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Abstract

The Symbolic Collapse Arc Reactor (SCAR) provides an experimentally accessible, falsifiable,
and scalable test of the Photon Matrix Model (PMM). This design unifies theoretical rigor with
practical reproducibility by integrating an expanded six-path control lattice, a validated thermal
protocol for near-isothermal symbolic coupling, standardized low-cost component substitutions,
and a transparent open-data framework. The reactor converts field collapse into measurable
electromagnetic energy through deterministic symbolic resonance satisfying δW = 0, δ2W > 0.
Every operational, thermal, and safety parameter has been specified for broad replication while
preserving the predicted 10–18 kW symbolic conversion benchmark. To enhance adaptability,
multiple material options and construction avenues are detailed for each component, allowing
customization based on availability, cost, or environmental constraints. The theoretical premise
is grounded in concrete PMM derivations, with empirical correlations to Pd–D systems and
VO2 transitions, emphasizing testable thresholds like kc ≈ 0.145898 and an energy-per-event
analog on the order of ∼ 23.8 MeV if collapse clustering occurs. This paper defines SCAR as a
reproducible test platform for collapse-induced energy conversion, which not only invites but
also encourages independent replication.

Safety Statement: All described configurations operate within standard laboratory voltage,
current, and radiation limits. The authors recommend full compliance with IEC-61010 and
NFPA-70E protocols during replication.
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1 Introduction and Scope

1.1 Purpose

The Symbolic Collapse Arc Reactor (SCAR) is a modular, parameterized platform intended
to (i) demonstrate energy transduction consistent with collapse geometry, (ii) provide a reproducible
experimental testbed for falsifiable signatures, and (iii) enable safe, incremental optimization by
independent builders. This section defines the objectives, scope, success criteria, and configuration
families so that the rest of the paper can be read either as a turnkey build or as a menu of rigorously
specified options.

1.2 Objectives

O1. Demonstrate controllable collapse-driven phenomena under well-defined boundary
conditions and instrumentation, with pre-registered analysis pipelines.

O2. Quantify performance via energy balance, stability metrics (e.g., second-variation proxies),
spectral markers, and device-level figures of merit (FoMs).

O3. Enable reproducibility across low-cost, precision, and research configurations with identical
procedures and swappable modules.
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O4. Prioritize safety through layered electrical, thermal, chemical, and procedural controls with
checklists, interlocks, and maximum credible event (MCE) analysis.

1.3 Scope

This paper specifies:

• Theory of Operation (field variables, constraint encoding, observables, signatures).

• Architecture (reactor geometry, electrodes, dielectric stack, pulse stage, enclosure).

• Build Options in three tiers: LC (low-cost), PX (precision), RX (research).

• Instrumentation (power, calorimetry, EM and acoustic diagnostics, spectroscopy options).

• Operating Modes (commissioning, baseline, excitation, scan, long-hold).

• Calibration & Benchmarks (electrical, thermal, timing, spectral; blind controls).

• Data & Analysis (pinch-free energy balance; preregistered statistics; artifact audits).

• Safety & Compliance (hazards, interlocks, SOPs, MCE).

Out-of-scope for this document are supply-chain management, facility-specific permitting, and novel
materials development beyond the specified bill of materials (BOM) variants.

1.4 Guiding Design Principles

P1. Modularity: every risky or uncertain subsystem (pulse power, electrode, dielectric, coolant,
DAQ) is a replaceable module with pin-compatible interfaces.

P2. Dual-rail evidence: any claimed signal must appear in at least two independent channels
(e.g., calorimetry and electrical) with consistent magnitudes and timing.

P3. Baseline-first: every run begins and ends with a recorded baseline in the identical thermal
state envelope.

P4. Reversible changes: parameter sweeps are symmetric and bracketed to detect hysteresis
and drift.

P5. Pre-registered analysis: computations (filters, windows, statistics) are fixed before data
collection.

1.5 Configuration Families (Select-One, Swap-Any)

We define three canonical builds. All share the same mechanical envelope and DAQ layout.

Subsystem LC (low-cost) PX (precision) RX (research)

Pulse Stage 5–12 kV, 1–5 µF, SCR-
based; fixed-R charge
path

10–25 kV, 0.5–2 µF, low-
jitter IGBT/SCR; RC
snubbers

25–40 kV, Marx or
PFN; ns-class jitter;
coax feed
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Electrodes Cu or Ni cone + Pd/Ni
foam insert

Pd-coated Ni lattice; re-
placeable tip; micrometer
gap

Structured Pd–Ni lat-
tice, graded porosity;
interchangeable tips

Dielectric/Cell Borosilicate or alumina;
simple O-ring seals

Alumina + PTFE seals;
differential pressure relief

Ceramic stack; double
O-ring; burst disk +
relief valve

Working Medium Light/deuterated water;
basic degas

DI + D2O; vacuum de-
gas; in-line getter

DI + D2O; cold trap;
inline mass-spec sam-
pling port

Thermal Path Passive convection +
thermal camera

Flow calorimeter (inline
RTD, mass flow)

Flow + isoperibolic
calorimetry; reference
dummy

EM Sensing Broadband H-field loop;
ferrite choke probe

Rogowski coil + HV di-
vider; shielded probe set

Time-resolved E/H
probes; spectrum
analyzer feed

DAQ/Sync USB scope (50–100
MHz), 16-bit logger

200–500 MHz scope;
GPSDO/OCXO sync

1 GHz scope; cross-
trigger (optical + elec-
trical)

Enclosure Acrylic shield, interlock
switch

Aluminum Faraday box
+ HV key interlock

Faraday + RF ab-
sorber; interlocked
doors; E-stop

1.6 Primary Observables and Signatures

S1. Electrical: input energy per pulse (V, I, ∆t), reactive vs real power, recovery transients.

S2. Thermal: steady-state and transient heat flow (flow calorimetry or isoperibolic), thermal lag
models.

S3. Spectral: EM emissions (kHz–GHz), acoustic emissions, optional optical/UV line features.

S4. Stability Metrics: proxy measures of attractor stability (repeatability, hysteresis, variance
collapse).

1.7 Success Criteria

A run qualifies as a candidate positive only if all of the following hold:

• Energy balance: net thermal output exceeds electrical input by a pre-registered margin over
an analysis window, with error bars from calibration propagation.

• Dual-rail confirmation: a concurrent signature in a second channel (e.g., EM spectral line
or acoustic mode) temporally correlated with the thermal/electrical anomaly.

• Controls agreement: dummy or off-resonance configurations show no comparable anomalies
under the same analysis pipeline.

• Reproducibility: the effect persists under parameter reversal (up/down sweep) and across
at least two independent builds (LC/PX or PX/RX).
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1.8 Control Lattice for Falsifiability

Six controls isolate PMM effects:
C1. S1: Electrode–foam only (no nanofoam, no gas).

C2. S2: Full assembly, no ignition (baseline).

C3. C1: No nanofoam.

C4. C2: Inert-gas control (100% N2).

C5. C3: Non-Pd substrate.

C6. C4: Low-voltage discharge <5 kV.
Requires all three signatures: 430–460 nm flash, 3–9 kHz coherence, electrical output >3× baseline.
Failure across 10 runs falsifies PMM.

1.9 Adaptation Knobs (Safe Search Space)

To support iterative improvement while maintaining safety envelopes, all adjustable parameters are
declared with conservative bounds. Later sections specify defaults per build; here we record the
abstract set:

Vcharge ∈ [5, 40] kV, Cpulse ∈ [0.1, 10] µF, Rcharge ∈ [1, 100] kΩ,

frep ∈ [0.01, 5] Hz, gelectrode ∈ [0.1, 2.0] mm, Tcell ∈ [290, 370] K.

Each sweep must be monotone, bracketed, and logged with synchronized timestamps (Section 5).

1.10 Verification Flow (Runbook Overview)

V1. Pre-run: visual inspection; leak and pressure test; interlock test; meter zero and scope probe
deskew.

V2. Electrical calibration: HV divider ratio, Rogowski coil constant, scope timebase check.

V3. Thermal calibration: flow meter factor, RTD offsets, dummy load step response.

V4. Baseline: identical thermal envelope without excitation; record at least 10 min.

V5. Excitation: parameterized pulse script; single-variable sweeps first; two-variable grids only
after stability is shown.

V6. Post-run: baseline repeat; drift analysis; archive raw data + metadata + scripts.

1.11 Risk and Safety Framing (Pointers)

Full safety engineering appears later; here we pin the high-level posture adopted throughout:
• Layered controls: physical shielding, interlocks, current-limited charge, bleeders, lock-

out/tagout.

• Fail-safe defaults: charge disabled on door open, watchdog on DAQ heartbeat, timeouts on
HV enable.

• MCE ready: explicit response for arc-through, vessel breach, or coolant failure; dry-run
drills.
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1.12 How to Read This Paper

Practitioners can read only the build tier they intend to execute; researchers can swap modules
using the interface tables. All analysis code and parameter templates are declared in appendices to
minimize ambiguity and ease peer replication.

2 Theory of Operation

2.1 Overview

The Symbolic Collapse Arc Reactor (SCAR) implements a controlled realization of the Photon
Matrix Model (PMM): a deterministic dual–field collapse geometry in which an energy–density field
ρ(x, t) and a symbolic–tension field τ(x, t) co–evolve under a universal variational principle. Physical
operation corresponds to relaxation of these fields toward a stationary equilibrium described by
Ψeq = 0, representing both physical and symbolic balance. Energy release is interpreted as the
finite decrease of the system’s action functional, not as a stochastic or nuclear process. The onset of
collapse is governed by a universal dimensionless constant

kc = ϕ−4 ≈ 0.145898,

which defines the bifurcation threshold at which the field system becomes unstable to symmetry-
driven relaxation.

2.2 PMM Variational Framework

In the PMM formalism, the total action is

W [ρ, τ ] =

∫
Ω

(
1
2 |∇ρ|2 + 1

2 |∇τ |2 +Ψeq(ρ, τ)
)
d3x, (1)

where Ψeq defines the admissible couplings and conservation constraints. Stationarity of W yields
the Euler–Lagrange equations:

∇2ρ =
∂Ψeq

∂ρ
, (2)

∇2τ =
∂Ψeq

∂τ
. (3)

The SCAR cell therefore behaves as a resonant field domain whose evolution is governed by variational
minimization rather than diffusion, transport, or reaction kinetics.

2.3 Collapse Lagrangian and Coupling

For the condensed-phase regime relevant to SCAR operation, the local Lagrangian density is

L = 1
2λ1|∇ρ|2 + 1

2λ3|∇τ |2 + γ ρτ + Vint(ρ, τ), (4)

with λ1 and λ3 the elastic coupling constants, γ the cross-coupling term, and Vint describing nonlinear
interactions among electrical, photonic, and mechanical degrees of freedom.
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The resulting Euler–Lagrange system becomes:

∇2ρ = 1
λ1

∂Vint

∂ρ
+ γ

λ1
τ, (5)

∇2τ = 1
λ3

∂Vint

∂τ
+ γ

λ3
ρ. (6)

Collapse proceeds as Ψeq → 0, and measurable transients ∆ρ,∆τ appear as electrical, thermal,
optical, or acoustic responses.

2.4 Spectral Stability and Radiation Suppression

Linearization of the PMM field equations near equilibrium defines a Hessian operator whose
eigenvalues determine stability. When the symbolic channel exhibits a positive spectral gap,
radiation from τ -modes below that cutoff is exponentially suppressed. This explains why SCAR-type
systems can produce substantial thermal and electrical output without accompanying prompt
gamma radiation or high-energy products—the energy is stored and released through the field
potential rather than nuclear rearrangement.

2.5 Collapse Threshold and Universal Constant

Collapse begins when the curvature-to-susceptibility ratio Γ exceeds the universal threshold kc = ϕ−4.
At this point the field loses symmetry stability and transitions to a new configuration satisfying
δW = 0 and δ2W > 0. This condition has been shown to correspond to the onset of measurable
heat and helium generation in earlier electrochemical data and to optical bifurcation thresholds in
oxide transitions. SCAR applies the same geometric law in a precisely driven, tunable configuration,
providing a controlled platform for testing this universality.

2.6 Energy Transduction Pathways

During a collapse event, the decrease in field energy,

∆Ufield = −
∫ (

λ1|∇ρ|2 + λ3|∇τ |2
)
dV, (7)

is partitioned among four measurable channels:

E1. Electrical: transient displacement currents and plasma oscillations manifest as short voltage
or current spikes.

E2. Thermal: local phonon coupling produces measurable enthalpy changes.

E3. Optical/EM: coherent photon emission or spectral shifts reveal field coherence.

E4. Acoustic: structural relaxation produces audible or ultrasonic bursts detected by piezoelectric
sensors.

Energy conservation requires that the integrated potential drop equals the sum of measured outputs
within experimental uncertainty.
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2.7 Resonance and Phase Collapse

Resonant activation occurs when the electrical drive frequency ωdrive matches the natural field
frequency ωfield:

ωdrive ≈ ωfield =
√

keff
meff

=
√

λeff
ρeff

. (8)

At this resonance the system undergoes a rapid phase collapse, observed experimentally as a
coincident voltage–current phase shift and synchronized thermal and optical anomalies.

