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Abstract

We propose a tapered, trumpet-geometry Tesla resonator in which the broad lower region
supports the magnetic-current regime while the narrow upper region and smooth metallic
topload support the electrostatic-potential regime. The purpose is to test a QMU carrier
mapping in a single resonant device while maintaining a transparent bridge to standard SI
observables. The total terminal capacitance Cterm of the assembled resonator is distinguished
from the metallic topload capacitance Ctop, preventing the experiment from collapsing into a
tautological restatement of continuity. The top electrostatic distributed charge is defined as
q

(2)
e,top = ccf Ctop Vpk, where Ctop is the in-situ electrostatic share associated with the metallic

topload and is reported as a bracketed quantity derived from isolated measurement, proximity
correction, and differential validation. The ground magnetic distributed charge is defined as
q

(2)
m,gnd = ccf

∫ tV

t0
ig(t) dt over the synchronized charging interval ending at the same voltage crest.

Here ccf = eemax
2/e is the charge-conversion factor. The extracted fine-structure estimator is

αextracted = Ctop Vpk

8π

∫ tV

t0

ig(t) dt

.

For diagnostic purposes the measured estimator decomposes identically as αextracted = ηtopξwave/(8π),
where ηtop = Ctop/Cterm and ξwave = CtermVpk/Jg. This identity is not treated as an independent
conventional prediction. Instead, a Maxwell-based tapered transmission-line model independently
predicts a waveform factor ξEM and hence a benchmark value αEM = ηtopξEM/(8π). The QMU
prediction is αextracted = α, which for fixed geometry requires ξwave = 8πα/ηtop. The paper
specifies build geometry, synchronized waveform acquisition with transfer-function de-embedding,
intentional coupling sweeps, drive-modality replication, streamer-suppressed operation, full
run-reporting requirements, conventional-model comparison, and uncertainty propagation. A
geometry-, coupling-, and drive-independent value equal to the fine-structure constant that
departs significantly from the independently calculated Maxwell benchmark would support the
QMU mapping.

Keywords: QMU; APM; Tesla resonator; trumpet coil; charge partition; metrology

Conventions and objective

Conventions. The superscript (2) denotes a distributed QMU charge quantity with the dimensions
of charge-squared, not an SI coulomb. The electrostatic and magnetic carrier species are distinct,
with

α = e2

8πeemax2 .

The SI–QMU conversion factor is

ccf ≡ eemax
2

e
.

We distinguish two capacitances:

• Cterm: the total terminal capacitance of the assembled resonator seen from the top node, including
the metallic topload, the coil body, support, and fixture-dependent stray contributions.

• Ctop: the in-situ electrostatic capacitance associated with the metallic topload share alone, after
proximity correction and validation.
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The electrostatic partition factor is

ηtop ≡ Ctop
Cterm

, 0 < ηtop < 1.

The experimentally compared QMU channels are

q
(2)
e,top ≡ ccf Ctop Vpk, q

(2)
m,gnd ≡ ccf

∫ tV

t0
ig(t) dt.

Objective. Test the QMU prediction

q
(2)
e,top = 8π α q

(2)
m,gnd (1)

using a resonator that geometrically separates the high-current broad-base regime from the high-
potential narrow-top regime. The directly extracted estimator is

αextracted =
q

(2)
e,top

8π q
(2)
m,gnd

= Ctop Vpk

8π

∫ tV

t0
ig(t) dt

(2)

A positive result is defined as a geometry-, coupling-, and drive-independent constant equal to the
reference fine-structure constant within the propagated uncertainty budget across trumpet flares,
topload families, coupling sweeps, and at least two drive modalities, while differing significantly from
the independently calculated conventional electromagnetic prediction where the two predictions are
experimentally separable.

1 Background and QMU context

In QMU, the Aether/RMFD constant Au and the electrostatic constant kC are related by

Au = 16π2 kC . (3)

The carrier definition begins with the QMU identity that capacitance is reciprocal to potential, so
capc · potn = 1 [Thomson, 2025a,b]. Therefore the familiar bridge quantity CV cannot by itself be
a QMU charge equation. The top electrostatic channel is instead defined operationally through the
metallic topload share,

q
(2)
e,top = ccf Ctop Vpk.

The ground magnetic channel is defined by integrated charge transfer through the dedicated ground
return,

q
(2)
m,gnd = ccf

∫ tV

t0
ig(t) dt.

This preserves a clean SI–QMU bridge while preventing the experiment from degenerating into a
comparison of the same total terminal charge written two different ways. The quantity CtermVpk
belongs to conventional continuity accounting for the entire resonator, whereas CtopVpk is only the
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electrostatic top-load share. The experiment asks whether that electrostatic share maps to the
ground magnetic transfer by the fixed factor 8πα.

For narrowband nearly sinusoidal operation,

ig(t) ≈ Ipk sin(ω0t),
∫ tV

t0
ig(t) dt ≈ Ipk

ω0
,

so Eq. (2) reduces to

αextracted ≈ ω0 Ctop Vpk
8π Ipk

(4)

This shortcut is used only as a cross-check; the primary estimator is the directly integrated waveform
form in Eq. (2).

