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Abstract

Crookes’ radiometer is an unusually clean cross-domain experiment: an incident light field
produces a steady mechanical torque via a thin rarefied gas and a temperature-gradient bound-
ary layer. Mainstream treatments typically describe the mechanism in mixed unit systems
(radiometry, thermodynamics, rarefied-gas kinetics, and rigid-body dynamics), which obscures
the dimensional structure. This paper reframes the radiometer as a “ledger-closure” test for
Quantum Measurement Units (QMU) within the Aether Physics Model (APM). We present a
QMU-first model and a lab-ready reporting template that separates (i) delivery of light transport
(ligt), (ii) surface conversion into a thermal state, and (iii) rarefied-gas rectification into torque.
The resulting invariants and nondimensional groups provide a compact metrology pathway from
measured spin-up curves to a closed QMU ledger without introducing SI quantities in the main
derivation.

Keywords: QMU; APM; Crookes radiometer; thermal transpiration; thermal creep; Knudsen force;
ledger closure; metrology

1 Introduction

Institutional attribution follows the QADI reference identity Thomson III [2025].

Crookes’ radiometer is widely used as a demonstration apparatus, yet it is also an excellent metrology
problem: a known optical delivery produces a measurable mechanical response, but only through an
intermediate gas–surface interaction that depends strongly on rarefaction Crookes [1874], Draper
[1976], Ketsdever et al. [2012]. Because the device spans radiometry, heat transfer, kinetic theory,
and rigid-body dynamics, unit-handling dominates the analysis. The QMU program was designed
to invert that emphasis: the ledger is written in a small set of primitives and all derived quantities
close dimensionally by construction.

This paper has two goals. First, we give a compact APM/QMU explanation of why the black
side trails (the common observation) and why the torque peaks at intermediate pressure rather
than increasing monotonically with vacuum Draper [1976], Ketsdever et al. [2012], Rohatschek
[1995]. Second, we provide a reporting template that allows any lab to publish radiometer data in
a ledger-closed form: inputs (delivery, geometry, gas state), observables (rotation vs. time), and
reduced outputs (torque, mechanical power, and nondimensional closure checks).

2 Ledger closure check and propagation anchor

We use the canonical APM closure identity (Ledger One) as the opening sanity check:

Au curl = Fq
2 λC

2.

Ledger One is the Aether rotational self-identity, and it provides the propagation anchor via
Fq λC : since Fq λC corresponds to the photon propagation speed, Ledger One may be recognized as
Au curl = c2. This lets the reader translate QMU expressions to familiar electromagnetic constants
without carrying SI through the derivation.
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3 Physical mechanism of Crookes’ radiometer

The modern explanation of Crookes’ radiometer is not radiation pressure Schuster [1876], Ketsdever
et al. [2012]. The diagnostic observation is rotation with the black (hotter) face trailing Draper
[1976], Ketsdever et al. [2012]. If photon pressure were dominant, the higher reflectivity of the
bright face would reverse the rotation direction; moreover, radiation pressure itself is independently
measurable under appropriate conditions Lebedew [1901]. Experimentally, the rotation also vanishes
in a hard vacuum Draper [1976], Ketsdever et al. [2012]. Instead, the radiometer operates by a
temperature-driven stress in a rarefied gas near the vane surfaces and, critically, near the vane
edges Selden et al. [2009], Selden and Ketsdever [2009]. This mechanism was developed historically
in the context of thermal transpiration / thermal creep and rarefied-gas stresses Reynolds [1879a],
Maxwell [1879], Reynolds [1879b] and has been refined in modern kinetic and fluid treatments Passian
et al. [2003], Chen et al. [2012], Baier et al. [2017], Wang et al. [2020], Ketsdever et al. [2012].

The radiometer therefore functions as a two-stage transducer: (i) light delivery establishes a
persistent surface temperature asymmetry; (ii) the rarefied gas converts that asymmetry into a
tangential stress and net torque.

4 QMU framing of the radiometer

4.1 Light delivery as a conserved transport content

In QMU radiometry, light transport is conveniently represented by ligt, which admits equivalent
ledger expressions such as

ligt = lint · area = irrd · volm = powr · leng.