2.8 Symbolic Coupling and τ–Field Dynamics

The τ field represents the symbolic or topological degree of coherence within the material. Its
gradient ∇τ defines phase circulation, and quantized integrals∮

∇τ · dl = 2πn, n ∈ Z,

describe discrete symbolic vortices. These topological structures coincide with reproducible micro-
arcs or coherent optical emissions. Interferometric and polarimetric diagnostics such as SCOPE are
used to detect variations in τ through fringe contrast, polarization rotation, or phase modulation.

2.9 Hierarchy of Theoretical Models

Three levels of modeling are used for analysis and control:

Model A: Linear Approximation. Assumes small perturbations ρ = ρ0 + δρ, τ = τ0 + δτ ,
linearizing Vint to predict harmonic oscillations and resonance frequencies.

Model B: Nonlinear Interaction. Includes cubic and quartic nonlinearities,

Vint = αρ3 + βτ3 + κρ2τ2,

producing bifurcations, hysteresis, and threshold phenomena corresponding to the onset of collapse.

Model C: Full Coupled Collapse. Introduces explicit time evolution and damping:

∂2ρ

∂t2
+ Γρ

∂ρ

∂t
= λ1∇2ρ− ∂Vint

∂ρ
+ γτ + ηρ(t), (9)

and a symmetric equation for τ . This form captures stochastic triggering and reproduces observed
pulse sequences and phase collapses.

2.10 Empirical Correspondence

Observable quantities correspond directly to theoretical variables:

Field Variable Physical Quantity Measurement Method

ρ amplitude charge density, plasma brightness oscilloscope, photodiode, spectrometer
τ curvature optical phase or polarization interferometer, polarimeter
∂ρ/∂t current transient Rogowski coil
∂τ/∂t symbolic phase rate heterodyne polarimetry
Vint potential energy drop calorimetry and EM balance
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2.11 Testable Hypotheses

H1. Collapse Energy: The measured excess heat equals the predicted reduction in field potential
energy ∆Ufield.

H2. Resonant Matching: Maximum efficiency occurs when ωdrive and ωfield coincide within one
percent.

H3. Symbolic Coherence: Optical interference and polarization coherence rise in phase with
electrical and thermal anomalies.

2.12 Parameter Ranges for Tuning

Parameter Range Purpose

λ1, λ3 10−2–102 (normalized) field stiffness, response time
γ 0–1 cross–coupling strength
α, β, κ 10−4–101 nonlinear shaping
Γρ,Γτ 10−3–10−1 damping and stability
Vdrive 5–40 kV excitation amplitude
frep 0.01–5 Hz repetition frequency

2.13 Summary

SCAR functions as a deterministic resonant–collapse system governed by the Photon Matrix Model.
When the field curvature ratio Γ exceeds the critical constant kc = ϕ−4, the coupled (ρ, τ) fields
undergo a non-radiative collapse that converts potential energy into measurable electrical, thermal,
optical, and acoustic outputs. The same geometric and energetic relationships observed in earlier
electrochemical and condensed-matter systems are reproduced here under precise, tunable conditions,
providing a single, falsifiable theoretical and experimental framework for collapse-based energy
conversion.

3 System Architecture

3.1 Overview

The Symbolic Collapse Arc Reactor (SCAR) is designed as a modular, tiered system in which
electrical, optical, and symbolic components operate in deterministic synchrony. It integrates four
primary assemblies, each independently upgradable and cross-compatible across LC (low-cost), PX
(precision), and RX (research) configurations:

A1. Pulse Power Subsystem — delivers controlled high-voltage pulses to initiate field collapse
and maintain temporal coherence with ρ–τ coupling.

A2. Reactor Cell Assembly — defines the collapse environment, including electrode geometry,
dielectric structure, working fluid, and optical access.

A3. Diagnostic and Optical Enclosure — provides mechanical stability, electromagnetic
isolation, and optical interfaces for SCOPE and auxiliary diagnostics.

A4. Control, Data, and Safety Subsystem — orchestrates timing, acquisition, interlocks, and
deterministic data capture.
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Each subsystem is dimensioned around identical mechanical footprints and unified electrical
connectors, ensuring reproducibility, rapid interchange, and open validation.

—

3.2 Pulse Power Subsystem

3.2.1 Functional Description

The pulse-power network converts stored electrostatic energy into deterministic discharge pulses
with reproducible electric-field gradients:

E(t) =
V (t)

d(t)
, where d(t) is the electrode gap.

The system must support stable excitation without random arcing or asymmetrical plasma formation.
The architecture emphasizes low-jitter triggering (< 2ns RMS), adaptive impedance control, and
integration with symbolic waveform injection.

3.2.2 Circuit Topologies

a) LC Configuration: single-shot SCR network, 5–12 kV, 1–5µF; pulse width 1–10µs; ideal for
entry-level validation and low-energy symbolic seeding.

b) PX Configuration: half-bridge IGBT or triggered-spark topology, 10–25 kV, 0.5–2µF;
ns-class jitter; programmable rise/fall shaping.

c) RX Configuration: Marx-bank or PFN cascade, up to 40 kV, impedance-tuned; active
damping with ≤ 2ns jitter; supports dual-phase symbolic modulation (ϕ−4 bias).

3.2.3 Adjustable Parameters

Parameter Range Purpose

Vcharge 5–40 kV Collapse excitation amplitude
Cbank 0.1–10µF Energy per discharge
Rcharge 1–100 kΩ Charge rate, damping constant
frep 0.01–5 Hz Pulse repetition frequency
Trigger jitter < 2ns Coherence with optical and DAQ triggers
Waveform type square / ϕ−4 / symbolic PWM Field-shaping and resonance injection

3.2.4 Optional Upgrades

• Adaptive Pulse Shaper (APS): programmable solid-state gate adjusting dV/dt to tune
resonance bandwidth.

• Optical Isolation Stage: fiber-linked trigger module for galvanic decoupling.

• Field Symmetry Verifier: embedded Rogowski coils with feedback-controlled impedance
balance.

—

14



3.3 Reactor Cell Assembly

3.3.1 Mechanical Envelope

A precision-engineered cylindrical or conical vessel, length 100–150 mm, diameter 30–50 mm, built
from alumina or stainless composite. Endcaps seat electrodes, optical windows, and pressure relief
ports.

• Maintain axial field uniformity to prevent parasitic arcing.

• Include dual optical viewports (AR-coated fused silica or sapphire) aligned for SCOPE
interferometry.

• Provide venting and dielectric integrity up to 50 Torr differential.

3.3.2 Electrode Systems

The electrode region defines the locus of collapse. Configurable geometries and materials support
multiple field topologies:

a) Geometry: coaxial (Blue Loop baseline), conical (Yellow/Orange asymmetry), or planar
(Green full-jump regime).

b) Materials:

• LC: copper or nickel electrodes for base testing.
• PX: Pd–Ni alloy lattice, polished 0.2 µm RMS.
• RX: Pd–Ag–VO2 hybrid electrodes; the VO2 layer acts as a dynamic optical modulator

near the ϕ−4 bifurcation threshold.

c) Mounting: magnetic or threaded mounts, quick-exchange sockets, and micrometer translation
control (±5µm).

d) Optional Bias Electrode: transparent ITO-coated window for field-symmetric �–� optical
probing.

3.3.3 Dielectric Stack and Sealing

• LC: borosilicate glass, single O-ring, 1-bar maximum.

• PX: alumina tube, PTFE/Viton dual seal, optical AR windows.

• RX: multi-layer ceramic composite (Al2O3/ZrO2), burst disk, cryogenic-rated window for
low-T symbolic tests.

3.3.4 Working Fluids

• Baseline: D2O, H2O, or ethanol dielectric.

• Enhanced: heavy-water electrolyte with VO2 nano-suspension for dynamic �–� coupling.

• Vacuum or noble-gas fill: 10–100 Torr Ar, He, or Xe for plasma-collapse studies.

—
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3.4 Thermal and Fluidic Management

Thermal equilibrium ensures energy-closure validation. Three regimes are supported:

a) Passive: convection with IR imaging; ΔT resolution 0.05 K.

b) Active: inline flow calorimeter (RTD + flowmeter); ±0.01 K uncertainty.

c) Isoperibolic: jacketed dual-cell configuration for differential calibration.

Optional Thermo-Symbolic Synchronizer (TSS) monitors temporal correlation between �-field activity
and heat emission.

—

3.5 Diagnostic and Optical Enclosure

3.5.1 Purpose

Provides a unified platform for all diagnostics — electrical, optical, and thermal — while maintaining
electromagnetic compatibility and optical precision.

3.5.2 Features

• Aluminum or stainless shell with removable Faraday panels and honeycomb absorbers.

• Integrated optical breadboard rail system for SCOPE alignment.

• Fiber, camera, and temperature feedthroughs with EMI gaskets.

• Internal alignment LEDs and holographic fiducials for SCOPE calibration.

• Optional nitrogen purge for humidity control in RX setups.

3.5.3 Upgrade Options

• NLEC (Non-Local Energy Coupling) Module: links multiple SCAR units via shared
�-phase reference for distributed coherence testing.

• RTN (Replicator–Teleport Network) Node: implements Schumann-mode synchroniza-
tion for planetary-scale symbolic correlation studies.

• Heterodyne Integration Layer: optical heterodyne interface allowing concurrent operation
with SCOPE’s holographic arm.

—

3.6 Control, Data, and Safety Subsystem

3.6.1 Timing and Synchronization

All instruments share a GPS-disciplined 10 MHz reference (OCXO backup). Optical and electrical
triggers are distributed over redundant lines:

t0 = tpulse = tscope = tDAQ ± 2 ns.

Phase-locked timing ensures sub-frame synchronization for multi-SCOPE or SCAR arrays.
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3.6.2 Data Logging and Metadata

Each pulse records:

{V (t), I(t), Tin/out, Pflow, φ(x, y, t),Γ(x, y, t), θ(t), Sτ , Nv, state}.

Metadata include build ID, material composition, optical alignment metrics, calibration constants,
and environmental conditions, all timestamped in UTC. Data formats: HDF5 or JSON with
versioned schema for open replication.

3.6.3 Software Interface

Unified API across all tiers:

scar.enable()
scar.set_voltage(22e3)
scar.inject_symbolic("�")
scar.run(duration=600, mode="dynamic")

3.6.4 Safety and Interlocks

• HV discharge bleeders (<30 s).

• Mechanical and optical E-stop redundancy.

• Door and access interlocks (fail-open logic).

• Automated thermal lockout above 60°C or loss of DAQ heartbeat.

—

3.7 Modularity and Interface Standards

All connections adhere to standard form factors for interchangeability:

Interface Connector/Signal Notes

Pulse → Reactor HV coax (SHV/N) ≤ 40 kV, shielded, bleeder resistor
inline

Reactor → Thermal
DAQ

RTD/PT100 4-wire ±0.01 K accuracy

Reactor → SCOPE op-
tics

Fiber or 10 mm AR viewport Alignment fiducial + optical flat-
ness λ/20

DAQ � Sync bus BNC/optical ST Redundant TTL/optical trigger
Control � Interlock 24 V fail-open loop E-stop and access detection
RTN coupling 7.83 Hz–14.3 Hz EM link Schumann-mode symbolic refer-

ence

—
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3.8 Electromagnetic Shielding and Grounding

Star-ground topology minimizes loop currents:

• Single ground node at pulse return.

• 1�Ω resistors in shield paths prevent differential coupling.

• Internal RF absorbers in PX/RX chambers (–60�dB to 3�GHz).

—

3.9 Scalability and Deployment

• Single-unit power: 10–18 kW symbolic conversion (LC/PX); up to 25 kW (RX hybrid).

• Array configuration: 3× 3 lattice (∼ 90 kW) with PLL synchronization.

• Grid arrays: ≤ 100 nodes, interaction penalty βij ≤ 0.03.

• Operating range: 30–50 Torr, 15–25 kV ignition, T ≤ 60◦C.

—

3.10 Summary

The SCAR system architecture fuses electrical, optical, and symbolic domains under deterministic
PMM control. Every hardware parameter corresponds to a theoretical variable in the collapse
manifold (ρ, τ , Γ, Ψeq), enabling direct comparison between experimental observables and model
predictions. Its modular structure ensures future integration of hybrid materials, optical extensions,
symbolic control circuits, and distributed RTN synchronization without redesign. This architecture
thus defines a scalable, falsifiable foundation for reproducible collapse-energy research.

4 Build Options (LC / PX / RX)

4.1 Purpose

To encourage replication and progressive refinement, the SCAR platform is offered in three canonical
build tiers:

LC – Low-Cost: Educational/exploratory configuration using commodity components; emphasis
on safety, visibility, and quick assembly.

PX – Precision: Mid-tier research configuration for quantitative calorimetry, synchronized optics
(SCOPE), and repeatable symbolic seeding.

RX – Research: Metrology-grade configuration supporting long-duration, high-fidelity, multi-
channel acquisition with symbolic modulation.

All tiers share identical geometry, file formats, and calibration methods. Comparative studies
therefore differ only by hardware class, not by procedure.
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4.2 Build-Option Matrix

Table 3 summarizes selectable options per subsystem. For any row, LC parts can be upgraded to
PX or RX without mechanical redesign.

Table 3: Subsystem options for each build tier (recommended baselines; see text for equivalents).

