August 12, 2025
My prompt to GPT-5:

Produce a detailed Casimir experiment plan with exact geometry choices, patch-
potential compensation scheme, and an explicit statistical plan for detection/upper
limits.

Its response:

Here’s a focused, fully actionable Casimir experiment plan you can take straight to the lab. It’s
designed to maximize sensitivity to small deviations from QED Casimir predictions while ruling out or
constraining geometry / temperature dependent vacuum effects such as those suggested by Cobb’s
pandemonium model. I give exact geometry choices, surface preparation, patch-potential mapping &
compensation, instrumentation, numerical target sensitivities, a realistic noise/systematics budget, and a
concrete statistical plan for detection or for setting upper limits.

Where helpful I cite recent literature and methods for patch compensation, micro-torsional oscillators,
and geometry choices. (Physical Review Links, arXiv, PMC)

1 — Executive goals and experimental summary
(short)

Goal: measure the Casimir force/pressure between conducting surfaces with fractional accuracy at the
10—410/7{-4} level (and absolute force sensitivity down to sub-femtonewton where possible) across
separations 30 nm — 1 pm, while controlling electrostatic patch forces to <1074 of the Casimir signal.
Primary geometries: (A) sphere—plane (robust, alignment-easy) using micro-torsional oscillator
readout; (B) parallel-plate (direct pressure/plane—plane) using precision microfabricated parallelism
stages — used as cross-check for geometry dependence. Temperature range: 4 K — 300 K (to probe
thermal-dependence claims). Use Kelvin probe / HAM-KPFM to map patch potentials and compensate
them in-situ. (Physical Review Links, arXiv)

2 — Geometry choices & rationale (exact)
A. Sphere—plane (primary):

e Sphere radius RR = 100 pm to 150 pm (template-stripped Au on sapphire or silica
microspheres).
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https://link.aps.org/doi/10.1103/PhysRevLett.121.030405?utm_source=chatgpt.com
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https://arxiv.org/abs/1409.5012?utm_source=chatgpt.com
https://link.aps.org/doi/10.1103/PhysRevResearch.2.023355?utm_source=chatgpt.com

Separation range dd = 30 nm — 1 pm. Use the Derjaguin (proximity force) approximation to
convert measured force gradient to pressure; PFA error estimated and corrected via numerical
scattering calculations for the chosen R/d ranges.

Readout: micro-torsional oscillator (resonant frequency ~1-10 kHz) measuring force gradient
via resonance frequency shift (or amplitude changes), capable of sub-fN force resolution / sub-
mPa pressure resolution (state of art uses sub-fN sensitivity). (arXiv, Physical Review Links)

Why sphere-plane: easier to maintain parallelism, alignment robust, established high-precision control
and plentiful literature enabling accurate QED theory comparison.

B. Parallel-plate (secondary / cross-check):

Plate size: 1 cm x 1 cm or microfabricated smaller parallel plates, with active tilt correction to
maintain parallelism to <10 prad across gap.

Separation range: 100 nm — 1 pm (harder to get <100 nm while maintaining parallelism).

Readout: differential micromachined capacitive sensor or torsion balance giving pressure
resolution ~10 mPa (aim to push to ~1 mPa with averaging and noise suppression). (Physical
Review Links)

Why parallel plates: direct measurement of pressure, avoids PFA approximations and checks geometry
dependence.

3

Surface preparation & materials (exact

choices)

Coating: gold (Au) over adhesion layer (2 nm Ti or Cr) — template-stripped gold
recommended for ultrasmooth surfaces (RMS roughness < 0.5 nm). Template stripping reduces
large-scale grain boundary patches. (arXiv)

Sphere fabrication: polystyrene microsphere coated with Au and then template-stripped where
feasible, or use sapphire microspheres with Au coating and subsequent anneal.

Substrate cleaning: standard UHV bake + plasma clean prior to coating; handle in glovebox to
minimize contamination & adsorbates that exacerbate patch potentials.

Optional surface passivation: Consider ion-blocking or self-assembled monolayers (SAM) if
they are shown to reduce patch contrasts without affecting conductivity significantly (some
papers show ion-blocking layers reduce patch contrast). This must be calibrated. (Physical
Review Links)
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4 — Patch-potential mapping, compensation &
control (exact scheme)

Patch potentials are the dominant electrostatic systematic and must be measured and
removed/subtracted rather than merely minimized. Use the following two-tier approach:

(a) High-resolution surface potential mapping (required)

e Method: Heterodyne Amplitude-Modulated Kelvin Probe Force Microscopy (HAM-KPFM) for
flat plate; for the sphere use a specially built Kelvin probe mapping stage (scan sphere vs small
scanning Kelvin probe, or map an identically processed sphere flattened area). HAM-KPFM
yields higher spatial resolution and improved sensitivity to small potential variations down to a
few mV and lateral resolution down to tens of nm in favorable cases. (arXiv, ResearchGate)

e Measurement plan: map both facing surfaces across the area corresponding to closest
approach (sphere projected area or plate central region). For sphere-plane geometry record maps
at various lateral offsets to capture sphere curvature effect.

