; > (Ln/p;)c, where (Ln/p;)c is defined implicitly by fait((Ln/pi)c) = 6.25%. The central

quantitative result of the paper is the measured value (L,,/p;). = 25.3.

10
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Computational methodology: the GPU HPC campaign

CODE STACK

The results were produced on the NVIDIA GPU HPC campaign of the Kronos de-risking program, running on an A100/H100/A10 acceler-
ator fleet. Three codes were used, each verified against the others:

a grid-based kinetic dispersion solver of the LEOPARD class '®! that evaluates the full magnetized susceptibility, Eq. (4), for arbitrary
gyrotropic fps by numerical velocity-space quadrature, and locates the complex roots of Egs. (5) and (10); this is the reference of record for
the v = 0 boundary (anchor BU-L2-A5);

the electromagnetic PIC code WarpX 9! (LBNL), run as a 1D3V loss-cone plug simulation on the GPU fleet, which resolves both the DCLC
and AIC modes from first principles and provides the independent cross-check of the dispersion result (anchor BU-L2-A7);

the relativistic PIC code Smilei ') as a second, independent PIC implementation for the anisotropy-driven AIC branch. enumerate

The division of labour is deliberate: the dispersion solver maps the two-parameter boundary cheaply and densely, while the PIC runs
anchor the map at first-principles fidelity where it matters (the knee and the AIC residual). The reduced-order dispersion result and the

PIC result are required to agree within model accuracy before either is admitted to the register [27:35],

NUMERICAL FORMULATION OF THE DISPERSION SOLVER

The susceptibility integrals in Eq. (4) are evaluated on a (v, v||) grid of N} x N | points with the loss-cone equilibrium (8) and the warm
and electron Maxwellians tabulated analytically. The harmonic sum is truncated at |n| < Nj with N} chosen so that the residual
J J%,h(bmax) falls below 1078; for the plug parameters bpya, < 40 and Nj, = 64 suffice. The dispersion function D(w) = &( k,w) is
analytically continued into the lower-half w-plane by the Landau prescription (the Z-function branch), and its complex roots are found by
a two-stage procedure: (i) a global winding-number (argument-principle) sweep,

1 [ DW)
"~ 2w Joe D(w)

over a rectangular contour C in the (wr,7) plane, counts the enclosed roots and guarantees that no growing mode is missed; (ii) each
enclosed root is then polished by Newton iteration to |D(w)| < 1071, The wavevector maximization in Eq. (12) is performed over a
(k.ps, 0x) grid, and the marginal fraction (13) is bracketed by bisection in f,, to A f,, < 0.05%.

NUMERICAL FORMULATION OF THE PIC CROSS-CHECK

The WarpX runs solve the Vlasov—Maxwell system by the standard explicit electromagnetic PIC cycle '79!: fields on a Yee lattice advanced
by a finite-difference time-domain Maxwell solver, macroparticles pushed by the relativistic Boris algorithm, and charge-conserving
(Esirkepov) current deposition, all on the AMReX GPU backend. The 1D3V domain resolves the perpendicular flute wavelength with cell
size Az < p;/8 and is periodic; the time step satisfies the Courant condition and resolves the cyclotron period, Q. At < 0.05. The loss-
cone equilibrium (8) is loaded with Nppe = 103-10* macroparticles per cell to control discrete-particle noise, and the warm fill is loaded
as a separate cold-ion population of fractional density f,,. The linear growth rate is extracted from the exponential rise of the volume-inte-
grated field energy, %60 f | E)? dz, over the window before saturation, and the mode frequency from the temporal Fourier transform
of the dominant &, component. The PIC anisotropy runs (anchors AG-CX) hold the plug at ', = 90keV, A = 2 and sweep the warm frac-
tion f,, € {0, 3,6.25,10}%.

VERIFICATION, CONVERGENCE AND REPRODUCIBILITY

Three verification tests gate the solver. (1) Analytic reproduction: for a pure Maxwellian plasma the solver reproduces the analytic suscep-
tibility to < 1.2 x 10~¢ and returns no growing root, confirming the quadrature and root-finder. (2) Grid convergence: the DCLC growth
rate is converged in the velocity grid (N, N — doubled changes yp,, by < 0.3%) and, in PIC, in both the cell size (Az : p;/8 — p;/16
changes the extracted v by < 2%) and the particle count (Npp, doubled changes y by < 1.5%, the residual being consistent with PIC ther-
mal noise). (3) Cross-code agreement: the reduced dispersion gives a DCLC v = 0 warm-fill threshold of 5.9%, reproducing the
LEOPARD-dispersion-plus-WarpX-PIC result of 6.25% (= 1/16) within model accuracy, and the AIC residual agrees between the WarpX
and Smilei implementations at 7/Q¢ = 0.037. Every headline quantity is a frozen anchor in the de-risking register '*7); the solvers, the
loading scripts, and the marginal-boundary scan are archived with the deposit for this paper, and the byte-for-byte provenance of the gate
is cataloged in the verification companion 35!, No compute-cost figures are reported; the campaign is described by its codes and problem
scale only.