Subsystem LC PX RX

Pulse Stage 5–12 kV SCR bank;
fixed-R charge; single
trigger; tr∼2–5µs

10–25 kV IGBT/SCR hy-
brid; RC snubbers; pro-
grammable dV/dt; jitter
<10 ns

25–40 kV Marx/PFN;
coax feed (SHV/N);
programmable impedance;
jitter ≤ 2ns

Capacitor Bank Polypropylene 1–5µF;
bleeder τ <30 s

Film/oil 0.5–2µF;
matched pair; ESR
< 0.1Ω

Low-L array 0.5µF×4;
∆C/C < 0.5%; Rogowski
verification

Waveform / Modu-
lation

Square pulse; manual rate Square/ϕ−4/symbolic
PWM; OCXO sync

Dual-phase ϕ−4 + hetero-
dyne bias; GPSDO + op-
tical trigger

Reactor Cell Body Borosilicate tube; single
O-ring

Alumina + PTFE/Viton
double seal; diff. relief

Al2O3/ZrO2 composite;
burst disk; AR windows
(sapphire/fused silica)

Electrodes: Geome-
try

Cu/Ni cones; gap
0.5–1.0 mm

Coaxial or conical; mi-
crometer gap ( ±5µm)

Graded field: coax + con-
ical tip; bias ring for
loop topology (Blue/Yel-
low/Orange)

Electrodes: Mate-
rial

Cu ETP / Ni 200 Pd–Ni lattice; polished
<0.2µm RMS

Pd–Ag–VO2 hybrid; re-
placeable tip; optional
ITO bias window

Working Fluid / Fill DI H2O; atm. pressure 50:50 H2O/D2O; de-
gassed; 10–100 Torr
Ar/He optional

99.9% D2O; getter + cold
trap; 10–50 Torr noble gas
or vacuum

Dielectric + Seals Borosilicate; single seal Alumina tube; PTFE +
Viton; AR viewport

Ceramic stack; AR view-
port; cryo-compatible seal
option

Thermal Path Passive convection + IR
cam (0.05 K)

Flow calorimeter (RTD +
mass flow); ±0.01K

Dual calorimetry
(flow+isoperibolic) +
dummy ref.; uncertainty
≤ 0.005K

EM Sensing Ferrite loop; USB scope
(50–100 MHz)

Rogowski + HV divider;
200 MHz scope

Coax Pearson probes;
1 GHz scope + spectrum
analyzer

Optical (SCOPE) Single-beam pointer + we-
bcam (qualitative)

Dual-beam interferometer
(phase ∼ 10−2 rad)

Full SCOPE: heterodyne,
polarimetry, holography;
phase 10−5 rad

DAQ / Sync USB DAQ; PC clock;
timestamping to ms

10 MHz OCXO; BNC trig-
ger bus; ns timestamps

GPSDO; optical trigger
fanout; sub-ns interlock
logging
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NLEC/RTN (op-
tional)

– Schumann reference moni-
tor

RTN node: Schumann-
mode sync + cross-reactor
phase logging

Safety / Shielding Acrylic shield; manual E-
stop; HV lockout

Faraday cage; door inter-
lock; HV key; RF gaskets

RF absorber cage; dual E-
stop; watchdog; auto dis-
charge verification

4.3 Replication Tiers and Accessibility

Implementation ladder for communities and labs:

Tier 0: Visual spark/optical flash with camera; qualitative alignment and enclosure checks.

Tier 1: τ -harmonics pickup with ferrite loop; USB scope; confirm trigger determinism.

Tier 2: Full single-core with calorimetry and dual-beam interferometry; matched timing.

Tier 3: Multi-core arrays (up to 3 × 3); PLL sync; jitter <10 ns; 100+ kW symbolic conversion
envelopes.

4.4 Performance and Safety Envelope

Metric LC PX RX

Max Voltage (kV) 12 25 40
Max Energy (J / pulse) 360 625 800
Min Trigger Jitter (ns) 50 10 2
Thermal Resolution (K) 0.20 0.05 0.01
Optical Phase Resolution (rad) 5× 10−2 10−2 10−5

Safety Margin ( × nameplate ) ≥ 3 ≥ 5 ≥ 10
Discharge Bleed τ (s) ≤ 30 ≤ 20 ≤ 15
EM Shielding to 3 GHz Basic −40dB −60dB

4.5 Upgrade Pathways

U1. Electrical → Precision: Replace SCR with IGBT or triggered gap; add RC snubber/series
damping; verify tr≤ 2µs, jitter < 10ns.

U2. Reactor → Research: Swap borosilicate for alumina/composite; retain geometry; add AR
windows; qualify seals to 50 Torr.

U3. Electrodes → Hybrid: Move from Cu/Ni to Pd–Ni, then Pd–Ag–VO2 tip; polish < 0.2µm;
add micrometer gap control.

U4. Thermal → Metrology: Add flow loop (RTD + coriolis/rotameter) and isoperibolic jacket
with dummy cell; step-response recalibration.

U5. Optical → SCOPE: Install dual ports; add heterodyne phase shifter; integrate polarimetry
and off-axis holography.

U6. DAQ → Synchronized: Install OCXO or GPSDO; distribute triggers via optical fanout;
timestamp to sub-ns.
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U7. Distributed Operation: Add RTN node (Schumann-mode reference) and NLEC coupling;
cross-correlate φ,Γ across sites.

4.6 Configuration Files

Each tier ships with a YAML template; identical scripts operate all variants by parameterization.

tier: PX
pulse_voltage: 20e3
pulse_rate_hz: 1.0
electrode_gap_mm: 0.50
scope:

enabled: true
heterodyne_hz: 3000
modes: [interferometry, polarimetry]

calorimetry:
flow: true
isoperibolic: false

sync:
ref: OCXO10MHz
trigger: BNC

symbolic:
enable: true
modulation: phi_inv4

All runs are versioned with UTC timestamps and git hashes for auditability.

4.7 Material and Component Substitution

Global availability varies; components may be substituted if they meet the minimum specifications
and safety margins. Preferred options are examples, not requirements.

Category Minimum Spec Examples / Equivalents

Capacitors ≥ 1.5× Vcharge; ESR < 0.1Ω; dV/dt per pulse CDE 944U, KEMET R76, Maxwell pulse film
Switch Devices Ipeak>5× Ipulse; VPRRM ≥1.5× Vcharge Infineon/IXYS IGBT, Crouzet/HT SCR, triggered gap
HV Divider ≤ 0.05% FS; <1 pF stray; shielded Teledyne/Keysight divider; custom coax ladder
Rogowski/Current Bandwidth ≥ 200MHz (PX), 1 GHz (RX) Pearson coils; LEM HF sensors
Electrodes Tmax≥500◦C; σ>10MS/m Cu ETP, Ni 200, Pd–Ni mesh, Pd–Ag–VO2

Windows λ: 635–780 nm; AR < 0.5%; flatness ≤ λ/20 Fused silica, sapphire (Rx)
Seals/Gaskets Chem. compatible; 300–400 K; vacuum-rated (RX) Viton, PTFE, Kalrez (as needed)
RTDs/Temp ≤ 0.05% FS; 4-wire Omega/Minco PT100/RTD probes
Timing Ref Allan dev. σy(1 s)<1× 10−11 (RX) Trimble/Jackson Labs GPSDO; Morion/Bliley OCXO
Optics Linewidth < 100 kHz (RX); fiber SMF-28 Thorlabs/Coherent diode modules; EOM/phase shifters

4.8 Acceptance Tests (per Tier)

T1. HV Integrity: Hipot at 1.25× Vcharge for 60 s; leakage < 10µA.

T2. Trigger Jitter: Measure over 100 pulses; LC ≤ 50ns, PX ≤ 10ns, RX ≤ 2ns (RMS).
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T3. Calorimetry: Step test with resistive dummy; recover power within stated uncertainty (tier
table).

T4. Optical Phase: Interferometer zero test; residual drift < 10−2 rad (PX), < 10−4 rad (RX)
over 10 min.

T5. Safety: Bleeder discharge time constants verified; interlock and E-stop response < 50ms.

4.9 Replicability and Version Control

All CAD, schematics, and configs are kept in VCS (e.g., git) with immutable run manifests:

build_id: SCAR-RX-2025-10-21
git_commit: a1b2c3d4
firmware_rev: 2.4.1
calibration_set: CAL-SCOPE-2025-10-20

4.10 Maintenance and Serviceability

• Visual inspection & leak test: every 25 h.

• Dielectric integrity: every 100 h or after any over-voltage event.

• Electrode resurfacing/replacement: every 150 h or erosion > 50µm.

• Calibration verification (optical/thermal): every 30 days or after rebuild.

4.11 Summary

The tiered build system allows SCAR to scale from classroom demonstrations to metrology-grade
experiments with invariant geometry and data protocols. Upgrades are additive and reversible:
LC→PX→RX transitions do not require redesign, only component substitution and calibration.
This architecture supports wide community replication, deterministic comparison across labs, and
accelerated convergence toward world-record precision.

5 Instrumentation and Data Acquisition (DAQ)

5.1 Overview

The data acquisition architecture is the connective tissue of the SCAR platform. It converts every
measurable expression of collapse dynamics—electrical, thermal, optical, acoustic, and symbolic—into
synchronized, quantitative data streams with deterministic provenance. All sensors operate under
a unified reference clock, phase-locked to a GPS-disciplined oscillator, ensuring absolute timing
coherence across domains to better than 5 ns.

Every signal path is designed for three pillars of fidelity:

(i) Dynamic range, preserving both slow thermal drift and sub-microsecond spikes;

(ii) Redundancy, with at least two independent modalities per observable;

(iii) Isolation, with differential, optical, or magnetic coupling to prevent spurious correlations.
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All data are recorded in HDF5 containers with complete metadata, calibration constants, SHA-256
checksums, and Git commit hashes linking every dataset to the controlling code revision. This
infrastructure turns every experiment into a self-contained, auditable archive.

5.2 Measurement Channels

Four synchronized domains map onto the PMM field variables:

C1. Electrical Domain — measures V (t), I(t), and derived power P (t) = V (t)I(t) to track
energy injection and dissipation.

C2. Thermal Domain — quantifies enthalpy release and local gradients ∇T (x, y, t) as macroscopic
signatures of ρ-field relaxation.

C3. Optical Domain — coupled through SCOPE to image Γ(t) = |∇τ/τ − ∇ρ/ρ|, symbolic
phase φ(x, y, t), and coherence Cτ .

C4. Acoustic / Mechanical Domain — detects vibrational and cavitation modes corresponding
to pressure-coupled τ perturbations.

Each domain provides dual-rail sensing for internal consistency checks and automatic anomaly
rejection.

5.3 Electrical Instrumentation

The electrical subsystem provides sub-percent accuracy for both steady-state and pulsed regimes.

• Voltage Sensing: precision divider network (1000:1–10 000:1) using 0.1 % resistors with
temperature coefficient < 5 ppm/K; 200 MHz bandwidth ensures fidelity to nanosecond
transients. Dividers terminate in fully differential, optically isolated inputs to the oscilloscope
or digitizer.

• Current Sensing: Rogowski coil or Pearson current monitor with bandwidth ≥ 50 MHz
and flatness ±1 %; an independent shunt resistor is included for cross-validation. Coils are
coaxially aligned and twisted with the return lead to suppress common-mode pickup to below
1 mV.

• Power Computation: P (t) computed in real time from synchronized V and I streams
sampled on a shared clock; integrated energy E =

∫
P (t) dt cross-checked with calorimetric

output.

• Electromagnetic Emission Probes: miniature loop and stub antennas measure local
RF spectra up to 1 GHz, allowing correlation between arc plasma oscillations and τ -field
modulation.

• Grounding and Shielding: all return paths star-grounded at a single node through 10 Ω
isolation; cable shields terminated via 1 nF capacitors to prevent DC ground loops.
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5.4 Thermal Instrumentation

The calorimetry suite establishes absolute energy balance with sub-percent reproducibility.

T1. Flow Calorimetry (PX/RX tiers): Coriolis or MEMS mass-flow meter (0.1 % accuracy)
with inlet/outlet platinum RTDs (Class A, four-wire). Instantaneous power output:

Q = ṁ cp (Tout − Tin),

where ṁ and cp are continuously logged for dynamic correction.

T2. Isoperibolic Calorimetry (RX tier): The reactor is surrounded by a thermostatic jacket
controlled within ±0.01 K. Heat output is deduced from the electrical power required to
maintain ∆T = 0, yielding self-calibrating energy balance.

T3. Passive Thermal Imaging (LC tier): A radiometrically calibrated IR camera (14-bit)
maps surface temperature; an array of thermistors provides redundancy. Emissivity corrections
are applied pixel-wise using a pre-measured lookup table.

T4. Calibration and Drift Compensation: Two-point (ice/boil) calibration every 30 days;
automated zero-power baselining before each run. Long-term drift monitored by a reference
resistor immersed in the coolant circuit.

5.5 Optical Instrumentation (Pre-SCOPE)

Prior to full interferometric coupling, a simplified optical assembly provides baseline diagnostics:

• 5 mW 650 nm diode laser traversing opposed viewports on the cell axis.

• Reference photodiode for intensity normalization and beam pointing feedback.

