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บทคัดย่อ
Conventional electromagnetic shielding relies on absorption and reflection -- mechanisms that attenuate external fields but cannot
eliminate them. The Meissner effect in Type II superconductors provides a fundamentally different paradigm: complete expulsion
of magnetic flux from the conductor interior through the generation of surface screening currents. We demonstrate that an audio
signal path enclosed in a superconducting sheath experiences zero coupling to external electromagnetic fields of any frequency,
orientation, or magnitude below the critical field Hc2. Measurements in the presence of household EMI sources (WiFi routers,
power transformers, refrigerator compressors) confirm that the superconducting cable path is electromagnetically invisible -- the
internal field is indistinguishable from the field in empty space. We discuss the implications of Meissner shielding for the design of
the complete superconducting audio system.

1. บทนำ
Electromagnetic shielding has been a preoccupation of the audio cable industry since the earliest days of high-fidelity
reproduction. Copper braid, aluminum foil, mu-metal foil, conductive polymer layers, carbon fiber wraps -- the catalog of
shielding materials is extensive and continually expanding. Each material offers a different combination of magnetic
permeability, electrical conductivity, and frequency-dependent attenuation, and each has been marketed as the definitive
solution to electromagnetic interference.

None of them are. Every conventional shielding material operates by the same two mechanisms: absorption (converting
electromagnetic energy to heat through eddy currents) and reflection (redirecting electromagnetic energy away from the
conductor through impedance mismatch). Both mechanisms are inherently imperfect. Absorption depends on material
thickness and frequency; thin shields leak at low frequencies. Reflection depends on impedance contrast; at certain angles
and frequencies, fields penetrate regardless.

The Meissner effect is different in kind, not merely in degree. When a Type II superconductor is cooled below its critical
temperature in the presence of an external magnetic field, surface screening currents spontaneously arise that generate a
field exactly equal and opposite to the applied field. The net field inside the superconductor is zero -- not small, not
attenuated, zero. This is not a design parameter that can be optimized; it is a fundamental property of the superconducting
state, as intrinsic as zero resistance.

2. การยืนยันเชิงทดลอง
A 1.5 m SC Interconnect pair was installed in a standard residential listening room alongside the following EMI sources:

Source A: WiFi 6E router (6 GHz, 160 MHz bandwidth, 1 W transmit power) at 0.5 m distance.
Source B: 500 VA toroidal power transformer at 0.3 m distance.
Source C: Refrigerator compressor motor (running) at 1.0 m distance.
Source D: Class D switching amplifier (1 kHz square wave, 100 W) at 0.2 m distance.
Source E: All four sources operating simultaneously.

The internal magnetic field at the cable conductor was measured by a micro-fluxgate sensor (Bartington Mag690, 0.1 nT
resolution) inserted into the cryostat through a dedicated measurement port.

For comparison, identical measurements were performed on four conventional cables: unshielded OFC, single copper
braid, double copper braid + mu-metal foil, and the Equatorial Audio Equinox Interconnect (triple-layer shield).

Results (RMS magnetic field at conductor, Source E, all sources active simultaneously):

Unshielded OFC: 847 nT
Single copper braid: 124 nT (17 dB attenuation)
Double braid + mu-metal: 8.3 nT (40 dB attenuation)
Equinox triple-layer: 1.7 nT (54 dB attenuation)
SC Interconnect (Meissner): < 0.1 nT (> 79 dB attenuation; limited by magnetometer noise floor)

The superconducting cable's internal field was indistinguishable from the magnetometer's noise floor under all test
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conditions, including the worst-case simultaneous operation of all EMI sources.

3. ระบบตัวนำยิ่งยวดที่สมบูรณ์
The full potential of Meissner shielding is realized only when the entire signal chain is superconducting. A single
conventional cable segment in an otherwise superconducting system creates a "magnetic window" through which external
fields can couple to the signal.

The Zero Kelvin Reference System addresses this by providing superconducting cables for every segment of the signal
chain: power (SC Power Cord), clock (SC Word Clock Cable), digital (SC Digital Cable), analog (SC Interconnect), and
loudspeaker (SC Speaker Cable). The central LN2 reservoir and 12-port distribution manifold ensure that all cable segments
are maintained at 77 K simultaneously.

When the complete system is operational, the audio signal path from wall outlet to speaker driver is entirely enclosed in
superconducting material. Every segment exhibits zero resistance and complete Meissner flux expulsion. The system
achieves what no combination of conventional shielding can: electromagnetic invisibility.

The practical difference is most audible during conditions of high ambient EMI. In a demonstration for a panel of audio
reviewers (Munich High End 2024), the Zero Kelvin Reference System was operated in a room with deliberate EMI
contamination (multiple WiFi routers, a 2 kW induction heater, and a running vacuum cleaner). The reviewers could not
detect any difference in sound quality between the clean and contaminated conditions. The system was,
electromagnetically speaking, unaware that the interference existed.

4. สรุป
The Meissner effect provides electromagnetic shielding that is fundamentally complete -- not attenuated, not
frequency-dependent, but absolute. Audio signal paths enclosed in superconducting material are immune to external
electromagnetic fields at any frequency and any magnitude below the critical field. The Zero Kelvin Reference System
demonstrates that a complete superconducting signal chain is achievable in a residential environment, given appropriate
cryogenic infrastructure. We propose that Meissner shielding represents the physical limit of electromagnetic protection
for audio signal paths.
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