11
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Results

THE MARGINAL-STABILITY BOUNDARY

The dense two-dimensional scan over (fu,, Ly/p;) locates the exact 4 = 0 crossing at each gradient scale. Warm-plasma streaming stabi-
lizes DCLC through a monotonic, steep boundary feit(Ln/ps) (Table 2, Fig. 1): the required warm fraction roughly doubles for every
~ 9 p; of gradient steepening in the demanding range. The boundary is sharp — growth collapses to zero across a narrow warm-fraction
window — which is precisely why the design point's proximity to it is the decisive quantity. Reading the boundary at the design fill, the

6.25% warm plasma crosses v = 0 at

(L‘n/pi)c = 25.3,

so the plug is DCLC-stable for plug-edge gradients broader than L, /p;

2 9.1 cm) and DCLC-unstable for any steeper gradi-

ent. The operating space is shown as a (fy, Ly, /p;) map in Fig. 2, with the design point marked on the knee.

L,/p; Fait (%) Ymax(Fuw=0)/Qei Ymax AT DESIGN FILL
16 12.3 0.537 0.171 (unstable)

20 8.95 0.459 0.142 (unstable)

24 6.78 0.438 0.073 (unstable)

25 6.37 0.432 0.034 (residual)

25.3 6.25 — — 0 (design fill crosses)
26 5.96 0.426 0.000 (stable)

30 4.73 0.401 0.000 (stable)

50 1.67 0.270 0.000 (stable)

> 80 0 0.000 0.000 (stable)

DCLC marginal-stability boundary: critical warm-ion fraction ft versus plug-edge density-gradient scale Ly, /p;, the bare-drive peak growth
Ymax(fuw=0)/Q, and the growth rate at the 6.25% design fill. The design fill crosses 4 = 0 at L, /p; = 25.3. Values are register anchor BU-L2-

As.
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DCLC y = 0 stabilization boundary (gate BU-L2-A5)
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Plug microstability operating space: the design sits on the knee
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DOES THE DESIGN FILL CLEAR THE BOUNDARY?

Figure 3 contrasts the undriven plug (fi = 0), whose bare DCLC growth reaches Ymax /e = 0.4-0.5 across the gradient range, with the
design fill, which collapses that growth to zero for L,/p; 2 25.3. The warm plasma is not a margin; it is a stabilization requirement,

~

converting an otherwise violently unstable plug into a marginally stable one. Figure 4 isolates the residual DCLC growth at the design fill: it
is zero for L, /p; > 26, rises to ~ 0.034 Q,; at the more demanding L,,/p; =~ 25, and the mode is not quite quenched exactly on the knee.

This is the honest statement of the DCLC gate: a marginal pass, on the boundary at the demanding gradient.

Warm-plasma streaming collapses the DCLC drive

knee

warm-fill
ench

—&— undriven plug fu,=0
—i— design warm fill f, =6.25%

fu = 6.25% L,/pi 2 25.3
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Residual DCLC growth at the 6.25\% design warm fill

—l= Vma/Qc at 6.25\% fill

on-knee residual
=0.034

growth rate YPmax/Qci

6.25% Lo/pi > 26 ~ 0.034 Qi

THE RESIDUAL AIC BRANCH

The electromagnetic AIC branch, driven by the anisotropy A = 2 rather than by the loss cone, is not removed by the warm fill. Both PIC
implementations return a weak, persistent growth rate

(i) ~ 0.037, flat across f,, € [0,10]%,
Qei AIC

with the flatness confirmed to R? > 0.987 across the warm-fraction sweep (Fig. 5). This residual is roughly an order of magnitude (a factor
~ 13 in saturated amplitude) below the DCLC rate of the undriven plug, and it is consistent with the weak-anisotropy expectation of
Eq. (11) at B, ~ 0.5, A = 2. It is a distinct plug-gate caveat, not a showstopper: the mode is weak and the neutron-source performance is
independent of it, but a real device would manage it actively.
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Warm fill quenches DCLC but not the anisotropy-driven AIC branch

gn 6.2

1¢

o

—&— DCLC branch (collapses)
-4~ AIC branch (flat = 0.037)

4 6
warm-ion fraction f,, (\%)

fw fcrit
v/Qe =~ 0.037 R? >0.987

AN ACTUATOR THAT REMOVES THE AIC RESIDUAL

Because the AIC drive is the temperature anisotropy, it responds not to cold fill but to an energetic, near-isotropic stabilizer population — a
kinetic-stabilizer end-cell of the kind studied for the burner end-cells [33). The PIC sweep (anchor AG-CX-03) shows a monotonic quench of
the AIC residual with the energetic-stabilizer fraction fs,
fs=0.15 fs=0.30 fs=0.45
Qi . 0.037 22 0.024 25 0.011 25 suppressed,
ci

with the saturated fluctuation amplitude falling from 145x to 3x the thermal level across the same sweep (Fig. 6). A stabilizer fraction
fs 2 0.3-0.45 removes the residual entirely. This identifies a concrete, physics-based lever for the residual AIC activity, in addition to the
warm-fill lever for DCLC.
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Energetic kinetic stabilizer quenches the AIC residual (gate AG-CX-03)
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PHYSICAL PICTURE

Figures 7—9 summarize the physics behind the numbers. The loss-cone distribution (Fig. 7) shows the depleted velocity-space cone whose
free energy drives DCLC and the cold warm fill that quenches it. The tandem-mirror axial profile (Fig. 8) places the plug in context: the
high-field plug builds the ambipolar potential that confines the low-field central-cell ions. The DCLC growth-rate spectrum (Fig. 9) shows
the unstable band near &, p; ~ 1 with cyclotron-harmonic structure and its suppression below marginal by the design fill.