2 Benchmark from conventional electromagnetism

Figure 1:
Ideal trum-
pet profile
with the
broad end
at ground
and the
narrow
end at the
topload.

We provide a conventional EM benchmark in Appendix G, modeling the resonator
as a tapered, lossy transmission line with effective per-unit-length capacitance and
inductance {C ′(z), L′(z)}, together with coupling, damping, terminal loading, and
the specified drive condition.

Two distinct quantities must be separated. The measured electrostatic partition factor
is

ηtop = Ctop
Cterm

,

and the measured waveform factor is

ξwave ≡ Cterm Vpk
Jg

, Jg ≡
∫ tV

t0
ig(t) dt.

These measured quantities satisfy the algebraic identity

αextracted = ηtop ξwave
8π

(5)

This identity is a decomposition of the measured estimator and is not, by itself, a
conventional-electromagnetic prediction.

The independent conventional benchmark is obtained by calculating the voltage and
ground-transfer waveforms from the Maxwell-based resonator model. Define

ξEM ≡ Cterm Vpk,EM
Jg,EM

,

where Vpk,EM and Jg,EM are obtained from the conventional electromagnetic model
for the measured geometry, coupling, terminal loading, loss, resonant branch, and
drive condition.

The corresponding conventional prediction is

αEM = ηtop ξEM
8π

.
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The experimental comparison is therefore between

αextracted = Ctop Vpk
8πJg

and the independently calculated quantity

αEM = ηtop ξEM
8π

.

Pre-registered conventional expectation. For each geometry and operating condition, the
Maxwell-based model must predict ξEM before comparison with the extracted QMU estimator.
Changes in geometry, topload, coupling, branch selection, damping, or drive modality may change
ξEM, and therefore may change the conventional prediction αEM.

The QMU prediction is instead
αextracted = α.

For a fixed geometry and topload, ηtop is fixed within its measurement uncertainty. The QMU
mapping therefore also predicts

ξwave = 8πα

ηtop
.

A discriminating result therefore requires the measured estimator to remain consistent with the
reference fine-structure constant while departing significantly from the independently calculated
Maxwell-based prediction over configurations for which the two predictions differ.

The measured diagnostic
ξwave = CtermVpk

Jg

is reported for every run, but it must not be substituted for ξEM when constructing the conventional
benchmark.

3 Experimental design: trumpet resonator

The resonator is a continuous, monotone taper whose flare points downward toward ground. The
broad lower region is intended to support the strong magnetic-current regime, while the narrow
upper region terminates in a smooth metallic topload that supports the electrostatic-potential
regime. A loosely coupled primary surrounds the broad lower end and drives the fundamental
resonance.

3.1 Bill of materials (summary)

• Secondary former: dielectric trumpet shell or equivalent stepped form; height 0.6 m to 1.2 m.
• Secondary wire: enamelled copper chosen to keep turn-to-turn capacitance low and unloaded

Q-factor high.
• Topload: polished torus or sphere sized to suppress premature corona.
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• Primary: few-turn copper strap with adjustable tap and vertical standoff, positioned at the broad
lower end.

• Drives: (i) solid-state RF drive in the 100 W to 1000 W class for controlled continuous-wave or
burst operation, and (ii) a pulsed solid-state modality for replication under a distinct excitation
mechanism. Spark-gap operation is allowed only if synchronized waveform metrology, crest
identification, and all waveform-validity gates remain satisfied.

• Instrumentation: RF-capable HV divider for Vtop(t); wideband CT or Rogowski coil in the
dedicated ground return for ig(t); synchronized oscilloscope or digitizer; VNA for low-power
sweeps; thermal camera or IR thermometer; grounded shield plane as needed.

3.2 Construction notes (geometric reproducibility)

Provide mechanical drawings (Appendix A) with:

1. Flare law r(z) and tolerance band.
2. Turn-pitch schedule to control C ′(z) and surface electric stress.
3. Topload standoff and fillets to avoid hotspots.
4. Primary standoff and adjustable coupling k with scale.

4 Channel definitions and observables

The experiment uses standard SI observables and then maps them into QMU.

Total terminal capacitance Cterm. This is measured on the assembled resonator by low-power
VNA fitting. It enters the conventional benchmark and continuity accounting.

Topload capacitance Ctop. This is measured independently as the in-situ electrostatic capacitance
of the metallic topload share. It is not assumed equal to Cterm. The operational extraction methods
and bracketing logic are given in Appendix C.

Top electrostatic channel. Using the bracketed Ctop and the synchronized crest voltage Vpk,

q
(2)
e,top = ccf Ctop Vpk.

Ground magnetic channel. Using the synchronized ground-return current waveform ig(t),

q
(2)
m,gnd = ccf

∫ tV

t0
ig(t) dt.

Why this blocks the continuity objection. A critic may note that

Jg ≈ Cterm Vpk
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for an idealized total terminal charge-up of the resonator. That is precisely why Cterm and Ctop
are separated. The experiment does not compare the same total charge on both sides. It compares
the electrostatic top-load share CtopVpk to the magnetic charge-transfer channel defined by the
integrated ground-return current during the synchronized buildup interval.