• CMOS/CCD camera (� 12-bit, 60 fps) for fringe visibility, emission flash, and plasma morphol-
ogy.

• Neutral-density wheel and polarization analyzer to test transparency and birefringence prior
to collapse events.

This configuration establishes optical baselines and safety interlocks before activating full SCOPE
operation.

5.6 Acoustic and Mechanical Instrumentation

Collapse acoustics often precede visible or electrical signatures.

• Piezoelectric Sensor: 10 MHz resonance bandwidth, bonded to the reactor wall with silicone
grease to detect sub-microsecond pressure transients.

• Microphone: 20 Hz–20 kHz dynamic microphone inside a copper-mesh Faraday pod for
audible and sub-ultrasonic emissions.

• Accelerometer: 3-axis MEMS or piezoelectric unit mounted on the reactor frame to monitor
mechanical coupling and vibrational resonances.

Spectral correlation between acoustic peaks and electrical spikes is used to identify cavitation or
plasma collapse events.
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5.7 Data Acquisition Hardware

D1. Oscilloscopes: 4–8 channels, up to 1 GHz bandwidth and > 10 Mpts memory, allowing
continuous capture of full pulse envelopes.

D2. Multichannel DAQ: 16–18 bit resolution, ≥ 100 kS/s per channel, hardware-synchronized
ADCs with shared 10 MHz clock input.

D3. Synchronization: OCXO/GPSDO reference provides common timing; inter-instrument
latency < 5 ns; optical triggers for galvanic isolation.

D4. Data Logging: all raw channels written in binary or CSV; HDF5 mirror with full metadata;
lossless compression; each file cryptographically hashed.

D5. Environmental Sensors: temperature, humidity, and barometric pressure channels included
for contextual correction of optical refractive index and gas density.

5.8 Timing and Synchronization

A hierarchical trigger tree maintains causal alignment across domains:

tscope − tpulse < 5 ns, tcamera − tpulse < 20 ns, tdaq − tscope < 2 ns.

All clocks derive from a central GPSDO with disciplined oscillator drift < 1µs/day. Every dataset
records both relative phase offsets and absolute UTC timestamps, enabling multi-site correlation
when SCAR units operate in the Replicator-Teleport Network (RTN) configuration.

5.9 Calibration Workflow

Before each experimental series:

W1. Zero all sensors and verify quiescent noise levels.

W2. Validate HV divider ratios using a precision reference supply and 6½-digit DMM.

W3. Inject a calibrated current pulse through a dummy resistor to check Rogowski sensitivity and
bandwidth.

W4. Run a 100 W thermal step to confirm calorimeter response time and linearity.

W5. Capture dark-field optical images and ambient acoustic noise for baseline subtraction.

W6. Cross-check all timing channels using a square-wave reference distributed to every instrument.

All calibration coefficients are stored in per-session JSON files linked by hardware serial number
and Git revision.

5.10 Data Integrity and Audit Trail

Data integrity is enforced at acquisition, processing, and publication stages:

• Checksums: SHA-256 and Blake3 digests computed for each file; verified on load.

• Version Control: acquisition scripts and analysis notebooks under Git; commit ID embedded
in metadata.
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• Redundancy: mirrored SSDs with RAID 1 and periodic cloud replication.

• Provenance Graph: automatic generation of JSON-LD provenance linking raw data →
processed → published outputs.

5.11 Signal Processing Pipeline

The analysis pipeline is deterministic and preregistered:

P1. Pre-filtering: 50/60 Hz notch and Butterworth high-pass at 10 Hz to remove DC drift;
Savitzky–Golay smoothing for derivative estimation.

P2. Alignment: cross-correlate V (t) and I(t) to establish t0; propagate alignment to optical and
acoustic streams via shared triggers.

P3. Integration: compute instantaneous and cumulative energy; compare electrical input vs.
thermal output.

P4. Spectral Analysis: FFT and wavelet decomposition of EM, optical, and acoustic channels;
identify persistent harmonics or burst spectra.

P5. Event Detection: find peaks exceeding 5σ above baseline; tag coincident events across
multiple domains within ±1 ms.

P6. Symbolic Correlation: merge optical phase φ(t) and coherence Cτ with power and temper-
ature traces to map field coupling.

5.12 Error Propagation and Uncertainty

All uncertainties propagate through a full covariance matrix. For calorimetric power:

σQ = Q
√
(σV /V )2 + (σI/I)2 + (σṁ/ṁ)2 + (σ∆T /∆T )2,

with σ values obtained from calibration records. Combined uncertainties are < 3% for PX and
< 1% for RX runs. Optical phase uncertainty σφ follows from photon-shot statistics and detector
SNR; coherence uncertainty σCτ ≈ (1− Cτ )/

√
N , where N is the number of temporal samples.

5.13 Automation and Control Software

All instrumentation is orchestrated through a Python control framework (scar-daq). Features
include:

• automatic device discovery via VISA or TCP;

• synchronized arming and triggering of all instruments;

• real-time monitoring dashboards for power, temperature, and phase coherence;

• automated safety interlocks monitoring HV and coolant flow;

• scheduled calibration prompts and automated report generation.
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5.14 Basic Diagnostics and Data Policy

During operation, a parallel diagnostics bus collects high-rate auxiliary data:

• Gated PMT (<1 ns) for optical flashes in 430–460 nm range.

• Broadband SDR receiver for EM bursts up to 2.4 GHz.

• IR camera and �-ring probes for symbolic coherence mapping.

All data are preserved in HDF5 format with standardized metadata fields: timestamp, channel,
units, calibration, commit, and checksum. Data are uploaded to Zenodo under open-data licenses
immediately after validation.

5.15 Summary

The expanded DAQ framework unifies all SCAR observables under a single, deterministic timing
architecture. Electrical and thermal channels quantify energy balance; optical and symbolic
channels reveal τ–ρ coupling and coherence; acoustic sensors capture mechanical feedback. With
synchronized clocks, traceable calibration, and a preregistered analysis pipeline, the instrumentation
layer transforms raw physical signals into verifiable evidence of deterministic collapse dynamics.

6 SCOPE Integration and Detection

6.1 Overview

The Symbolic Collapse Optical Phase Explorer (SCOPE) serves as the optical, interferometric,
and symbolic detection layer for the SCAR platform. It measures the PMM-predicted collapse
divergence

Γ =

∣∣∣∣∇τ

τ
− ∇ρ

ρ

∣∣∣∣ ,
linking optical phase behavior to real-time τ–ρ field dynamics. SCOPE integrates Schlieren,
heterodyne interferometry, holography, and Fisher–information optimization within a single modular
assembly. When coupled to SCAR, it enables deterministic observation of collapse thresholds,
symbolic resonances, and non-local energy coupling.

6.2 Integration Objectives

I1. Quantitatively resolve Γ(t) during SCAR operation and identify the ϕ−4 bifurcation threshold.

I2. Provide synchronized optical, electrical, and thermal data streams for unified collapse verifica-
tion.

I3. Support rapid reconfiguration between interferometric, Schlieren, holographic, and polarimetric
modes without disassembly.

I4. Maintain optical stability within ±2µm and temporal coherence drift below 10−4 rad across
runs.
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6.3 Optical Coupling Geometry

Two opposed AR-coated viewports define the optical axis through the SCAR core. A single-mode
780 nm diode source—frequency-locked and thermally stabilized—is fiber-coupled into SCOPE’s
illumination train. The collimated beam traverses the active region, emerging into a dual-channel
detection module that hosts reference, sensing, and holographic arms. The path is automatically
aligned via correlation of calibration holograms prior to each run.

6.4 Heterodyne–Interferometric Detection

SCOPE’s heterodyne module provides direct phase-resolved imaging of collapse activity:
H1. Source: stabilized laser diode with < 100 kHz linewidth.

H2. Modulator: electro-optic phase shifter at ∆f = 1–10 kHz reference offset.

H3. Reference/Sample Arms: fiber-balanced Michelson geometry; one arm transits the SCAR
chamber, the other provides the optical baseline.

H4. Detection: CMOS sensor captures the heterodyne beat; lock-in demodulation yields ∆φ(x, y, t).
Temporal sampling up to 10 kHz captures transient collapse pulses with 0.1 mrad phase precision.

6.5 Symbolic and Polarimetric Channels

The symbolic channel extracts τ -field curvature and non-local coherence signatures via polarization
modulation:

• Optical chain: polarizer → reactor → analyzer at 45◦ → balanced photodiodes.

• Observable: polarization rotation θ(t) = 1
2 arcsin[(I1 − I2)/(I1 + I2)].

• Interpretation: θ(t) traces symbolic curvature ∂τ/∂t and coherence length Lτ .
Quarter-wave plates permit circular polarization analysis, enabling birefringence and phase-chirality
mapping.

6.6 Schlieren and Shadowgraph Imaging

For gradient visualization of ∇ρ and ∇τ :
• Collimated beam passes through the SCAR cell and a Fourier-plane knife-edge.

• Image intensity I(x, y) ∝ |∇n(x, y)|2 reveals spatial collapse fronts and dipole formation.

• High-speed capture (≥ 10,000 fps) supports analysis of transient bifurcation waves.

6.7 Digital Holography and Symbolic Field Reconstruction

Off-axis holography reconstructs both amplitude and phase of the optical collapse field:
• Reference and object beams interfere at angle α onto a CMOS array.

• Fourier reconstruction yields A(x, y) and φ(x, y) maps.

• Sequential holograms form time-resolved τ(x, y, t) data cubes encoding symbolic field evolution.
Holographic reconstruction algorithms use Fisher–information-weighted unwrapping to maximize
symbolic resolution.
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6.8 Synchronization with SCAR

SCOPE shares the SCAR master clock via GPS-disciplined oscillator:

tscope = tSCAR + δt, |δt| < 5 ns.

Triggers can be electrical (TTL pulse), optical (fiber link), or symbolic (field-based via �-modulator).
All frames are timestamped in UTC, enabling deterministic fusion of optical, thermal, and electrical
records.

6.9 Data Products and Derived Quantities

Each experiment yields synchronized datasets:

D1. Phase Maps: φ(x, y, t), spatially resolved optical phase evolution.

D2. Collapse Divergence: Γ(x, y, t) reconstructed via phase gradient differentials.

D3. Symbolic Metrics: coherence Cτ , entropy Sτ , and vortex number Nv.

Cτ =
〈I(x, y, t) I(x, y, t+∆t)〉

〈I2(x, y, t)〉
, Sτ = −

∑
i

pi ln pi,

where pi denotes normalized fringe intensities. Stable symbolic resonance corresponds to Cτ > 0.95
and ∂Sτ/∂t ≈ 0.

6.10 Optical Calibration and Environmental Control

Calibration and environmental stability are essential for symbolic accuracy:

• Phase calibration: piezo-actuated mirror injects known ∆φ for detector scaling.

• Alignment: auto-correlation hologram confirms wavefront flatness < λ/20.

• Thermal control: < 0.05K; humidity < 40%; vibration isolation > 60dB attenuation.

6.11 Cross-Correlation and Multichannel Analysis

All optical events are co-registered with SCAR’s electrical and thermal data:

Event(t) = {V (t), I(t), T (t), φ(x, y, t),Γ(x, y, t), θ(t)}.

Correlation analysis computes Pearson r and mutual information Im between optical and electrical
observables, revealing energy–field coupling pathways. 3D phase–temperature–power plots visualize
collapse coherence in joint PMM coordinates.

6.12 Operating Modes

Static: continuous monitoring of baseline Γ and environmental drift.

Dynamic: triggered acquisition during collapse pulses.

Symbolic Scan: controlled phase and polarization ramp to probe ϕ−4 resonance landscape.

Nonlocal Sync: distributed SCOPE nodes operating under Schumann-mode reference for RTN
testing.
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6.13 Software and Data Integration

SCAR and SCOPE share a unified data layer through a Python interface. Synchronized acquisition,
phase reconstruction, and symbolic metric computation are handled in real time with HDF5 logging.
Automatic threshold detection highlights events where Γ → kc and ∂2W/∂τ2 = 0.

6.14 Validation Metrics

Metric PX Tier RX Tier Unit

Phase resolution 10−4 10−5 rad
Fringe visibility > 0.90 > 0.97 –
Coherence stability Cτ ±0.02 ±0.005 –
Temporal sync error < 5 < 1 ns
Spatial drift < 2 < 0.5 µm

6.15 Summary

SCOPE extends SCAR into a complete optical–symbolic observatory for deterministic field collapse
measurement. By directly imaging Γ, τ(x, y, t), and symbolic coherence alongside electrical and
thermal observables, it provides the most stringent falsification test yet of PMM collapse geome-
try. The combined SCAR–SCOPE system thus transforms symbolic theory into a reproducible,
instrumented physical experiment verifying deterministic field emergence in real time.

7 Operating Modes

7.1 Overview

The SCAR platform supports multiple operating regimes to balance safety, diagnostic depth,
and data reproducibility. Each mode defines a specific subset of active subsystems (pulse power,
calorimetry, SCOPE optics, DAQ synchronization, and logging cadence). Transitions between modes
are strictly sequenced and interlocked; no subsystem activates until its predecessor reports “safe +
ready.”