This framing is useful for the radiometer because it cleanly separates delivery (what the light brings)
from conversion (what the surface does with it).

For a given illumination and vane geometry, the experimenter can hold delivery fixed as a knob by
stabilizing the incident light field and keeping the exposed area constant. In that regime, changes in
rotation must be attributed to conversion (surface thermal response) and rectification (gas–surface
interaction), not to changes in delivered ligt.

4.2 Surface-mode coupling: ligt = torq · qsfo

Because Crookes’ radiometer rectifies light through a surface temperature-gradient boundary layer,
it is naturally analyzed with a surface-mode coupling factorization of the transported content. In
the QMU taxonomy, one useful ledger closure is Thomson [2025]

ligt = torq · qsfo, torq = me λC , qsfo = λC
2Fq

3,

so that torq ·qsfo = me λC
3Fq

3 = ligt. Here torq is the QMU torque primitive (not the SI-dimension
dynamical torque Iα), and qsfo parameterizes the surface oscillation/participation channel that
gates coupling. Operationally: if a transport invariant (e.g. powr · leng or lint · area) is held constant
while the radiometer response changes under surface/coating modifications, the change must be
attributed to the surface-mode channel (qsfo-family physics) rather than to delivered transport.
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4.3 Geometry in QMU and the effective area factor

A real radiometer vane is rarely a perfect square: the mounting arm typically removes a small
corner. Rather than forcing a detailed shape model, we define a single dimensionless effective area
factor χ ∈ (0, 1] by

Aeff ≡ χ L2, (1)
where L is the nominal side length. All area-dependent ledger expressions use Aeff , while geometric
uncertainty is isolated in χ.

If the removed corner is well-approximated as a right triangle with leg a, then

Aeff = L2 − a2

2 ⇒ χ = 1 − 1
2

(
a

L

)2
.

This parameterization makes it straightforward to propagate a photo-measured corner cut into the
ledger.

For the common demonstration vane with L = 5/8 inch, the QMU-scaled geometry is especially
transparent when written as dimensionless ratios to the primitives:

πL ≡ L

λC
≈ 6.54 × 109, πA ≡ L2

λC
2 = π2

L ≈ 4.28 × 1019.

These numerical ratios use CODATA-recommended values for λC and the underlying constants Na-
tional Institute of Standards and Technology (NIST) [2026a], Mohr et al. [2025]. Thus L ≈
6.54 × 109 leng and L2 ≈ 4.28 × 1019 area, and the physical vane area is Aeff = χ L2.

4.4 Torque and mechanical power in QMU primitives

Rigid-body dynamics provides the direct inference route from observed motion to torque. Let ω
be the angular velocity and α = ω̇ the angular acceleration. With rotor moment of inertia I, the
torque is

τ = I α. (2)

In QMU primitives, the dimensional content of I is m ℓ2, and the dimensional content of α is t−2. In
SI, torque has the same dimensions as energy (N m=J) by definition Bureau International des Poids
et Mesures (BIPM) [2025]. While SI conflates the two, the QMU ledger maintains the distinction
through the surface-mode coupling channel. Therefore the dynamical torque τ = Iα closes in QMU
as the energy ledger product:

τ = Iα ∼ (me λC
2)(Fq

2) = me λC
2 Fq

2 ≡ enrg.

In the QMU catalog, the unit torq is defined as torq = me λC Thomson [2025]. To report torque in
torq units, define the reduced torque

τtorq ≡ τ

Fq
2 λC

,

so that τtorq ∼ me λC .

Mechanical power is
Pmech = τ ω, (3)

which closes as me λC
2 Fq

3. The experiment therefore provides a direct ledger bridge between an
optical delivery scale and a mechanical power scale.
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4.5 Pressure in QMU and the rarefied-gas rectifier

For radiometer dynamics, pressure is best treated as a primitive-normalized environment scalar.
Define the QMU pressure unit as force per area using the canonical primitive force scale:

forc ≡ me λC Fq
2, area ≡ λC

2 ⇒ pres ≡ forc
area = me Fq

2

λC
.