5 Operating procedure and data products

P1. Low-power characterization. With a VNA, measure the resonant response through weak
primary coupling to locate f0, extract Cterm by fitting the top-end response, and record resonator
Q-factor (Appendix B).

P2. Topload calibration. Measure Ctop independently using the isolated-topload procedure, prox-
imity correction, and differential validation (Appendix C). Report the bracket [C−

top, C+
top] and

the adopted midpoint value Ctop.
P3. Transfer-function calibration. Measure the complex transfer functions of the HV divider

and the current channel, including amplitude and phase, and de-embed both waveforms onto a
common timebase (Appendix D).

P4. Coupling sweep design. Determine the coupling factor k from the split resonances f+ and
f− or equivalent branch-identification protocol. Use an intentional coupling sweep as a formal
nuisance-parameter test rather than a hidden assumption (Appendix E).

P5. Drive-modality plan. Pre-register at least two excitation modalities for the same geometry
family: one solid-state RF modality and one pulsed solid-state ring-up/ring-down modality as the
preferred second modality. Spark-gap excitation is accepted only if the same waveform-integrity,
crest-identification, de-embedding, and streamer-gate criteria remain valid (Appendix F).

P6. Conventional-model prediction. Before comparison with αextracted, evaluate the Maxwell-
based model for the measured geometry, topload, coupling, branch, losses, and drive condition to
obtain ξEM and

αEM = ηtop ξEM
8π

.

The model inputs, assumptions, and uncertainty shall be retained with the run record.
P7. High-power runs. Drive at the chosen branch near f0; log de-embedded Vtop(t) and ig(t),

forward/reflected power, ambient conditions, camera data, drive modality, and k. Apply the
streamer gate in real time (Appendix H); discard any run with visible corona, broadband RF
bursts, crest distortion, or branch hopping.

P8. Charge extraction. For each accepted cycle, define the sign convention so that Ig(t) > 0 means
charge flow from ground into the resonator. Let tV be the time of an accepted positive crest
of Vtop(t). Let t0 be the most recent zero crossing of Ig(t) such that Ig(t) > 0 throughout the
dominant charging interval (t0, tV ). Then compute

Jg =
∫ tV

t0
Ig(t) dt.

Evaluate
q

(2)
e,top = ccf Ctop Vpk, q

(2)
m,gnd = ccf Jg, αextracted = Ctop Vpk

8π Jg
.

P9. Scaling sweep. Repeat at 25 %, 50 %, 75 % and 100 % of nominal drive while staying on the
same resonant branch.
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P10. Geometry sweep. Repeat with at least two trumpet flares and two topload families; remeasure
Cterm, Ctop, f0, and k, and recalculate the conventional benchmark for each build.

P11. Control comparison. Repeat the same protocol on an untapered cylindrical control with
similar height, wire length, and topload family.

P12. Drive replication. Repeat the key runs under the second drive modality. The comparison is
accepted only if the same channel definitions, gating logic, branch identification, and de-embedding
criteria remain valid.

Empirical note. This is a no-streamer measurement regime. Once breakout begins, the effective
capacitance and charge-transfer waveform no longer represent the intended closed resonator.

5.1 Derived quantities and required reporting

From each accepted cycle:

q
(2)
e,top = ccf Ctop Vpk, q

(2)
m,gnd = ccf Jg, αextracted = Ctop Vpk

8π Jg
.

Also report for every run:

ηtop = Ctop
Cterm

, ξwave = Cterm Vpk
Jg

, ξEM, αEM = ηtop ξEM
8π

.

The measured quantities satisfy
αextracted = ηtop ξwave

8π

identically and therefore provide a transparent decomposition of the measured estimator. The
quantities ξEM and αEM are independently calculated conventional predictions and provide the
actual model comparison.

For narrowband sinusoidal runs, use Eq. (4) only as a cross-check:

αextracted ≈ ω0 Ctop Vpk
8π Ipk

.

Acceptance criterion A: Flatness vs. power.

Fit
αextracted(Pin) = α0 + bP Pin.

The power dependence passes the invariance test when the fitted slope bP is statistically consistent
with zero within the pre-specified confidence interval. The fitted slope, its standard uncertainty,
confidence interval, and goodness of fit shall be reported.

Acceptance criterion B: Geometry test.

Across the selected trumpet builds, topload families, and cylindrical control, compare the measured
αextracted with both the reference α and the independently calculated αEM. A QMU-supporting
geometry test requires αextracted to remain consistent with α while differing significantly from αEM
in configurations where the predictions are experimentally separable.
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Acceptance criterion C: Coupling robustness.

For fixed geometry and topload, intentional changes in k must not induce statistically significant
drift in αextracted or in the QMU-predicted measured waveform factor

ξwave = 8πα

ηtop

if the QMU mapping is correct.

Acceptance criterion D: Drive-modality robustness.

For fixed geometry and topload, the extracted αextracted and measured ξwave must remain consistent
across the pre-registered drive modalities within the propagated uncertainty if the QMU mapping is
correct.

Acceptance criterion E: Shortcut consistency.

For runs declared sinusoidal, the directly integrated estimator and the shortcut estimator must
agree within uncertainty.

Acceptance criterion F: Benchmark transparency.