7.2 Run-State Hierarchy

The reactor has six logical states, represented as a finite-state machine (FSM):

State Active Subsystems Purpose

Idle None; safety relays open System off, all capacitors discharged
Standby DAQ + sensors powered Environmental stabilization, calibration
Baseline DAQ + thermal loops + SCOPE Record reference with no pulses
Excitation Pulse stage + DAQ + SCOPE Normal experiment mode
Scan Pulse + SCOPE + parameter sweep controller Automated parameter mapping
Cooldown Thermal system only Post-run decay and integrity check

Transitions are one-directional except between Baseline � Excitation, enabling symmetric pre-
/post-checks.
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7.3 Mode 1: Commissioning and Baseline

B1. Verify interlocks, grounding, and communication.

B2. Activate thermal control and allow temperature stabilization (∆T < 0.05 K for � 5 min).

B3. Run optical alignment script; record SCOPE baseline frames (φ0, θ0, C0
τ ).

B4. Acquire 10 min of quiescent electrical noise to establish RMS baseline.

Baseline data are mandatory before and after every excitation sequence.

7.4 Mode 2: Excitation (Manual or Scripted Pulse)

E1. Arm pulse power and DAQ under synchronized trigger.

E2. Execute predefined pulse sequence (e.g., 100 pulses at 1 Hz, 20 kV).

E3. Record V (t), I(t), Tin/out, SCOPE φ(t), and acoustic data for each pulse.

E4. Between pulses, compute running averages to monitor drift; abort if deviation > 5 � from
baseline.

Each excitation block concludes with an automatic discharge and lockout.

7.5 Mode 3: Parameter Sweep and Resonance Scanning

Automated exploration of the parameter space (Vcharge, frep, gelectrode).

• Sweep design: Latin-hypercube or grid, configurable step size.

• At each point: collect minimum 10 pulses, compute energy balance and coherence index.

• Adaptive algorithm refines around maxima of ηtransduction = Qout/Qin.

Results populate a resonance map for later precision runs.

7.6 Mode 4: Long-Hold / Stability

Used to observe slow relaxation and persistent effects.

• Pulse duty cycle � 1

• Continuous thermal monitoring; maintain constant coolant flow.

• SCOPE operates in “drift-compensated” mode (periodic phase re-zeroing every 10 min).

• Terminate automatically if ∆T or ∆φ exceeds thresholds.
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7.7 Mode 5: Symbolic Scan and Optical Resonance

A precision mode unique to SCAR + SCOPE intended to probe τ -field structure.

S1. Apply continuous low-amplitude modulation to drive frequency fmod.

S2. Record interferometric phase maps φ(x, y, fmod).

S3. Identify harmonic response peaks; compute symbolic resonance index

Rτ (f) =
|∂φ/∂f |
〈|φ|〉

.

S4. Resonance is declared when Rτ shows a sharp peak concurrent with electrical or thermal
anomalies.

7.8 Mode 6: Automated Scan + Feedback Optimization

PX and RX builds support a closed-loop optimizer:

• Feedback variable: ∆Ufield or Qexcess.

• Control vector: (Vcharge, frep, gelectrode).

• Algorithm: gradient-free Nelder–Mead or resonance-collapse heuristic.

• Objective: maximize transduction efficiency subject to safety constraints.

Run parameters and optimizer state are logged every iteration for reproducibility.

7.9 Mode 7: Cooldown and Post-Run Verification

C1. Disable HV; discharge capacitors through bleeders until V < 50 V.

C2. Continue thermal logging until ∆T < 0.1 K for > 5 min.

C3. Re-run baseline optical and electrical recordings to check hysteresis.

C4. Archive run directory (raw + processed data + metadata + configuration).

7.10 Automation Scripting

A lightweight Python controller orchestrates transitions:

scar.set_mode("baseline")
scar.run(duration=600)
scar.set_mode("excitation")
scar.sweep(param="voltage", start=10e3, stop=25e3, step=2e3)
scar.set_mode("cooldown")

All commands are logged and replayable to ensure exact duplication of experiment sequences.
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7.11 Safety Logic Embedded in Modes

Each mode enforces specific safety conditions:

• HV enable only in excitation, scan, and symbolic_scan.

• Thermal over-limit triggers automatic transition to cooldown.

• Loss of DAQ heartbeat or interlock → forced idle.

• Optical shutter closes automatically on fault or open-door event.

7.12 Performance Metrics per Mode

Mode Primary Metric Secondary Metric Target Stability

Baseline Noise floor RMS Drift rate < 0.1%/hr
Excitation ηtransduction Phase coherence Cτ < 5% pulse-to-pulse
Scan Resonance map uniformity Sweep repeatability < 1%
Long-Hold ∆T stability Cτ constancy < 0.05
Symbolic Scan Rτ (f) peak sharpness Optical-electrical correlation > 0.8 cross-corr.
Cooldown Return to baseline Residual offset < 1% of start

7.13 Summary

The operating-mode framework provides a deterministic and safe workflow from calibration to
resonance mapping. Every transition is logged, reversible, and statistically reproducible. This
structure enables consistent data comparison across builds and laboratories while maintaining full
safety integrity and synchronization with SCOPE.

8 Calibration and Benchmarks

8.1 Overview

Calibration ensures that every physical quantity measured within SCAR and SCOPE corresponds
to a traceable, quantitative standard. This section defines the stepwise procedures, reference
devices, and benchmark tests used to validate all sensors and subsystems prior to, during, and after
experiments.

8.2 Calibration Philosophy

C1. Absolute traceability: All measurements are tied to national/international standards (NIST,
PTB, BIPM) wherever feasible.

C2. Cross-domain verification: At least two independent methods must confirm any quantity
(e.g., electrical power and calorimetry).

C3. In-situ calibration: System calibration is performed under the same environmental and
geometrical conditions as data collection.

C4. Reversibility and repeatability: Every calibration is followed by a reverse-step check to
verify linearity and stability.
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8.3 Electrical Calibration

8.3.1 Voltage Channel

• Connect HV divider to reference supply with certified digital voltmeter (DVM) accuracy
< 0.01%.

• Verify linearity up to 40 kV in 5 kV increments; record correction coefficients kV (i).

• Typical deviation < 0.05% after correction.

8.3.2 Current Channel

• Inject known current pulses through a calibrated shunt resistor (Rs known to 0.1%).

• Compare integrated area
∫
I(t) dt between Rogowski coil and shunt reference.

• Adjust coil constant KR to within 1% agreement.

8.3.3 Power and Timing

• Cross-check instantaneous power V (t)× I(t) against resistive dummy load (known R).

• Confirm time alignment: ∆tV-I < 2 ns.

• For PX/RX, inject calibration pulse trains to verify DAQ trigger coherence.

8.4 Thermal Calibration

8.4.1 Flow Calorimetry

T1. Circulate water at known flow ṁ through heater dissipating Qref = 50–200 W.

T2. Measure ∆T across calorimeter and compute Qcalc = ṁcp∆T .

T3. Adjust RTD offsets until |Qcalc −Qref |/Qref < 1%.

T4. Repeat at three flow rates (0.5×, 1×, 2× nominal) to confirm linearity.

8.4.2 Thermal Validation Protocol

Embed four thermocouples at equidistant shell points; sweep pulse repetition 0.1–1.0 Hz; compare
slopes to controls; acceptance criterion <0.5°C/min slope for isothermal coupling.

8.4.3 Isoperibolic Calorimetry

• Maintain external bath temperature constant; introduce known heat step Qref .

• Adjust control algorithm gain to yield zero steady-state ∆T .

• Validate with independent thermometer probe and check σnoise < 0.02 K.
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8.4.4 Infrared Camera Calibration (LC)

• Compare pixel intensity vs. blackbody reference plate 300–400 K.

• Fit emissivity correction curve ε(λ) for reactor material.

• Target absolute temperature error < 0.5 K.

8.5 Optical Calibration (SCOPE)

Referencing Section 6 for geometry, the following steps maintain optical traceability:

O1. Verify laser wavelength λ using a grating or wavelength meter (±0.01 nm).

O2. Adjust piezo mirror to inject known ∆φ = 0.1–1 rad; confirm linear detector response.

O3. Record fringe visibility baseline V0 > 0.8 and confirm stability < ±0.02 over 30 min.

O4. For polarimetry, rotate analyzer in 10° increments and confirm cosine response I(θ) =
I0 cos

2(θ − θ0).

O5. Store calibration factors (λ, V0, θ0) with run metadata.

8.6 Acoustic and Mechanical Calibration

• Apply impulse hammer or piezo driver with known amplitude.

• Compare sensor FFT magnitude to theoretical response.

• Verify resonant peak frequencies f1, f2 within ±2%.

• Optional: Calibrate microphone gain using 94 dB SPL calibrator.

8.7 Environmental Calibration

• Temperature probes cross-calibrated against NIST-traceable thermometer.

• Barometric and humidity sensors verified with secondary standards.

• Electromagnetic noise baseline recorded with HV disabled.

• Vibration noise measured with accelerometer RMS target < 10−4 g.

8.8 Benchmark Tests

Once all calibrations are verified, the system is subjected to controlled benchmark tests to validate
global performance.

8.8.1 Electrical Benchmark

E1. Replace reactor with dummy resistive load matching nominal impedance.

E2. Deliver pulses at operational voltage (e.g., 20 kV, 1 Hz).

E3. Verify that measured electrical input energy matches theoretical within ±1%.

E4. Confirms full DAQ calibration integrity.
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8.8.2 Thermal Benchmark

• Operate internal resistive heater at fixed Qref for 1 hr.

• Verify measured Qcalc/Qref = 1.00± 0.02.

• Confirms calorimeter absolute accuracy and drift compensation.

8.8.3 Optical Benchmark

• Insert reference wedge (λ/10 thickness gradient) in optical path.

• Measure expected phase gradient ∂φ/∂x.

• Deviation < 0.5% validates interferometric scale calibration.

8.8.4 Cross-Benchmark (Dual-Rail Verification)

Perform simultaneous dummy runs:

• Inject known electrical pulse + optical modulation (chopper).

• Verify time synchronization and correct cross-domain correlation.

• Any time skew > 5 ns triggers synchronization recalibration.

8.9 Drift and Linearity Tracking

During extended operation:

• Perform automatic gain normalization every 60 min.

• Apply correction functions ki(t) = ki(0)(1 + αit) with drift coefficients αi from calibration log.

• Record drift-corrected data separately for auditability.

8.10 Benchmark Figures of Merit

Quantity PX Target RX Target Units

Electrical energy accuracy 1.0 0.2 %
Thermal energy accuracy 2.0 0.5 %
Optical phase linearity 0.5 0.1 %
Timing coherence 10 2 ns
Temperature stability 0.05 0.01 K
Flow-rate linearity 0.5 0.1 %

8.11 Calibration Schedule

• Electrical and thermal channels — every 30 days or after component replacement.

• Optical and acoustic channels — every 14 days or after alignment changes.

• Environmental calibration — at experiment start, mid-run (if >24 hr), and end.
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8.12 Audit and Certification

Calibration certificates (internal or external) must include:

• Instrument serial number, date, and environmental conditions.

• Reference standards used and their uncertainties.

• Technician or facility identification.

• Digital signature and checksum to prevent tampering.

8.13 Summary

This calibration protocol guarantees that all SCAR + SCOPE measurements are traceable, precise,
and repeatable. By combining dummy-load validation, dual-rail verification, and automatic drift
tracking, the framework meets or exceeds the standards of professional metrology systems. These
benchmarks establish the foundation required for the subsequent High-Precision and Pushing
Limits regime, where system sensitivity is extended beyond conventional physics thresholds.

9 High Precision and Pushing Limits (SCAR)

9.1 Overview

The purpose of this section is to extend the Symbolic Collapse Arc Reactor (SCAR) into the
domain of metrological precision—approaching sensitivity levels below 10−35 in normalized collapse
strain (σΓ) and below 10−12 J per event in thermal energy resolution. This regime requires refinement
of every mechanical, electrical, and environmental subsystem, not optical (SCOPE-specific precision
is addressed elsewhere). The guiding principles are: (1) eliminate drift, (2) suppress stochastic
noise, (3) calibrate continuously, and (4) maximize coherence between electrical drive and collapse
response.

9.2 Noise and Stability Taxonomy

Sources of error in SCAR can be grouped as:

N1. Electrical Noise: ripple, switching jitter, EMI pickup, and capacitive coupling.

N2. Thermal Drift: ambient temperature fluctuation and differential expansion.

N3. Mechanical Instability: electrode vibration, acoustic resonance, and gap variation.

N4. Field Asymmetry: imperfect electrode geometry or dielectric inhomogeneity.

N5. Data Quantization: ADC resolution and sampling jitter.

Each can be independently minimized through modular interventions described below.
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9.3 Electrical Precision Upgrades

9.3.1 Power and Trigger Chain

• Replace commercial SCR/IGBT drivers with low-jitter avalanche transistor or photonic triggers
(< 0.5 ns rms).

• Introduce double-pulse calibration: two identical pulses separated by ∆t to verify waveform
reproducibility at ppm level.

• Install active RC compensation network to linearize capacitor discharge waveform:

V (t) = V0e
−t/(RCeff) ⇒ Ceff(t) ≈ const.

• Add current return balancing and twisted-pair symmetry to reduce magnetic coupling by
60–80 dB.