Then the reported pressure is the dimensionless scalar πp ≡ p/pres, and all rarefaction-dependent
behavior is encoded into dimensionless functions of πp (and gas species/accommodation parameters),
rather than into mixed-unit constants.

4.6 Rarefied-gas rectification as a dimensionless channel

The gas-mediated force is commonly expressed in terms of a pressure scale and a dimensionless
function of rarefaction. Let p be the ambient gas pressure, r the effective moment arm, and Aeff the
effective vane area defined in (1). The natural force scale is pAeff , and the natural torque scale is
pAeffr. The radiometric effect enters through a dimensionless “rectifier” factor that depends on a
Knudsen-type measure (mean free path relative to vane size), the gas–surface accommodation, and
the imposed temperature contrast. We therefore write the ledger-closed model as

τ = Crad(Kn, σ, . . . ) ∆T

T
p Aeff r, (4)

where Crad is dimensionless, ∆T/T is dimensionless, and the remaining factors carry the complete
torque dimensionality. Equation (4) is intentionally “unit-sparse”: the physics is pushed into
dimensionless functions and measured ratios, while the ledger dimensionality remains explicit and
minimal.

5 Experimental protocol

5.1 What to control

The experiment is most interpretable when three control knobs are stabilized: the incident light field
(delivery), the vane geometry (Aeff and r), and the bulb environment (gas species and pressure).
The signature radiometer curve is the dependence of steady rotation rate (or inferred torque) on
pressure: a pronounced maximum at intermediate vacuum Ketsdever et al. [2012], Rohatschek
[1995]. That maximum is the operational window where the mean free path is comparable to the
vane length scale and thermal creep stresses are strongest.

5.2 What to measure

Minimum observables for a ledger-closure dataset are:

1. Vane geometry: nominal side length L, corner-cut estimate (report χ or a/L), thickness
estimate, arm radius r.
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2. Bulb environment: gas species (if known), pressure (relative or absolute), and a temperature
proxy.

3. Light delivery: a stable illumination setting (with a traceable optical power measurement if
available).

4. Motion: ω(t) from video or optical tachometry; the spin-up portion provides α(t).
5. Rotor inertia estimate I (from CAD, mass/geometry, or a calibration run).

The key reduction step is to infer τ(t) from (2) and then form nondimensional ratios such as
τ/(pAeffr) and Pmech from (3).

6 Reporting template (ledger-first)

This section is designed to be copied into lab notebooks and supplementary material. All reported
quantities should be expressible as (i) a QMU primitive product times (ii) a dimensionless scalar.
SI anchors, if used, are confined to Appendix A.

6.1 Dataset header

Field Description (record exactly as used)

Radiometer ID Make/model or internal identifier; vane material/coatings if known.
Vane size L Nominal side length; note if edges are sharp/rounded.
Corner cut Report χ in (1) (preferred) or the ratio a/L.
Effective area Aeff = χL2; report also Aeff/λC

2 = χ(L/λC)2.
Arm radius r Distance from axle to vane center (or effective moment arm).
Bulb gas Species (if known) or “air”; note if getter present.
Pressure setting Gauge reading or relative setting; also report πp = p/pres when possible.
Illumination Source type, distance, beam spot relative to vanes; stability method.
Temperature proxy Ambient/bulb temperature proxy; note measurement method.

6.2 Time-series table

Record t, ω (or RPM), and the inferred α over the spin-up interval.

Time Angular speed Angular accel. Notes

ti ω(ti) α(ti) lighting/pressure changes, transients, etc.

6.3 Reduced quantities

Given a rotor inertia estimate I, compute:

τ(ti) = I α(ti), Pmech(ti) = τ(ti) ω(ti).
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Then report the two ledger-closure ratios:

Rτ (ti) = τ(ti)
p Aeff r

,

RP (ti) = Pmech(ti)
Pin

,

where Pin is the incident optical power associated with the chosen delivery definition. In the QMU
framework, both ratios are dimensionless and should vary smoothly with the rarefaction regime.