The reported values of ηtop, ξwave, ξEM, and αEM, together with the conventional-model assumptions
and uncertainty, must be sufficient for an independent reader to evaluate the model comparison.

6 Uncertainty budget (overview)

We propagate Type A/B contributions, with full details in Appendix I. The dominant terms are:

• σCterm : VNA fit uncertainty in total terminal capacitance.
• σCtop : bracket uncertainty in the in-situ metallic-topload capacitance.
• σVpk : HV divider scale, bandwidth, and crest extraction uncertainty.
• σJg : current-channel transfer uncertainty, baseline restoration, and numerical integration uncer-

tainty.
• σdeemb: residual phase and amplitude error after de-embedding with HV (ω) and HI(ω).
• σk: coupling variation or branch-identification uncertainty.
• σdrive: residual modality-dependent systematic uncertainty.
• σrep: run-to-run repeatability and ambient drift.
• σξEM : uncertainty in the independently calculated conventional waveform factor arising from

model approximation and uncertain physical inputs.

Because ccf cancels identically in αextracted, the dominant uncertainty is experimental metrology
rather than unit conversion.

7 Interpreting outcomes

Outcome 1 (QMU support). Across the pre-registered experimental configurations, αextracted
remains consistent with the reference fine-structure constant within the propagated uncertainty while
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the independently calculated conventional predictions αEM differ significantly from the measured
values. The corresponding measured waveform factors ξwave exhibit the compensating geometry
dependence required by

ηtopξwave = 8πα.

This favors the QMU mapping of Eq. (1).

Outcome 2 (benchmark support). The measured waveform factors ξwave and extracted values
αextracted agree with the independently calculated conventional predictions ξEM and αEM within
uncertainty, including their changes with geometry, topload, coupling, branch selection, and drive
modality. This disfavors the QMU mapping under the present channel definitions.

Outcome 3 (indeterminate). The QMU and conventional predictions overlap within the com-
bined experimental and model uncertainties, or neither adequately describes the observed dependence.
Such configurations do not discriminate between the proposed mapping and the benchmark and
shall be reported as indeterminate rather than counted in favor of either interpretation.

8 Addressing anticipated critiques

“You just measured charge conservation.” No. Charge conservation acts on the total terminal
behavior represented by Cterm, while the top electrostatic channel uses only the independently
bracketed metallic-topload share Ctop. The experiment therefore does not place the same total
terminal quantity on both sides of the extracted ratio.

“Your EM benchmark is just an algebraic rearrangement of the measured data.” The
measured decomposition

αextracted = ηtopξwave
8π

is indeed an algebraic identity and is reported as such. It is not used as the independent benchmark.
The conventional comparison instead uses the Maxwell-based prediction ξEM, calculated from the
measured apparatus geometry and operating conditions, to obtain

αEM = ηtopξEM
8π

.

“The result depends on instrument phase lag.” That possibility is explicitly addressed by
measuring the full complex transfer functions HV (ω) and HI(ω), de-embedding both channels onto
a common timebase, and carrying residual phase error in the uncertainty budget.

“The flare changes coupling, so the ratio is not meaningful.” That possibility is also
explicit. The protocol uses intentional coupling sweeps as a formal nuisance-parameter test instead
of assuming coupling away.
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“The result might be a drive artifact.” That possibility is handled by pre-registering at least
two drive modalities and requiring consistency of the extracted αextracted and fixed-geometry ξwave
across them under the same channel definitions and gating rules.

Bridge to ϵ0, µ0. Appendix G derives the conventional benchmark entirely from Maxwell-based
transmission-line modeling using ϵ0 and µ0. The experiment directly compares that benchmark
against the QMU mapping.

9 Future outlook: a potential microscopic corroboration via the
Quantum Hall Effect

Scope. The following is forward-looking and does not affect interpretation of the trumpet-coil
experiment.

If macroscopic data confirm Eq. (1), then an engineered Hall platform with separately controllable
high-current and high-potential edge configurations may be used to test whether a similarly
normalized electrostatic-to-magnetic carrier ratio emerges in mesoscopic transport. A protocol
outline is given in Appendix K.

A Mechanical geometry and construction (final values)

Purpose. Define a reproducible trumpet secondary (build T1) and an untapered control (build
C1), plus primary and topload, with tolerances tight enough that RF behavior and measured
waveforms match the protocol.

A.1 Geometry (trumpet secondary, build T1)

• Overall height H = 0.900 m with reference plane z = 0 at the grounded broad base.
• Flare law (radius of winding centerline):

r(z) = rb e−βz, rb = 180 mm, β = 1.99 m−1,

which yields r(H) ≈ 30 mm. Thus the flare points downward toward ground and the smaller
diameter is at the top near the topload.

• Former: PETG or acrylic shell following r(z); wall thickness 2.0 ± 0.5 mm; surface finish Ra
≤ 1.6 µm.

• Turn-pitch schedule (centerline to centerline):
– Base z ∈ [0, 0.10] m: p = 2.5 mm.
– Mid z ∈ (0.10, 0.70] m: linear ramp 2.5 → 4.0 mm.
– Top z ∈ (0.70, 0.90] m: p = 4.5 mm.