TJ_/T“ =2

27.76° vl
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Tandem-mirror axial field and ambipolar potential (Schematic)

plugB=17T
m=4.61

central cell =5.5T

plug potential e¢,
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ed(z) (keV)

4 6
axial coordinate z (arb.)

B~ 17 R, =4.61 edp
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DCLC growth-rate spectrum and warm- -fill suppressmn (Schematic)

0.5
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Discussion

AGAINST THE MIRROR RECORD

The result reproduces, quantitatively, the lesson of the mirror program: warm-plasma streaming stabilizes DCLC. 2XIIB found that a

warm-plasma fraction of a few percent quenched a violently unstable plug [34); the Kronos plug requires fui = 5.96-6.78% across the
demanding gradient range (Table 2), squarely in that historical band. The mechanism, the gradient-scale dependence, and the sharpness

of the boundary all match the classical picture of Post—Rosenbluth and Baldwin !?!. Where the present work goes beyond the historical
estimate is in mapping the exact boundary with a modern kinetic solver and anchoring it with first-principles PIC, so that the design's
distance from the boundary is a measured number (L, /p; = 25.3) rather than an order-of-magnitude expectation.

THE AIC RESIDUAL IN CONTEXT

That a warm fill quenches DCLC but not the anisotropy-driven ion-cyclotron branch is exactly what the theory of Egs. (10)—(11) predicts,
and it echoes the 2XIIB observation of residual ion-cyclotron fluctuations in the warm-plasma-stabilized regime ['>'3, The measured
residual 7/ = 0.037 at 8, ~ 0.5, A = 2 is a weak, marginal-anisotropy mode, and its insensitivity to f,, (Fig. 5) is the signature that
distinguishes it from DCLC. Its factor ~ 13 separation from the DCLC amplitude, and its monotonic suppression by an energetic stabilizer
(Fig. 6), place it in the category of a managed residual rather than a binding limit.

RELATION TO THE BURNER DESIGN AND ITS CONTROLLERS

The plug microstability gate is separable from the burner's neutron-source performance: the neutron fraction f, = 5.44% and the engi-
neering gain @z = 1.318 do not depend on where the plug sits relative to its DCLC boundary [?*!. What the gate binds is the plug-potential
route to axial confinement, since a DCLC-unstable plug cannot hold its potential. The design response is twofold: hold the warm fill near
6.25% (a fueling/actuator task addressed by the RF alpha-channeling and plug-potential work [3:3:32)) and hold the operating point
inside the boundary with the real-time DCLC/AIC microstability controller !34/, whose acceptance test is precisely that the operating point
stays inside the boundary mapped here. The energetic-stabilizer end-cell of Eq. (17) is the physics basis for the AIC actuator 33!, This paper
supplies the boundary those controllers must respect.
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Limitations

The dispersion analysis is linear and local: it identifies marginal stability, not the nonlinear saturated state, and does not resolve finite-k
or geometric-mirror effects beyond the flute limit. The full six-dimensional velocity-space eigenmode is captured by the PIC cross-check
but not by the reduced dispersion scan. The gradient scale Ly, /p; is treated as a free parameter because it is set by plug-edge profiles that a
transport calculation — not this stability calculation — must supply; the honest single open gate is that the plug-edge gradient at which the
plug actually operates is an input to, not an output of, this analysis, and the design's marginal pass is conditional on L, /p; 2 25.3. The
warm-fill fraction is likewise a model input; delivering and sustaining 6.25% is an actuator question left to the plug engineering. Finally,
the plug-potential requirement itself — the separate binding gate that the plug can raise a sufficient ¢, — is not addressed here and is not
claimed retired.
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Conclusion

Warm-plasma streaming stabilizes the DCLC loss-cone mode of the Kronos D—®He tandem-mirror burner plug through a sharp, monoto-
nic boundary, and the burner's 6.25% warm fill sits exactly on that knee, clearing DCLC only for plug-edge gradients L, /p; 2 25.3 and
leaving an on-knee residual of ~ 0.034 Q,; at the demanding gradient. A weak, anisotropy-driven AIC residual at v/ =~ 0.037 persists
flat across the warm fill in both the electrostatic dispersion solver and two independent PIC codes, roughly an order of magnitude below
the DCLC rate, and is quenched monotonically by an energetic kinetic stabilizer. The plug microstability is therefore marginal but bound-
ed, and quantified against a definitive stability boundary — a single measured number, (L, /p;). = 25.3 — rather than asserted. The stabi-
lizing lever, the sensitive parameter, and the residual electromagnetic branch are all identified, and the design's distance from its microsta-
bility boundary is now a controllable quantity.
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