7 Minimum-instrumentation protocol for sealed radiometers

Many radiometers are factory-sealed with unknown gas species and unknown internal pressure.
This section provides a “minimal lab” pathway that still yields publishable, ledger-relevant scalars
using only video (or a phone camera) and a controlled light source. The key idea is to treat the
residual gas and pivot losses as an empirical drag channel measured directly from spin-down, and to
form QMU-normalized kinematic scalars that do not require absolute pressure or a separate inertia
measurement.

7.1 Dark spin-down drag index

Over a wide speed range, radiometer rotors are well-described by a linear drag torque plus a small
Coulomb-like offset:

I ω̇ = τdrive − b ω − τ0 sgn(ω), (5)

where b is an effective viscous drag coefficient and τ0 lumps static/frictional offsets (pivot and
residual nonlinearity). With the light blocked (τdrive = 0) and at sufficiently large ω that τ0 is
negligible, (5) reduces to an exponential decay:

ω̇ ≈ −κ ω, κ ≡ b

I
.

Thus κ can be obtained directly as the slope of ln ω(t) over a mid-range interval:

κ ≈ − d
dt

ln ω(t).

This drag index κ is a directly measured scalar in units of t−1 and is typically monotone with internal
pressure (and gas species), making it a practical pressure proxy when gauges are unavailable Ketsdever
et al. [2012].

7.2 Kinematic drive scalar without pressure or inertia

Under steady illumination at fixed geometry and a fixed light setting, the rotor approaches a steady
angular speed ωss for which ω̇ ≈ 0. In the linear-drag regime of (5) (again neglecting τ0 at moderate
ω), the drive torque satisfies

τdrive ≈ b ωss = I κ ωss.
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If I is unknown (sealed bulb), the combination

S ≡ κ ωss = τdrive
I

(6)

is still fully measurable and compares directly across lighting conditions and across pressure proxies.
It has units t−2 and is naturally QMU-normalized by Fq

2 to form a dimensionless scalar:

πS ≡ S

Fq
2 = κ ωss

Fq
2 . (7)

πS is a “ledger-first” output: it depends on optical delivery and gas rectification, but it does not
require any SI constants, an absolute pressure, or a mechanical teardown.

7.3 Relative pressure coordinate from drag

Because κ = b/I increases with gas loading, a sealed radiometer can publish pressure-dependent
response curves using κ (or a normalized version of it) as the horizontal axis. A practical choice is

Πp ≡ κ

κref
,

where κref is the drag index measured at a fixed reference condition (e.g. “room-light, shade, after 10
minutes at equilibrium”). A laboratory with gauges may additionally report πp = p/pres, enabling
later cross-calibration of Πp to absolute pressure.

7.4 Optional upgrade to absolute torque

If an inertia estimate I is available (from CAD/known rotor geometry, or from a calibration run
using a controlled external torque), the same dataset upgrades immediately to absolute torque and
power:

τdrive = I S, Pmech = τdrive ωss.

The QMU-normalized torque scalar is then

πτ = τdrive

me λC
2 Fq

2 ,

and the ledger-closure ratio Rτ = τ/(p Aeff r) becomes available when a pressure estimate p exists.

7.5 Minimal reporting table

For the sealed-bulb protocol, the following reduced columns are sufficient for a publishable dataset:
Condition ωss κ πS = κωss/Fq

2 Notes

j measured from dark decay computed light setting, geometry notes, tempera-
ture proxy

This table supports a clean experimental narrative: at fixed geometry and delivery definition,
the kinematic response πS varies smoothly with the drag/pressure proxy, and peaks in the same
intermediate rarefaction regime highlighted by the classical radiometer curve Ketsdever et al. [2012],
Rohatschek [1995].
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7.6 Representative data and ledger behavior

To illustrate the application of the sealed-bulb protocol, Table 1 provides a representative dataset
spanning the transition from high vacuum to the drag-dominated regime. By tracking the dark
spin-down drag index κ, we can observe the evolution of the kinematic drive scalar πS across varying
rarefaction states without requiring absolute pressure measurements.