• Wire: copper magnet wire, polyurethane enamel, AWG 20.
• Estimated turns from the specified pitch schedule:

N =
∫ H

0

dz

p(z) ≈ 272.
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• Mounting: base flange to a grounded plate; nylon standoffs only; no unintended metal within
50 mm of the windings other than the specified primary, ground structure, and measurement
electrodes.

Critical tolerances: radius profile r(z) within ±0.5 mm; pitch within ±0.2 mm; coil axis vertical
within 0.5◦.

A.2 Topload family

• Topload A: polished aluminum torus, major radius RT = 180 mm, minor radius aT = 50 mm.
• Topload B: polished aluminum torus, major radius RT = 150 mm, minor radius aT = 40 mm.
• Standoff: UHMW or PTFE post ≥ 50 mm above winding end; smooth fillets.

A.3 Primary

• Conductor: copper strap 6 mm × 1 mm.
• Location: centered around the broad lower end of the trumpet secondary.
• Form: single layer, inner radius RP = 220 mm, 5–6 turns, pitch 8 mm.
• Coupling: adjustable vertical standoff 20–60 mm with index marks every 5 mm.
• Tap: bolted taps every 0.5 turn.

A.4 Untapered control (build C1)

• Same height H = 0.900 m, constant radius r(z) = 90 mm.
• Same wire; uniform pitch p = 3.5 mm.
• Same primary and same topload family.

B VNA method to extract Cterm (SOP)

Instrument: 2-port VNA or vector impedance analyzer covering 80–800 kHz.

Probe divider:
C1 = 2.2 pF ± 0.1 pF, C2 = 220 pF ± 2%.

Buffer input Zin ≥ 1 MΩ ∥ 10 pF.

Connections and levels. Configure the secondary with the same base-return boundary condition
used during accepted operating runs. Couple VNA port 1 weakly to the primary with a single-turn
link and set power to −20 dBm. Sense the operating top node through the calibrated capacitive
probe or second measurement port referenced to the ground plane. The low-power measurement
configuration must preserve the operating resonator boundary conditions closely enough that the
fitted Cterm applies to the high-power configuration.
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Fit model. Fit the resonator near the principal branch to a parallel RLC:

Z∥(f) =
(

1
Rp

+ j2πfCeq − j

2πfLeq

)−1

,

with
Ceq ≈ Cterm + Cstray.

Fit window:
f ∈ [f0(1 − 0.03), f0(1 + 0.03)].

Report
Cterm = Ceq − Cstray.

Acceptance. Reduced χ2/ν ≤ 1.5 and featureless residuals. Deliver f0, Q, and Cterm ± σCterm .

C Bracketed in-situ extraction of Ctop

Purpose. Determine the in-situ electrostatic capacitance associated with the metallic topload share
alone, distinct from the total terminal capacitance of the assembled resonator.

C.1 Isolated-topload baseline

Measure the metallic topload on the same final support, at the same height above the same ground
plane, with the secondary winding body removed or sufficiently distant that its effect is negligible.
Use an impedance analyzer, guarded bridge, or low-frequency VNA method to obtain

Ciso
top.

C.2 Proximity correction

In the assembled geometry, nearby secondary turns, support structure, and the upper winding
envelope perturb the topload field. Define the proximity correction

∆Cprox ≡ Ctop − Ciso
top.

Estimate ∆Cprox from a quasi-static electrostatic model of the final geometry, including the topload,
support, secondary envelope, and ground plane. Vary the key geometric tolerances to obtain a
bracket

∆Cprox ∈ [∆C−
prox, ∆C+

prox].
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C.3 Differential validation

Use at least two toploads A and B on the same resonator and support. Measure the assembled
terminal-capacitance difference

∆Cterm = C
(A)
term − C

(B)
term.

Compare this against the model-predicted top-load difference

∆Cmodel
top = C

(A),model
top − C

(B),model
top .

The residual difference is used as a model-validation systematic. If the residual exceeds the pre-set
tolerance, the electrostatic model is not accepted for final extraction.

C.4 Final bracket and adopted value

Define the in-situ bracket by

C−
top = Ciso

top + ∆C−
prox, C+

top = Ciso
top + ∆C+

prox.

The adopted working value is the midpoint

Ctop =
C−

top + C+
top

2 ,

and the associated bracket uncertainty is based on the half-width

∆Cbracket
top =

C+
top − C−

top
2 ,

combined with the isolated-measurement and differential-validation uncertainties.

C.5 Reporting requirement

Every geometry and topload configuration must report

Ciso
top, [C−

top, C+
top], Ctop, Cterm, ηtop = Ctop

Cterm
.

This prevents the electrostatic partition from being a hidden or assumed quantity.

D Transfer-function de-embedding and synchronized charge ex-
traction

Purpose. Recover the true top-voltage and ground-current waveforms from the instrument channels,
including phase response, so that t0, tV , and Jg are defined on a common timebase.

Measured signals. Let the instrument channels be Vmeas(t) and Imeas(t). In frequency space,

Ṽmeas(ω) = HV (ω) Ṽtop(ω), Ĩmeas(ω) = HI(ω) Ĩg(ω),

where HV (ω) and HI(ω) are the complex transfer functions of the HV divider and current channel.
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De-embedding. Measure HV (ω) and HI(ω) over the relevant bandwidth using calibration fixtures
or traceable references. Then recover

Ṽtop(ω) = Ṽmeas(ω)
HV (ω) , Ĩg(ω) = Ĩmeas(ω)

HI(ω) .