9.3.2 Grounding and Shielding

• Implement a three-tier ground star: HV return → DAQ ground → chassis earth via 1 Ω
resistors.

• Use mu-metal shielding around pulse lines where B-field gradients exceed 10 µT.

• Shield capacitance kept below 5 pF between HV node and enclosure to suppress displacement
current artifacts.

9.4 Thermal Precision Control

T1. Use dual-channel PID control with platinum RTDs (Class AA) for reactor body and coolant
flow.

T2. Maintain constant temperature gradient |∇T | < 0.02 K across cell.

T3. Employ vacuum-insulated jacket (pressure < 10�³ Torr) to isolate from ambient convection.

T4. Introduce a thermal bridge cancellation circuit: secondary heater modulates in opposition
to ambient drift.

T5. Calibrate heat capacity Cp of the reactor assembly once per 50 hours by impulse heating:

Cp =

∫
Qdt

∆T
.

9.5 Mechanical and Geometric Refinement

• Mount electrodes on piezo translation stages (resolution < 50 nm) with feedback loop main-
taining constant gap gelectrode.

• Integrate strain gauges to detect sub-micrometer displacement during pulses.

• Align electrode tips along central optical and electrical axis using laser autocollimator (< 1
mrad).

• Perform modal analysis of the reactor vessel; add damping masses to suppress acoustic
resonance peaks > 5 kHz.

• Re-lap and polish electrode surfaces to roughness < 50 nm RMS to minimize micro-field spikes.
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9.6 Field Uniformity and Collapse Symmetry

• Verify field uniformity using electrostatic simulation; adjust electrode curvature until |∇ ·
E|/|E| < 10−3.

• Optionally implement triple-electrode configuration (guard ring) to confine field lines.

• Use dielectric inserts of matched permittivity (εr ± 0.01) for symmetric collapse geometry.

• Monitor for asymmetric collapse by comparing left/right EM emission; correct with mechanical
centering screws.

9.7 High-Resolution Electrical Metrology

• Employ 24-bit digitizers (� 1 MS/s) with thermally stabilized reference clocks.

• Perform coherent averaging over 10� pulses to reach sub-ppm noise floors.

• Synchronize sampling phase with drive waveform zero-crossing to eliminate aliasing.

• Implement dynamic-range scaling: Vrange auto-adapts to maintain 80–90

9.8 Statistical Noise Reduction

By averaging and spectral filtering:

σeff =
σ0√
N

·
√
1 +

τc
T
, (10)

where σ0 is single-pulse noise, τc correlation time, and T total integration. Target σeff < 10−35

normalized collapse strain requires N ∼ 1010 effective averaging cycles or equivalently T ∼ 104 s at
τc< 1 ms with active drift suppression.

9.9 Active Stabilization Loops

S1. Voltage Loop: feedback from precision divider maintains V (t) deviation < 10−5.

S2. Temperature Loop: PID control holds Tcell constant to ±0.005 K.

S3. Gap Loop: piezo feedback maintains electrode gap stability < 50 nm.

S4. Resonance Lock: microcontroller tracks ωfield via EM emission peak and adjusts drive
frequency to sustain phase coherence.

S5. Drift Compensator: polynomial model fits long-term baseline and subtracts in real-time to
maintain zero-mean residual.

9.10 Environmental Isolation

• Mount entire assembly on vibration-isolated optical table (−40 dB at 10 Hz).

• Enclose reactor in double Faraday cage: inner aluminum shell (1 mm) + outer copper mesh.

• Maintain humidity < 35

• Optional vacuum housing for PX/RX variants to eliminate corona and acoustic coupling.
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9.11 Metrological Verification of Precision

V1. Perform zero-pulse run: charge and arm system, no trigger. Measured residual power must
be < 10−5 of normal operation.

V2. Execute dual-polarity test: reverse electrode polarity; identical response within < 0.1%
confirms symmetry.

V3. Use cross-instrument correlation (second DAQ or oscilloscope) to verify identical waveform to
within 10−4.

V4. Apply Allan deviation analysis of voltage and current for long-term stability:

σy(τ) =
√

1
2〈(yi+1 − yi)2〉, target σy(100 s) < 10−6.

9.12 Optimization Framework

• Define precision cost function

F = wEσ
2
E + wTσ

2
T + wGσ

2
G + wS(1− Cτ ),

where σE , σT , and σG represent deviations in electrical, thermal, and geometric parameters
respectively, and Cτ is field coherence (if available).

• Adaptive algorithms (gradient or Bayesian) minimize F in real time to converge toward a
stable resonance attractor.

• Maintain log of F(t); convergence rate serves as performance metric for tuning sessions.

9.13 Quantitative Targets for SCAR High-Precision Regime

Parameter PX Target RX / Ultimate Target

Voltage stability ∆V/V 10−4 10−6

Current stability ∆I/I 10−3 10−5

Temperature drift ∆T 0.02 K 0.005 K
Electrode gap drift ∆g 0.5 µm 50 nm
Timing jitter 10 ns 0.5 ns
Field symmetry deviation 10−3 10−5

Residual mechanical vibration 10−3 g 10−5 g
Effective strain sensitivity σΓ 10−25 10−35

9.14 Benchmark Verification Procedure

B1. Conduct back-to-back runs at identical conditions 24 hours apart.

B2. Compute normalized deviation δ = |Q1 −Q2|/Q; require δ < 1%.

B3. Verify identical waveform overlap in voltage and current channels (r > 0.999 correlation).

B4. Confirm absence of spectral leakage in EM emission FFT (< 10−6 normalized power in
off-resonance bins).

B5. Log entire dataset and calibration constants for archival comparison.
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9.15 Summary

Achieving extreme precision in SCAR is not a single hardware improvement but a systemic discipline
encompassing mechanical, electrical, and environmental domains. By implementing active stabi-
lization, drift cancellation, sub-nanosecond synchronization, and coherent statistical averaging, the
reactor attains metrological integrity suitable for fundamental physics tests. These refinements push
the SCAR platform to exceed the sensitivity of existing interferometric and calorimetric instruments,
enabling the detection of collapse-level phenomena well below conventional thermal and electrical
noise floors.

9.16 Extended Precision Options and Integration Pathways

The following subsections outline further subsystems and metrological augmentations that can be in-
corporated into SCAR for ultra-high precision operation or for interfacing with external observatories
(e.g., SCOPE arrays or distributed RTN nodes). These are modular and cumulative—each addition
yields measurable improvement in either drift suppression, signal-to-noise ratio, or coherence factor
Cτ .

A. Calibration and Reference Modules

• Embedded Reference Heater: a 1–5 W resistive film heater permanently bonded to the
cell wall, allowing step-response calibration of calorimetric sensitivity each run.

• Precision Reference Divider: temperature-stabilized (αV < 0.2 ppm/K) for HV monitoring
to 10−6 accuracy.

• Dual-channel Calorimeter: flow calorimetry and isoperibolic modes switchable by relay to
verify cross-calibration constants.

• Optical Pick-off Timing Channel: a photodiode coupled to the discharge flash for absolute
synchronization (±1 ns) between SCAR and external interferometers.

• Artifact Rejection Pack: periodic injection of known stimuli—thermal, EM, or optical—to
validate data pipeline immunity to false positives.

B. Environmental Conditioning

• Active Enclosure Climate: inner chamber controlled at ±0.05 K and ±1 % RH using a
closed-loop TEC system.

• Vibration Isolation Stage: pneumatic or piezo anti-vibration table with attenuation
> 40 dB at 10 Hz.

• Electro-magnetic Quiet Zone: double Faraday shell with ≤5 pF residual coupling between
shells.

C. Data Acquisition and Metrology

• Dual-DAQ Verification: simultaneous acquisition on two independent digitizers to detect
acquisition bias (r > 0.999 required).

• Allan Deviation Monitoring: continuous computation of σy(τ) to track long-term stability.
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• Real-time Statistical Fusion: Bayesian estimator merges redundant channels (electrical,
optical, thermal) into a joint posterior of collapse energy Ec.

D. Diagnostic Expansion

• Schlieren/Heterodyne Module: shared optics with SCOPE for real-time mapping of
Γ = |∇τ/τ −∇ρ/ρ|.

• Spectro-polarimetric Sensor Array: resolves optical polarization rotation linked to τ -field
alignment.

• Acoustic Triangulation Array: three microphones detect mechanical modes or cavitation
correlated with collapse events, cross-validated to electrical data.

E. Safety and Compliance Extensions

• Automatic interlock triggered when δ2W < 0 or coolant flow < Qmin.

• IEC-61010 creepage/clearance certification table with measured distances at 25 kV and 40 kV.

• Fail-safe FPGA watchdog verifying real-time checksum of DAQ and control lines.

9.17 Worked Numerical Example: Pulse Energy and Thermal Resolution

Consider a PX-tier reactor operating at:

V0 = 10 kV, C = 5µF, fpulse = 10Hz.

The stored energy per pulse is

Epulse =
1
2CV 2

0 = 0.5× 5× 10−6 × (104)2 = 250 J.

If the thermal calorimeter resolves temperature steps of ∆Tres = 5× 10−6 K and the total heat
capacity of the reactor is Cp = 4.5× 104 J/K, then the corresponding detectable energy increment is

Eres = Cp∆Tres = 0.225 J.

This yields a relative energy resolution of
Eres
Epulse

= 9× 10−4,

adequate for PX verification. For the RX tier, improved calorimetry (∆Tres = 5 × 10−8 K) and
smaller capacitance (C = 0.5 µF, V0 = 20 kV) give Epulse = 100 J and Eres = 2.25×10−3 J, yielding
Eres/Epulse = 2.3×10−5. Such resolution enables detection of sub-milli-joule collapse energy releases
or absorptions within single events.

If σΓ represents the normalized collapse strain, the corresponding minimum detectable strain
under these parameters (assuming linear thermal-to-strain conversion ∂E/∂Γ = kΓ ≈ 1012 J per
unit strain) is

σΓ =
Eres
kΓ

= 2.3× 10−15,

which can be further reduced by coherent averaging (N = 106) to reach σΓ≈10−18, well within the
projected PMM-test range.
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9.18 Array Interaction and Coupled Reactor Dynamics

When multiple SCAR units operate in proximity or via RTN synchronization, each reactor i can
be represented by a complex amplitude Ai = |Ai|eiφi of its collapse oscillation. Coupling between
reactors is described by the symmetric matrix B with elements Bij quantifying �-field overlap and
shared ground impedance.

The evolution of each unit obeys
dAi

dt
= αiAi − βi|Ai|2Ai +

∑
j 6=i

κijAj ,

where αi is the local gain term, βi the nonlinear damping, and κij the complex coupling coefficient.
For weak coupling (|κij | � |αi|), linearization gives phase-locking behaviour governed by

dφi

dt
≈ ωi +

∑
j 6=i

βij sin(φj − φi), βij =
|κij |
|Ai|

.

Stability requires the aggregate coupling index

βΣ =

√∑
i<j

β2
ij < 0.1,

ensuring that array interactions modify individual power levels by less than 1%. For an array of
n identical units at mean separation d, each coupling term scales approximately as βij ∝ e−d/λτ ,
where λτ is the coherence length of the �-field (typically centimetres for gaseous media, millimetres
for metal hydrides). With d > 5λτ , cross-talk power remains below 0.03 %, confirming independent
operation. At closer spacing, phase correlation can be deliberately tuned to achieve constructive
resonance, yielding total array output

Parray ≈ nP0

1 + 2

n(n− 1)

∑
i<j

cos(φi − φj)

 ,

which predicts up to ∼20 % gain for fully synchronized operation (φi≈φj) but no excess beyond
measurement uncertainty for asynchronous drive (〈cos(φi − φj)〉 = 0).

9.19 Interpretation

The array-interaction model provides a quantitative framework for distinguishing true collapse-
induced power changes from collective electrical or thermal coupling. By keeping βΣ < 0.1 and
verifying independent pulse statistics between reactors, any residual correlated excess or deficit
becomes a falsifiable indicator of shared �-field coherence predicted by the Photon Matrix Model.

9.20 Concluding Remarks for the High-Precision Regime

The integration of these modules elevates SCAR from a reproducible energy-conversion testbed
to a metrological instrument capable of probing deterministic collapse at energies and strains
orders of magnitude below conventional detection limits. The worked example and array derivation
demonstrate that both single-unit and networked operation remain within calculable, verifiable
precision budgets, preserving falsifiability while extending experimental reach toward the 10−35

collapse-strain frontier.
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10 Data Analysis and Statistics

10.1 Overview

This section defines the analytical framework used to process raw SCAR and SCOPE data into
validated scientific results. All analyses are deterministic, version-controlled, and reproducible.
Every transformation—from raw waveform to final figure—must be traceable to source data and
calibration constants.

10.2 Data Architecture

Each run directory follows a strict hierarchy:

/runs/YYYYMMDD_HHMMSS_buildID/
��� raw/ # Raw binary or CSV data from DAQ
��� processed/ # Filtered and aligned datasets
��� analysis/ # Derived quantities, statistics
��� calibration/ # Calibration constants & metadata
��� logs/ # Instrument, safety, and run logs
��� figures/ # Generated plots and spectra

Each file carries a SHA-256 checksum and a JSON metadata header containing instrument IDs,
build parameters, environmental conditions, and software commit hash.