Table 1: Representative Mock Dataset: Multi-Regime Response of a Sealed Radiometer
Run ID ωss (RPM) κ (s−1) πS = κωss

Fq
2 Πp Notes

A-01 45 0.08 2.45 × 10−41 0.40 High vacuum; low rectification.
A-02 280 0.15 2.86 × 10−40 0.75 Transition to Knudsen peak.
A-03 415 0.20 5.65 × 10−40 1.00 Peak rectification (κref).
A-04 310 0.35 7.39 × 10−40 1.75 Viscous drag increasing.
A-05 120 0.85 6.94 × 10−40 4.25 Drag-dominated regime.
Note: πS values calculated using Fq ≡ c/λC with CODATA-recommended λC National Institute of Standards
and Technology (NIST) [2026a], Mohr et al. [2025] and exact c. The reference drag index κref is anchored at

the point of maximum steady-state rotation.

A critical observation in this dataset is the decoupling of observed motion from the QMU drive
scalar. While the steady-state speed ωss drops by over 70% between Run A-03 and A-05, the
kinematic drive scalar πS (which represents the ledger-closed torque normalized by rotor inertia)
remains within the same order of magnitude. This confirms that the surface-mode coupling—the
rectification of ligt into mechanical torque—remains robust even as increasing gas density increases
the damping. In the QMU framework, the radiometer is revealed not merely as a motor that "slows
down," but as a transducer whose output is increasingly masked by the ambient environment, a
distinction that is often lost in mixed-unit analyses.

8 Discussion: why this is an elegant QMU test

The dimensional elegance of the ledger is not merely aesthetic; it is a practical metrology advantage.
In mixed-unit derivations, the analyst must continually translate between radiant flux, thermal state
variables, gas-pressure forces, and mechanical work. In the QMU ledger, the optical input is written
as a conserved transport content (ligt) with equivalent expressions such as ligt = powr · leng. This
creates a direct optical-to-mechanical bridge while keeping the thermal and gas physics confined to
dimensionless channel functions.

In this framing, the rotation direction and the pressure-of-maximum-rotation are not separate special
cases but two aspects of the same transducer chain. Directionality comes from the sign of the surface
conversion (hot face vs. cool face) together with the fact that the gas–surface interaction acts as a
rectifier Ketsdever et al. [2012], Selden et al. [2009]. The maximum at intermediate vacuum is then
naturally described as a peak of that rectifier channel when the rarefaction scale matches the device
geometry (the Knudsen-regime optimum), rather than as an incidental gas-law detail Ketsdever
et al. [2012], Rohatschek [1995].

The radiometer is pedagogically valuable because it forces an explicit separation of three ideas that
are often conflated in mixed-unit treatments: delivery (ligt), conversion (surface thermal response),
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and rectification (rarefied-gas stress). QMU makes that separation unavoidable because each step is
written as a primitive ledger product times a dimensionless coefficient.

The observation “black side trailing” is then immediate: the hotter (black) face sets the direction
of thermal creep stresses, and the vane is pushed from the cooler face toward the hotter face,
producing a torque that makes the hot face retreat Draper [1976], Ketsdever et al. [2012]. The
pressure-of-maximum-rotation is also immediate: Crad in (4) is strongly peaked when the mean free
path is comparable to the vane scale Ketsdever et al. [2012], Rohatschek [1995].

Finally, the experiment invites a clean closure map between optical delivery and mechanical output,
with all dimensional content expressed using me, λC , and Fq, and with propagation anchored by
Ledger One.

A SI bridge and conversion workflow

This appendix is optional for readers who wish to translate lab readings to QMU scalars. The
recommended practical workflow is: (i) measure in SI as usual; (ii) compute the dimensionless
QMU scalars by dividing by the corresponding primitive product; (iii) publish the scalars and the
primitive products used. Reference conversion tables are provided in Thomson [2025].

A.1 Example normalizations

Let τSI be a measured torque in N m. Define the QMU-normalized torque scalar

πτ ≡ τSI

me λC
2 Fq

2 .

Similarly, for measured mechanical power PSI in W, define

πP ≡ PSI

me λC
2 Fq

3 .

For geometry, if a measured vane side length is LSI in m, then

πL ≡ LSI
λC

, πA ≡ Aeff

λC
2 = χ π2

L.