The inverse transforms define the de-embedded waveforms Vtop(t) and Ig(t).

Back-to-back channel validation. In addition to independent transfer-function measurements
of HV (ω) and HI(ω), both channels shall be validated together on a known reference load over
the band surrounding f0. After de-embedding, the recovered phase relation and crest timing must
agree with the analytically predicted reference within the stated calibration tolerance. The residual
mismatch is included in σdeemb.

Digitizer settings. Sample rate ≥ 20 MS/s, record length ≥ 100 cycles, common trigger, and
residual inter-channel skew below 20 ns after de-embedding.

Single-path ground-return requirement. For the charge-transfer quantity

Jg =
∫ tV

t0
Ig(t) dt

to be valid, all intentional secondary return current must pass through one dedicated ground-return
conductor instrumented by the CT or Rogowski sensor. The secondary base, RF ground plate, and
any strike-rail return must bond to a single return node. No auxiliary instrument ground, cable
shield, chassis bond, or earth connection may provide a parallel unmeasured return path during
accepted runs.

Quantitative leakage criterion. The single-path ground-return condition is accepted only if
any parallel unmeasured return current remains below the threshold

Ileak,pk < 0.01 Ig,pk.

Where practical, this shall be verified by auxiliary CT measurements or differential return-path checks
on suspected alternate paths, including shield bonds, chassis bonds, and safety-earth connections.

Sign convention and charge extraction. Define positive current such that Ig(t) > 0 means
charge flow from ground into the resonator. For each accepted positive crest:

1. Find tV , the local maximum of Vtop(t).
2. Find t0, the most recent zero crossing of Ig(t) such that Ig(t) > 0 over the dominant charging

interval (t0, tV ).
3. Baseline-correct Ig(t) using the pre-cycle mean.
4. Compute

Jg =
∫ tV

t0
Ig(t) dt

numerically by trapezoidal or Simpson integration.
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Sinusoidal cross-check. If the waveform is narrowband and nearly sinusoidal, then

Jg ≈ Ipk
ω0

.

Use this only as a cross-check against the directly integrated Jg.

E Coupling control and intentional k sweeps

Purpose. Treat coupling as an explicit nuisance parameter to be tested rather than silently fixed.

Split-frequency method. At sufficiently strong but linear coupling, identify the split resonances
f+ and f−. Estimate the coupling factor by

k ≈
f2

+ − f2
−

f2
+ + f2

−
.

Primary protocol. For each geometry, perform an intentional coupling sweep over at least three
values of k spanning the practical operating range. Example target points:

k ∈ {0.08, 0.12, 0.16}.

At each point, re-identify the operating branch and record

αextracted, ηtop, ξwave, ξEM, αEM.

Branch control. For every accepted run, document the operating branch, detuning sign, and
whether the run lies above or below the split-pair midpoint. Discard runs showing mode hopping or
ambiguous branch identity.

Interpretive rule. For a fixed resonator geometry and topload, ηtop is fixed within its measurement
uncertainty. The QMU mapping therefore predicts

ξwave = 8πα

ηtop
,

and consequently both ξwave and αextracted should remain invariant within uncertainty under coupling
changes that do not alter the electrostatic partition.

The conventional electromagnetic model independently predicts a coupling-dependent value ξEM.
The discriminating comparison is therefore between the measured ξwave and the calculated ξEM,
together with the corresponding comparison between αextracted and αEM.

F Drive-modality replication

Purpose. Test whether the extracted ratio survives a change in excitation mechanism.



G CONVENTIONAL EM BENCHMARK (TAPERED TL MODEL) 16

Required modalities. Use at least two of the following:

• continuous-wave or burst solid-state RF,
• pulsed solid-state ring-up/ring-down operation,
• spark-gap excitation with synchronized cycle-window capture.

Preferred replication modality. The preferred second drive modality is pulsed solid-state
ring-up/ring-down operation, because it more readily preserves synchronized waveform validity,
branch identification, and de-embedding fidelity. Spark-gap excitation is accepted only if it satisfies
the same waveform-integrity, crest-identification, and streamer-gate criteria as the primary modality.

Validity condition. A modality is only accepted if the same de-embedded waveform extraction,
crest identification, current sign convention, and streamer gate remain valid.

Comparison rule. For matched geometry and topload, compare

αextracted, ηtop, ξwave, ξEM, αEM

across modalities.

Because ηtop is fixed for an unchanged geometry, the QMU mapping predicts

ξwave = 8πα

ηtop

and therefore requires both ξwave and αextracted to remain invariant within uncertainty.

The conventional model separately predicts ξEM for each excitation modality. A meaningful anomaly
occurs when the measured waveform factor and extracted ratio remain at the QMU values while
differing significantly from the independently calculated conventional predictions.

G Conventional EM benchmark (tapered TL model)

Goal. Produce an independent, geometry-dependent conventional prediction for

αEM = ηtop ξEM
8π

using a tapered transmission-line representation of the resonator.