10.3 Primary Computed Quantities

Symbol Meaning Computation

Qin Electrical input energy per pulse
∫
V (t) I(t) dt

Qout Thermal output energy ṁcp(Tout − Tin)
ηtransduction Energy efficiency Qout/Qin

∆Ufield Field potential change Numerical integration of ρ, τ gradients
Cτ Symbolic coherence index Time-correlation of SCOPE phase maps
Rτ Resonance sharpness |∂φ/∂f |/〈|φ|〉

10.4 Signal Conditioning and Filtering

Before analysis, raw data undergo minimal preprocessing:

• 50/60 Hz notch + low-pass filter (cutoff 0.45 × Nyquist).

• Wavelet or Savitzky–Golay smoothing with order � 3.

• Outlier removal using median absolute deviation (MAD) filter.

• Time-alignment of all channels by cross-correlation to the trigger.

All filter parameters are stored in the run metadata for exact reproducibility.
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10.5 Event Detection

An event is defined as a multi-channel excursion exceeding statistical threshold:

Zi(t) =
Xi(t)− µi

σi
, (11)

Event if Zi(t) > Zth in � 2 independent channels. (12)

Default Zth = 5. Detected events are time-stamped and classified as electrical, thermal, optical,
acoustic, or composite.

10.6 Cross-Channel Correlation

Each event is evaluated for temporal and amplitude coherence:

rij =
cov(Xi, Xj)

σiσj
, ∆tij = ti − tj . (13)

• rij > 0.8 and |∆tij | < 5 ms indicates genuine coupling.

• Correlation matrices are computed for every run to visualize inter-domain coherence.

10.7 Energy Balance Verification

Energy conservation is verified per pulse:

Eerr =
Qout −Qin

Qin
. (14)

Acceptance criterion:
|Eerr| < 0.03 (PX) or |Eerr| < 0.01 (RX).

Persistent positive deviations are flagged as candidate excess-energy events and subjected to deeper
scrutiny.

10.8 Spectral and Temporal Analysis

• Fast Fourier Transform (FFT) and Short-Time FFT (STFT) applied to V (t), I(t), EM, and
acoustic signals.

• Identify dominant modes fn and match to theoretical ωfield.

• Spectral coherence function C(f) = |Sxy(f)|2/(SxxSyy) computed between electrical and
optical channels.

• Time-frequency maps generated for collapse visualization.

10.9 Statistical Confidence and Error Propagation

All derived quantities carry propagated uncertainties:

σ2
y =

∑
i

(
∂y

∂xi

)2

σ2
xi
+ 2

∑
i<j

ρij
∂y

∂xi

∂y

∂xj
σxiσxj .

Monte-Carlo resampling (N = 105) validates analytical uncertainty propagation. Confidence
intervals are reported at 95
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10.9.1 Uncertainty Budget and Power Accounting

SNR >200, p <0.01 for detection; uncertainty budget (e.g., electrical ±1.0%, Rogowski ±2.0%);
windowed integration for channels.

10.10 Trend and Stability Analysis

For long runs:
• Compute rolling mean and variance over window w = 100 pulses.

• Calculate Allan deviation σy(τ) to quantify drift.

• Evaluate hysteresis by comparing pre- and post-run baselines.

• Perform linear regression on residuals to detect systematic bias.

10.11 Hypothesis Testing

Two primary null hypotheses guide interpretation:
H� (Noise Model): observed anomalies arise from instrument or environmental noise.

H� (Collapse Model): anomalies arise from deterministic field collapse dynamics.
Statistical tests:

• Student’s t-test and Mann–Whitney U for mean differences.

• Kolmogorov–Smirnov test for distribution shape deviation.

• Cross-correlation significance using Fisher z-transform.

• Bootstrap resampling for non-parametric confidence bounds.
A signal is considered validated only if p < 10−5 across all applicable tests.

10.12 Outlier and Artifact Rejection

• Discard events coincident with known environmental perturbations (door open, pump on,
etc.).

• Reject any event detected in dummy or reversed-polarity control runs.

• Flag single-channel anomalies as artifacts unless accompanied by cross-domain correlation.

10.13 Data Visualization

Standardized plots for publication and internal diagnostics include:
• Time-aligned multi-channel overlays (V , I, T , φ).

• Energy balance histograms.

• 2-D heatmaps of Rτ vs. drive frequency.

• Allan deviation plots and long-term drift charts.

• Cross-correlation matrices and spectral waterfalls.
All figures are generated from open-source scripts in the repository’s analysis/plots/ directory.
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10.14 Reproducibility Metrics

• Run-to-run deviation: δQ = |Q1 −Q2|/Q̄ (target < 1

• Inter-lab variance: coefficient of variation < 5

• Phase coherence repeatability: ∆Cτ < 0.02 between sessions.

• Energy efficiency repeatability: ∆η < 0.01 absolute.

10.15 Reporting and Archival

Each verified dataset is summarized by:

• A single results.json file containing all computed metrics, uncertainties, and test outcomes.

• A human-readable PDF report auto-generated with plots and calibration references.

• A digital signature (Ed25519) verifying data integrity.

• Upload to shared repository with DOI and Zenodo record for permanent citation.

10.16 Summary

This data-analysis pipeline transforms raw SCAR measurements into statistically defensible con-
clusions. By enforcing dual-rail verification, multi-channel correlation, and strict uncertainty
propagation, it distinguishes genuine collapse-driven effects from noise or artifact. The result is a
transparent, metrology-grade statistical backbone capable of sustaining both internal replication
and external peer review.

11 Safety and Compliance

11.1 Overview

The Symbolic Collapse Arc Reactor (SCAR) incorporates multiple layers of electrical, thermal,
chemical, and procedural protection to ensure safe operation under all expected and credible fault
conditions. Every build tier (LC, PX, RX) is required to meet baseline safety requirements before
energizing any high-voltage (HV) or pulse system. The design philosophy follows the hierarchy of
controls: eliminate → substitute → engineer → administer → PPE.

11.2 Applicable Standards and References

• Electrical Safety: IEC 61010-1, NFPA 70E, UL 61010A-1.

• Pressure / Vessel Safety: ASME Section VIII Div. 1, ASTM E498.

• Laser / Optical Safety: ANSI Z136.1.

• Radiation and EM Emissions: FCC Part 15 Class A, IEC 61000-6-4.

• Chemical Safety: OSHA 29 CFR 1910 Subpart Z (for deuterated water, metals, solvents).

• Documentation and Records: ISO 17025 calibration and traceability standards.
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11.3 Hazard Identification

Hazard Description and Mitigation Residual
Risk

High Voltage (HV) Shock hazard from capacitor bank (5–40 kV). All HV
circuits fully enclosed; interlock switch disables charge
if door open. Bleeder resistors discharge to <50 V in
30 s.

Low

Arc Flash / UV Visible/UV emission from arc or plasma; optical and
thermal hazard. Enclosure interlocked; viewing through
OD > 6 filters only.

Low

Thermal Runaway Unexpected exothermic events. Flow calorimeter pro-
vides active temperature feedback; auto-shutdown if
∆T > 5 K/min.

Low

Pressure Build-up Gas evolution inside cell. Burst disk + 1.5× rated
pressure relief; cell proof-tested > 3× working pressure.

Very Low

Chemical / Electrolyte Deuterated or electrolyte contamination. Closed-loop
fill; spill tray; gloves and eye protection mandatory.

Low

Laser / Optical 635–785 nm beam (� 10 mW). Beam path enclosed;
signage and OD-matched eyewear required.

Very Low

EM Emission RF transients from pulse. Double Faraday cage; filtered
feedthroughs; grounding audit quarterly.

Very Low

Acoustic Shock Sudden discharge noise. Operator distance > 2 m;
optional damping enclosure.

Low

11.4 Electrical Safety Systems

E1. Interlocks: door, lid, and service panels each contain normally-closed switches; any open →
HV disable.

E2. Bleeder Network: resistor chain provides RC< 30 s discharge time; verified each start-up.

E3. Key Control: single physical key enables HV contactor; cannot be removed when live.

E4. Grounding: star-point connection; resistance to earth < 1 Ω.

E5. HV Warning: illuminated signage and audible alarm on HV enable.

11.5 Thermal and Pressure Safety

• Pressure sensors (0–500 kPa) trigger automatic vent if threshold > 350 kPa.

• Dual thermocouple feedback shuts down pulse power if Tcell > 370 K.

• Vacuum or inert gas purge available for RX builds to prevent oxidation or combustion.

• Reactor cell constructed from materials with yield > 3× maximum stress at operating
temperature.
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11.6 Chemical Handling

C1. All electrolytes stored in labeled, sealed containers; use fume hood for transfers.

C2. Gloves (nitrile) and goggles required for all handling.

C3. Waste solutions neutralized and collected for proper disposal.

C4. Deuterated water purity maintained > 99.9

11.7 Optical and Laser Safety

• Laser apertures enclosed with interlocked covers.

• Beam alignment performed at reduced current (< 1 mW) and with beam cards, not direct eye
exposure.

• All personnel within 2 m of beam path must wear eyewear OD � �/10 specification.

• Optical hazard area demarcated by signage per ANSI Z136.1.

11.8 Radiation and Electromagnetic Compliance

• Spectrum analyzer sweeps verify no emission above regulatory limits (30 MHz–3 GHz).

• Pulse-stage cables filtered with feedthrough capacitors (� 100 nF).

• Faraday enclosure tested for > 60 dB attenuation at 1 GHz.

• No ionizing radiation expected or observed; periodic Geiger checks confirm background levels.

11.9 Enhanced Safety Engineering

Engineering controls: dual interlocks, metallic enclosures, EMI shielding. Stored energy notes.
Thermal/EMI thresholds: >1.5°C/min shutdown. Radiation monitoring: survey meter, neutron
indicator. Procedures/PPE: two-person rule, arc-rated shield.

11.10 Administrative Controls

A1. Authorized Operators: only trained personnel listed in lab registry.

A2. Two-Person Rule: at least two qualified operators present for HV operations.

A3. Lockout/Tagout (LOTO): standard OSHA procedure before servicing.

A4. Daily Pre-Run Checklist: visual inspection, leak test, interlock verification.

A5. Incident Logbook: any fault, arc, or alarm recorded with time and corrective action.
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11.11 Emergency Systems

• Emergency Stop (E-Stop): dual redundant pushbuttons at operator and observer stations;
immediate HV discharge.

• Fire Control: CO� extinguisher within 3 m; no water-based extinguishers near HV.

• Ventilation: 10 air changes/hour minimum; hydrogen sensors alarm at 2 %.

• First Aid: eyewash and burn kit accessible within 5 m of apparatus.

11.12 Verification and Audit

V1. Perform full safety audit every 6 months using standardized checklist.

V2. Test all interlocks and E-Stop functions monthly.

V3. Calibrate pressure and temperature cutoffs every 3 months.

V4. Retain all audit and test records for a minimum of 5 years.

11.13 Regulatory and Environmental Compliance

• Wastewater or deuterated effluent neutralized before disposal; documented per local EPA
regulations.

• Noise levels measured and maintained below 85 dBA for continuous exposure.

• Electrical installations inspected under local NEC or IEC 60364 codes.

• All software controlling safety interlocks version-controlled and checksum-verified.

11.14 Safety Envelope Summary

Parameter Limit Automatic Response

Voltage > 40 kV HV Disable + Alarm
Cell Pressure > 350 kPa Vent Valve + Shutdown
Temperature > 370 K Pulse Inhibit + Cooling
Hydrogen Level > 2% vol Ventilation On + Alarm
Door Interlock Open HV Disable
DAQ Heartbeat Loss > 2 s System Lockout

11.15 Summary

The SCAR system achieves a safety factor exceeding 3 × in all high-energy subsystems and integrates
redundant electrical, thermal, and administrative safeguards. All interlocks and cutoffs default to a
fail-safe open state. By meeting or surpassing recognized industrial standards, the SCAR + SCOPE
platform remains both a high-precision research instrument and a demonstrably safe device for
laboratory replication and long-term operation.

50



12 Standard Operating Procedures (SOPs) and Checklists

12.1 Overview

These procedures establish safe, repeatable, and traceable operation of the Symbolic Collapse
Arc Reactor (SCAR) in any configuration. They are written so that an independent laboratory
can reproduce every step without further instruction. All personnel must complete documented
training before performing any task marked “HV-critical.”

12.2 Pre-Run Setup

P1. Environmental Verification

• Laboratory temperature 295± 1 K; humidity < 40% RH.
• Ventilation and hydrogen monitor operational.
• Lighting sufficient for optical alignment.

P2. Mechanical Inspection

• Reactor cell intact; seals undamaged.
• All cables and feedthroughs strain-relieved and labeled.
• Optical viewports clean; no condensation or scratches.

P3. Interlock and Safety Test

• Door/lid sensors actuated → verify HV disable.
• Press E-STOP; confirm full power dropout.
• Confirm bleeder discharge time < 30 s.

P4. Sensor Zeroing

• Zero thermocouples/RTDs and record offsets.
• Zero Rogowski and voltage dividers.
• Record background noise spectra for all channels.

P5. Calibration Load Test

• Attach dummy resistor; apply 10 kV pulse.
• Confirm measured energy within ±1 % of theoretical.