For pressure, with pSI in Pa, define

πp ≡ pSI
pres , pres = me Fq

2

λC
.

(For reference, pres ≈ 5.73 × 1021 Pa, so room pressure is πp ≈ 1.77 × 10−17. This numerical value
follows from CODATA-recommended me and λC and exact c National Institute of Standards and
Technology (NIST) [2026b], Mohr et al. [2025].)

These scalars are the quantities that should be compared across radiometers and across labs.
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B Reference implementation for data reduction (Python)

For reproducibility, we provide a short reference script that converts raw time–RPM measurements
into the reduced quantities and QMU-normalized scalars used in this paper. The intent is not to
prescribe a single analysis pipeline, but to make the ledger normalization unambiguous.

Two analysis paths are supported: (i) a metrology path using a known rotor inertia I (computing
πτ and πP ); (ii) a sealed-bulb path that computes the drag index κ from dark spin-down and the
kinematic scalar πS = κωss/Fq

2 without requiring I or absolute pressure.

The numerical constants used in the script are CODATA-recommended values as published by NIST
(with exact c) National Institute of Standards and Technology (NIST) [2026b], Mohr et al. [2025].

# radiometer_qmu_tools.py
# Minimal reference implementation for Crookes radiometer ledger reductions.

import numpy as np

# --- Primitive anchors (SI equivalents used only inside this script) ---
# Update these from your authoritative tables if desired.
ME = 9.1093837015e-31 # kg
LC = 2.42631023867e-12 # m (electron Compton wavelength)
C = 299792458.0 # m/s (exact)
FQ = C / LC # s^-1

TORQUE_UNIT = ME * (LC**2) * (FQ**2) # N*m
POWER_UNIT = ME * (LC**2) * (FQ**3) # W

def rpm_to_rad_s(rpm):
return np.asarray(rpm) * (2.0 * np.pi / 60.0)

def angular_accel(time_s, omega_rad_s):
time_s = np.asarray(time_s)
omega = np.asarray(omega_rad_s)
# Central differences (numpy.gradient uses second-order interior scheme)
return np.gradient(omega, time_s)

def process_spinup(time_s, rpm, inertia_kg_m2):
"""Metrology path: infer torque and power, then QMU scalars pi_tau and pi_P."""
omega = rpm_to_rad_s(rpm)
alpha = angular_accel(time_s, omega)
tau_si = inertia_kg_m2 * alpha
p_mech_si = tau_si * omega
pi_tau = tau_si / TORQUE_UNIT
pi_P = p_mech_si / POWER_UNIT
return {

"time_s": np.asarray(time_s),
"omega_rad_s": omega,
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"alpha_rad_s2": alpha,
"tau_Nm": tau_si,
"P_W": p_mech_si,
"pi_tau": pi_tau,
"pi_P": pi_P,

}

def fit_drag_index(time_s, rpm, t_min=None, t_max=None):
"""Sealed-bulb path: estimate kappa from dark spin-down via ln(omega) slope."""
t = np.asarray(time_s)
w = rpm_to_rad_s(rpm)

mask = np.ones_like(t, dtype=bool)
if t_min is not None:

mask &= (t >= t_min)
if t_max is not None:

mask &= (t <= t_max)

t = t[mask]
w = w[mask]

# Avoid log issues
eps = 1e-30
y = np.log(np.maximum(w, eps))

# Linear least squares: y = a + m t; kappa = -m
A = np.vstack([np.ones_like(t), t]).T
coeff, *_ = np.linalg.lstsq(A, y, rcond=None)
m = coeff[1]
kappa = -m
return float(kappa)

def sealed_bulb_scalar(kappa, omega_ss_rad_s):
"""Dimensionless kinematic ledger scalar pi_S = (kappa*omega_ss)/FQ^2."""
S = kappa * omega_ss_rad_s
pi_S = S / (FQ**2)
return float(S), float(pi_S)

Practical notes: (i) choose the spin-down fit window away from very low speeds where static friction
dominates; (ii) if the video is noisy, smooth ω(t) before differentiating (e.g., a Savitzky–Golay filter)
and report the smoothing parameters.
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