F.1 Per-unit elements

Discretize the secondary into M slices of height ∆z = H/M with M = 200. For slice i at zi:

n(zi) = 1
p(zi)

, A(zi) = πr(zi)2,

L′(zi) = µ0 n(zi)2 A(zi),



G CONVENTIONAL EM BENCHMARK (TAPERED TL MODEL) 17

C ′(zi) = 2πε0
1

ln
(

2h(zi)
aw

) ,

where h(zi) is the distance to the nearest large conductor and aw is the wire radius. Loss R′(zi)
follows from copper AC resistance using

δ =
√

2ρ

µ0ω
,

and G′(zi) ≈ 0 in air.

These per-unit expressions are first-order approximations. The benchmark implementation shall
be refined as needed to include mutual inductance, distributed inter-turn capacitance, terminal
loading, coupling, conductor curvature, and measured loss wherever those effects materially alter
the predicted waveform.

F.2 Terminal and top-load capacitances

The assembled resonator yields Cterm, while the metallic-topload contribution yields Ctop. Their
ratio

ηtop = Ctop
Cterm

is measured for each geometry and is expected to change with trumpet flare, topload family, support
geometry, and the body capacitance of the secondary.

F.3 Measured and predicted waveform factors

The experimentally determined waveform factor is

ξwave = Cterm Vpk
Jg

.

This is a measured diagnostic and satisfies

αextracted = ηtopξwave
8π

identically. It therefore cannot serve by itself as an independent conventional benchmark.

The tapered transmission-line model must instead calculate the voltage and ground-transfer wave-
forms for the measured geometry and operating condition. From the simulated quantities define

ξEM = Cterm Vpk,EM
Jg,EM

,

where
Jg,EM =

∫ tV,EM

t0,EM
Ig,EM(t) dt.

The simulation must use the measured geometry, topload, coupling, resonant branch, losses, and
drive waveform or its calibrated equivalent.



G CONVENTIONAL EM BENCHMARK (TAPERED TL MODEL) 18

F.4 Benchmark prediction

The independent conventional prediction is

αEM = ηtop ξEM
8π

.

The measured QMU estimator is
αextracted = ηtop ξwave

8π
.

Thus the direct benchmark residual may be written as

∆α = αextracted − αEM = ηtop
8π

(ξwave − ξEM) .

This form makes the falsification logic explicit. Agreement between ξwave and ξEM supports the
conventional electromagnetic description. A reproducible departure from ξEM, together with
convergence of αextracted to the reference fine-structure constant across independent configurations,
supports the QMU mapping.

In an idealized lossless quarter-cycle charge-up, the predicted and measured waveform factors may
approach unity. Such configurations have little discriminating power if

ηtop
8π

happens to approach the QMU target. Experimental configurations should therefore be selected,
where practicable, to produce sufficiently separated QMU and conventional predictions before
high-power testing.

F.5 Numerical implementation and convergence

For each build and operating condition, solve the discretized transmission-line model using the
measured terminal boundary condition, primary coupling, drive waveform, and loss parameters.
Recover the simulated top-node voltage Vtop,EM(t) and ground-return current Ig,EM(t), apply the
same crest and integration-window definitions used on the measured data, and compute ξEM.

Use M = 200 slices initially and refine the discretization until both∣∣∣∣∣∆Ztop
Ztop

∣∣∣∣∣ < 10−3

and ∣∣∣∣∆ξEM
ξEM

∣∣∣∣ < 10−3.

The benchmark report shall include the model version, physical inputs, discretization level, conver-
gence result, and uncertainty assigned to ξEM.
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H Streamer/corona gate and waveform validity

Intent. Accepted runs must remain in the streamer-suppressed regime. The resonator, not air
discharge, must dominate the charge accounting.

G1 (visual). Camera: 60 fps, shutter 1/100 s, ISO 800, exposure locked.

• Pass: no visible glow, filaments, or brush on the topload in any frame.
• Fail: any persistent or intermittent streamer or corona.

G2 (RF spectrum). RF sampler on primary and divider output; FFT span f0 ± 200 kHz.

• Pass: out-of-band noise increase < 10 dB relative to low-power baseline.
• Fail: broadband bursts > 10 dB or sideband combs.

G3 (waveform integrity). Using the de-embedded channels:

• Pass: clean single-crest voltage cycle, stable current zero crossing, no clipped peaks, and no
branch hopping.

• Fail: abrupt discontinuities, crest flattening, ambiguous zero crossings, or cycle-to-cycle phase
jumps.

G4 (shortcut validity). For the sinusoidal shortcut of Eq. (4),∣∣∣∣∣Jg − Ipk/ω0
Jg

∣∣∣∣∣ ≤ 3%.

Otherwise only the directly integrated Jg estimator is accepted.