12.3 Startup Sequence

S1. Enable DAQ and synchronization clocks.

S2. Activate coolant flow; verify ṁ nominal.

S3. Power SCOPE illumination (if installed); check alignment fringes.

S4. Arm pulse controller but keep HV disabled.

S5. Confirm “Ready” status from all subsystems on control console.

S6. Insert operator key and enable HV; audible and visual indicators ON.
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12.4 Normal Operation

N1. Select operating mode (baseline, excitation, etc.).

N2. Execute scripted run using approved configuration file.

N3. Observe live telemetry: V , I, T , pressure, interlocks.

N4. Maintain minimum two-person presence during HV operation.

N5. On anomaly alarm, press E-STOP immediately.

12.5 Shutdown Procedure

D1. Disable HV; verify capacitors discharging to < 50 V.

D2. Stop pulse generator and close coolant loop.

D3. Continue temperature logging until ∆T < 0.1 K for 5 min.

D4. Disable lasers/illumination; close optical shutters.

D5. Archive run directory and calibration constants.

D6. Complete post-run checklist and sign operator log.

12.6 Emergency Response

Condition Immediate Action

Electrical short / arc Press E-STOP; evacuate 2 m radius; wait 1 min.
Over-temperature (> 370 K) Automatic shutdown; confirm coolant flow; do not reopen until cool.
Pressure alarm (> 350 kPa) Vent automatically; remain clear of enclosure.
Hydrogen alarm (> 2% vol) Cut power, open ventilation, evacuate.
Optical exposure Disable laser; administer first aid as required.
Fire Use CO� extinguisher; never water.
Medical emergency Call emergency services; follow posted procedures.

12.7 Post-Run Maintenance

• Drain or replace working fluid if discoloration or contamination present.

• Inspect electrodes for pitting; resurface or replace if erosion > 50 µm.

• Clean optical viewports with lint-free wipes and ethanol.

• Verify tightness of electrical terminals and grounding straps.

• Update maintenance log with date, operator, and part changes.
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12.8 Periodic Inspections

• Weekly: interlocks, E-Stop, bleeders, coolant leak check.

• Monthly: calibration verification (electrical and thermal).

• Quarterly: full safety audit and pressure test.

• Annually: HV cable replacement and software integrity review.

12.9 Operator Checklists

Daily Pre-Run

1. Environment stable, ventilation on.

2. Interlocks verified, bleeders tested.

3. Sensors zeroed; dummy pulse passed.

4. Run configuration file approved and checksum verified.

5. PPE donned (gloves, eyewear, lab coat).

Post-Run

1. HV off, capacitors discharged.

2. Cooling stopped after ∆T < 0.1 K.

3. Data archived and backed up.

4. Maintenance log updated.

5. Work area cleaned; “Safe” tag applied.

12.10 Documentation and Record-Keeping

All SOP compliance is documented electronically:

• Control software automatically records mode transitions and operator actions with timestamps.

• A PDF “run certificate” is generated at session end summarizing parameters, anomalies, and
sign-offs.

• Each operator signs digitally (Ed25519) for accountability.

• Logs retained for minimum 5 years per ISO 17025 guidance.

12.11 Summary

These procedures ensure that every operation—from startup to shutdown—is deterministic, safe,
and auditable. By combining checklists, automation, and digital record-keeping, SCAR maintains
metrology-grade reproducibility while minimizing risk. All future design revisions must preserve
these SOP conventions to remain cross-compatible with existing data archives and safety protocols.
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13 Bill of Materials (BOM)

13.1 Overview

The Bill of Materials lists all mechanical, electrical, optical, and control components required for
the construction of the Symbolic Collapse Arc Reactor (SCAR) in its three canonical build
tiers. Each entry includes minimum specifications, preferred models, acceptable substitutes, and
applicable standards. All components must meet or exceed the ratings shown to maintain safety
and calibration compliance.

13.2 Summary by Category

Table 4: Core subsystem BOM summary by build tier.

Subsystem LC (Low-Cost) PX (Precision) RX (Research)

Pulse Power 10 kV SCR bank;
polypropylene caps
1–5 µF

25 kV IGBT; oil caps
1 µF; RC snubber

40 kV Marx array; 0.5
µF low-ESR; optical
trigger

Reactor Cell Borosilicate tube; Vi-
ton seal

Alumina body; PTFE
seals; relief valve

Ceramic stack; AR
windows; burst disk

Electrodes Cu/Ni cone; fixed gap Pd-Ni foam; microme-
ter gap stage

Graded-porosity Pd-
Ni; piezo gap control

Working Fluid DI H2O 50% H2O / D2O; de-
gassed

99.9% D2O; getter
loop

Thermal System IR camera; convection Flow loop; RTD (4-
wire)

Dual flow + isoperi-
bolic calorimeter

DAQ / Sync 16-bit USB DAQ; 50
MHz scope

200 MHz scope;
OCXO clock

1 GHz scope; GPSDO
sync bus

Safety / Interlocks Acrylic shield; manual
E-stop

Faraday cage; key in-
terlock

RF absorber enclo-
sure; dual E-stop

SCOPE Interface Simple viewports Dual-beam alignment
ports

Full optical bench cou-
pler

13.3 Electrical Components

Component Specification Preferred Model Standard / Cert.

HV Capacitor � 1.5× Vmax, ESR < 0.1 Ω Cornell Dubilier 944U; Kemet R76 UL 810
SCR/IGBT Switch Peak I � 5× Ipulse IXYS CS45; Infineon FF400R IEC 60747
Resistor Bleeder 10–50 MΩ; 10 W min. Vishay PR03; Ohmite 10 M UL 508
HV Cable SHV/N coax, 40 kV DC Dielectric Sciences 2246 UL 94 V-0
Ground Bus Bar 25 mm Cu, 1 m length custom machined NEC 250

13.4 Reactor Cell and Mechanical Parts
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Part Specification Supplier / Example

Main Vessel Alumina or borosilicate tube (Ø 40 mm × 150 mm) McDanel or Corning 7740
Endcaps 6061-T6 Al with threaded feedthroughs Custom machined
Seals /O-rings Viton or PTFE (Ø 40 mm) Parker AS568-222
Pressure Relief Valve 0.35 MPa set point Swagelok SS-4R3A
Optical Window AR BK7, ∅ 25 mm × 3 mm Edmund Optics #62-975
Electrode Assembly Pd-Ni foam (1 mm thick) on Cu stud ESPI Metals custom
Micrometer Stage (PX/RX) 25 mm travel ± 1 µm Thorlabs Z825B
Piezo Actuator (RX) 50 µm stroke, nanostage Physik Instrumente P-841

13.5 Thermal and Fluidic Components

Item Specification Preferred Model

Flow Meter 0–1 L/min, 0.1% accuracy Bronkhorst mini-Coriolis
RTDs 100Ω Pt Class A (4-wire) Omega PR-21A-3-100-A-E-0200
Pump 0–1 L/min variable speed KNF NF1.100
Reservoir 1 L borosilicate with lid Pyrex 4980
Heater for Benchmark 100 W cartridge ±1% Omega CIR-10121/240V

13.6 Instrumentation and DAQ

Instrument Minimum Spec. Example Model

Oscilloscope 200 MHz–1 GHz, 1 GS/s, 4 ch Keysight DSOX3054T / Tek MDO3104
DAQ System 16-bit, 10 kS/s × 8 ch sync National Instruments USB-6366
Temperature Logger 0.01 K resolution Keysight 34972A
GPSDO Clock (RX) 10 MHz ± 1e-10 Jackson Labs Fury
Software Control Python � 3.10 / LabVIEW 2024 open-source SCAR-suite

13.7 Safety and Compliance Hardware

Item Spec. / Rating Vendor / Model

Emergency Stop Dual NC contacts, 24 V logic Schneider XALK178E
Interlock Switches Magnetic reed or hinge type Honeywell FF-SLC401
Pressure Sensor 0–500 kPa ±0.5% WIKA A-10
Hydrogen Sensor 0–4% vol ±0.1% Figaro TGS821
CO2 Extinguisher 5 lb min. Kidde Carbonic
Ground Tester 0–10 Ω range Fluke 1625-2

13.8 Consumables and Miscellaneous

• D2O (99.9

• Cu/Ni/Pd electrode foils and mesh (ESPI Metals).

• Vacuum grease (Dow Corning High-Vac).

• PTFE tape and Swagelok 1/8” fittings.
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• IPA and ethanol for optical cleaning.

• PPE: insulated gloves, laser eyewear OD � 6, lab coats.

13.9 Optional Enhancements (PX → RX Upgrades)

• Piezo-stabilized electrode mount for sub-µm gap control.

• Vacuum housing (< 10�³ Torr) with feedthroughs.

• Dual DAQ redundancy for cross-verification.

• Cryogenic coolant loop for noise suppression.

• High-purity ceramic dielectrics (�� matched ± 0.01).

13.10 Procurement and Traceability

T1. Each component assigned a part_id and entered in a YAML-formatted inventory file with
supplier, lot #, and calibration status.

T2. All electrical parts serialized and inspected upon receipt; resistance and leakage logged.

T3. Optical and mechanical parts measured for flatness, surface finish, and dimensions prior to
installation.

T4. Replacement interval: electrical 1000 h, mechanical 1500 h, optical 2000 h.

13.11 Estimated Cost by Build Tier (2025 USD)

Tier Approx. Cost (USD)

LC – Low Cost $500 – $900
PX – Precision $1 500 – $2 800
RX – Research $8 000 – $12 000

13.12 Summary

The standardized BOM ensures interchangeability, traceability, and scalability across laboratories.
Every component listed is commercially available and verified for electrical, mechanical, and chemical
compatibility. Substitutions are permitted only if equal or superior in rating and must be documented
in the configuration metadata. This living document should be updated with supplier revisions,
price changes, and calibration certificates to preserve long-term reproducibility and open-hardware
transparency.
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Appendix A: Substitution Matrix and Tradeoffs

Subsystem Preferred Acceptable Substitutions / Tradeoffs
Collapse substrate Pd–Ni foam (1 um coat) Pd mesh on ceramic (lower capture); Ni foam

(reduced coupling); stainless wool (robust, lowest
efficiency).

Structured medium RF-seeded RO water or D2O DI water + 0.1% NaOH (quasi-structured); ul-
trasonic seeding only.

Electrodes Au-plated Cu spirals (20–24
AWG)

Cu rods; W rods (durable, higher threshold).

Tau-shell Kapton/Cu/Kapton wrap PET/Al/PET (lower Q); graphene sheet (experi-
mental).

Chamber Acrylic + ETFE lining Glass (spectroscopy), PVDF (harsh env), PTFE
tape lining (budget).

Gas Ar (45 Torr) + He (5 Torr) Ar-only (stable); Ne (diagnostics); N2 (control,
suppresses τ -mode).

Coils 9 coils + toroidal ring Single solenoid (reduced capture); ferrite cores
(heavier, higher inductance).

Ignition 22.5 kV, 400 ns, <10 ns jitter 10–15 kV neon transformer + cap (higher spread);
Marx generator 3–6 stage.

Table 5: Component substitutions and expected tradeoffs.

Appendix B: Dimensional Notes (Text)
Core: 3.00 in OD tube; lattice disc 2.75 in diameter; center deflection 10 mm; spiral electrode
standoff 1–3 mm. Plasma ring: 6.00 in OD, 2.00 in length; radial cavity 1.50 in; vane pitch tuned to
4.5 kHz target.

Appendix C: Firmware Timing Sketch (Pseudocode)
init_timers(ns_resolution);
arm_interlocks();
while (ready) {

if (sensors_ok() && interlocks_ok()) {
charge_capacitors(target_kV);
wait_until(charge_reached);
trigger_pulse(width_ns=400);
log_all_channels(window_ms=500);
cooldown();

}
}

Appendix D: HDF5 Data Schema
Root: /runID/YYYYMMDD_HHMM/
Groups: /optical/, /electrical/, /thermal/, /coherence/, /metadata/
Attributes: sample_rate, gains, geometry, gas, pressure, temperature, notes.
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Appendix E: Pre-Test Checklist and Risk Register
Go/No-Go (sign each item):

1. Interlocks verified (mechanical, electronic, software); opening any cover auto-discharges HV
bank.

2. Bleeder resistors measured; discharge time constant recorded; bank fully enclosed in metal
with directed vent.

3. Ground continuity verified; EMI shields installed on sensor leads; remote trigger proven.

4. Chamber leak test passed; pressure transducer and mechanical relief valve tested; gas compo-
sition logged.

5. Thermal sensors calibrated; shutdown threshold ≤ 60◦C enforced; active cooling available for
Tier 2/3.

6. Survey meter baseline recorded; neutron indicator available for Tier 2/3.

7. Two-person rule in effect; PPE available (HV gloves, arc-rated face shield); egress path clear.

8. DAQ synchronized; HDF5 logging enabled; run ID assigned.

Uncertainties: instrument calibration, coil mutual inductance variability, gas pressure drift,
temperature gradients.
Risks: HV arc, overpressure, thermal runaway, unexpected EMI.
Mitigations: dual interlocks, bleeder resistors, metallic enclosure with venting, transparent shields,
pressure relief, EMI survey, neutron/ionizing survey meters (as applicable).
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