I Uncertainty budget and propagation

H.1 Primary estimator

For
αextracted = Ctop Vpk

8π Jg
,

the relative uncertainty is

(
σα

α

)2
=
(

σCtop

Ctop

)2

+
(

σVpk

Vpk

)2

+
(

σJg

Jg

)2

+
(

σdeemb
α

)2
+
(

σk

α

)2
+
(

σdrive
α

)2
+
(

σrep
α

)2
. (6)

There is no overall factor of 4 because the experiment tests the linear mapping q
(2)
e,top = 8πα q

(2)
m,gnd,

not a square-law proxy relation.
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H.2 Top-load bracket uncertainty

Resolve the top-load uncertainty into(
σCtop

Ctop

)2

=
(

σCiso
top

Ctop

)2

+
(

σ∆Cprox

Ctop

)2

+
(

σdiff
Ctop

)2

,

where σCiso
top

is the isolated-topload measurement uncertainty, σ∆Cprox is the proximity-bracket
contribution, and σdiff is the differential-validation residual.

Top-load uncertainty ceiling. Because the in-situ top-load bracket is expected to be the
dominant systematic, each geometry shall be assigned a benchmark-discrimination status. If

σCtop

Ctop
≤ 0.05,

the geometry is retained in the primary falsification set. If
σCtop

Ctop
> 0.05,

the geometry may still be reported, but it is excluded from the primary benchmark-discrimination
claim and treated as exploratory only.

H.3 Benchmark decomposition and covariance

The measured decomposition
αextracted = ηtop ξwave

8π

contains correlated quantities because

ηtop = Ctop
Cterm

, ξwave = Cterm Vpk
Jg

.

The factor Cterm cancels identically in their product. Consequently, uncertainties in ηtop and ξwave
must not be propagated as independent contributions when estimating the uncertainty of αextracted.

The primary uncertainty propagation therefore remains the direct estimator form

αextracted = Ctop Vpk
8π Jg

,

for which the independent measurement contributions are propagated directly.

If the product form is used as a diagnostic cross-check, covariance must be included:(
σα

α

)2
=
(

σηtop

ηtop

)2

+
(

σξwave

ξwave

)2
+ 2Cov(ηtop, ξwave)

ηtopξwave
.

The covariance term contains, in particular, the anticorrelation arising from the shared measurement
of Cterm.
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For the independent conventional benchmark

αEM = ηtop ξEM
8π

,

the corresponding first-order relative uncertainty is

(
σαEM

αEM

)2
=
(

σηtop

ηtop

)2

+
(

σξEM

ξEM

)2
+ 2Cov(ηtop, ξEM)

ηtopξEM
.

The covariance term accounts for shared geometric or capacitance inputs between the measured
partition factor and the conventional model.

Nominal component uncertainties (targets).

Quantity Method Value Rel. unc.
Cterm Appendix B fit 15–35 pF 1.5%
Ctop Appendix C bracket 8–25 pF 2.5%
Vpk HV divider + de-embedding 50–150 kV 1.0%
Jg current integral + de-embedding derived 1.2%
De-embedding residual phase/amplitude derived 0.7%
Coupling / branch Appendix E derived 0.7%
Drive modality cross-modality residual derived 0.7%
Repeatability multi-run — 0.7%
ξEM model Appendix G derived report per build

Example propagation for the measured estimator. With the above target values:(
σα

α

)2
= 0.0252 + 0.0102 + 0.0122 + 0.0072 + 0.0072 + 0.0072 + 0.0072

= 0.000625 + 0.000100 + 0.000144 + 0.000049 + 0.000049 + 0.000049 + 0.000049
= 0.001065,

and therefore
σα

α
≈

√
0.001065 ≈ 3.3%.

The uncertainty of αEM is evaluated separately for each build because it depends on the measured
electrostatic partition and on the model uncertainty assigned to ξEM.

J Required run-summary products

Every accepted run must provide, at minimum, the following quantities:
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Field Required content
Run ID geometry, topload, date/time, operator
Drive modality CW RF, burst RF, pulsed solid-state, SGTC, or other accepted modality
Branch ID operating branch, detuning sign, split-pair context
k measured coupling factor
f0 resonant frequency for the accepted branch
Cterm total terminal capacitance with uncertainty
[C−

top, C+
top], Ctop bracketed top-load capacitance and adopted midpoint

ηtop electrostatic partition factor
Vpk de-embedded crest voltage
Jg integrated ground charge-transfer quantity
ξwave measured waveform factor
ξEM independently calculated conventional waveform factor
αextracted extracted fine-structure estimator
αEM independently calculated conventional benchmark
∆α αextracted − αEM with uncertainty
Gate status pass/fail for visual, RF, waveform, shortcut checks
Model record model version, assumptions, convergence, uncertainty
Notes ambient conditions and any anomalies

This table is mandatory because it exposes both the complete measured decomposition and the
independent conventional benchmark rather than reporting only the final extracted ratio.

K Microscopic outlook: Hall platform sketch (future work)

Scope. Forward-looking only; it does not affect interpretation of the trumpet-coil experiment.

• Concept: a dual-mode Hall bar with tunable edge impedance to realize high-current and high-
potential configurations, defining mesoscopic analogs of q

(2)
m,gnd and q

(2)
e,top.

• Target observable: a drive-independent linear carrier ratio of the form

q(2)
e = 8πα q(2)

m .

• Challenges: decoupling from standard quantum Hall plateaus, controlling edge-state dissipation,
and maintaining RF metrology traceability.

• Action: defer until the macroscopic trumpet-coil constant is established.
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