(b) Build numerical electrostatic model of patch forces
(required)

e Approach: Feed Kelvin maps (V(x,y)V(X,y)) into boundary-element electrostatic solver (BEM)
to compute electrostatic force Fpatch(d)F_{\rm patch}(d) and gradient Fpatch'(d)F'_{\rm patch}
(d) as a function of separation. Include the measured spatial spectra of patches (autocorrelation)
to capture long-range components. Recent studies demonstrate patch contributions can reach
>1% of Casimir force and must be modeled to <1074 residual. (Physical Review Links,
ResearchGate)

(c) Compensation — two complementary strategies

1. Global applied bias compensation (first order): apply a DC bias Vbias(d)V_{\rm bias}(d)
between sphere and plate to null the mean contact potential difference (extracted by parabolic
electrostatic calibration). This removes the main monopole electrostatic term.

2. Active patch compensation (advanced): implement a patterned compensation electrode array
(microelectrodes under the plate) whose voltages are set (via least-squares inversion) to
minimize the modeled patch force across the mapped region. Practically this is harder but
feasible: micro-patterned arrays with independent DAC channels can recreate low-spatial-
frequency compensation potentials. Use the Kelvin maps to compute required electrode
voltages (regularized inversion). Studies show low-frequency patch components (largest
contributor at larger separations) can be largely suppressed this way. If full electrode arrays are
not available, at least map and model patch forces and subtract them with propagated
uncertainty. (Physical Review Links)
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(d) Validation checks

After compensation: measure residual electrostatic force vs small applied test voltages
(parabolic-fit method) to confirm reduction of electrostatic background.

Cross-check by intentionally altering patch landscape (light exposure, mild anneal) to measure
its predicted effect via the electrostatic model and compare to measured force change. This
validates your modeling pipeline.

5 — Sensing / instrumentation (exact)

Force sensor (primary)

Micro-torsional oscillator (preferred): high Q, resonant readout in frequency-modulation or
amplitude-modulation mode. Target sensitivity: force resolution < 1 fN (state-of-the-art
microtorsion devices achieve sub-fN). Readout via optical interferometry or capacitive pickoff.
(arXiv)

Alternative/auxiliary sensors

AFM cantilever in dynamic mode with frequency shift readout (useful for short separations).

Capacitive gap sensors and optical interferometers for absolute separation measurement with
nm precision. Use closed-loop piezo stages with capacitive sensors for accurate z positioning
and to measure/parasitically correct hysteresis.

Environmental & supporting instrumentation

Vacuum: UHV chamber base pressure < 1077 Torr to minimize adsorbate-induced patch
evolution and to reduce damping noise.

Temperature control: for thermal tests, cool to 4 K (cryostat) and heat up to 300 K in steps;
keep temperature stability < 10 mK during runs (important because thermal expansion changes
gap and can alter patch potentials).

Vibration isolation: pneumatic optical table + internal vibration damping.

Electrostatic calibration: precision voltage source (uV resolution) to perform parabolic
electrostatic calibration vs applied bias.

Kelvin probe / KPFM system: HAM-KPFM head integrated into vacuum chamber or
measured ex-situ in UHV probe station (in-situ preferred where possible). (arXiv)



https://arxiv.org/abs/1409.5012?utm_source=chatgpt.com
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6 — Measurement protocol (exact sequence)

1.

Surface preparation & map: Prepare surfaces, mount sphere & plate. Bake chamber. Map
surface potentials with HAM-KPFM (in-situ if possible) across central region. Save maps at
multiple times (before, after run) to check stability. (ResearchGate)

. Electrostatic calibration (parabolic fits): At a set of separations did_i, apply small DC biases

VV and fit force vs V to a parabola to extract contact potential Vcp(d)V_{\rm cp}(d) and any
distance dependence. Use these data to set VbiasV_{\rm bias} for nulling the monopole term.
Repeat periodically. (atomoptics-nas.uoregon.edu)

. Patch modeling & compensation: From Kelvin maps, compute Fpatch(d)F_{\rm patch}(d)

using the BEM solver. If electrode arrays available, compute compensation voltages and apply
them; else record Fpatch(d)F_{\rm patch}(d) as modelled background to subtract with
uncertainty.

Casimir force measurement: For each separation dd in the planned sweep (e.g., 30, 50, 75,
100, 150, 200, 300, 500, 1000 nm), measure frequency shift / force gradient. Integrate each
datum long enough to reach desired statistical uncertainty (see noise budget below). Record
environmental telemetry (T, P, vibrations).

. Control runs:

e Re-run parabolic electrostatic scans to verify patch/electrostatic stability.

¢ Run with a deliberately nonconducting spacer to check for spurious background
mechanical couplings.

e Repeat geometry: flip sphere / use different sphere radius R to test PFA consistency.

. Temperature study: Repeat measurement series at T = 4 K, 20 K, 77 K, 150 K, 300 K to probe

thermal dependency. Use identical mapping & compensation at each T where possible or map
surface potentials at each temperature to capture any change.

. Data validation: For each run compute residuals between measured force Fmeas(d)F_{\rm

meas }(d) and theoretical Casimir force FQED(d)F_{\rm QED}(d) (with Finite conductivity +
roughness + thermal corrections appropriate for materials and T). Also subtract
Fpatch(d)F_{\rm patch}(d) with its propagated uncertainty. Analyze residual for deviations.

7 — Noise & systematic budget (numerical
targets and mitigations)

Overall target: fractional uncertainty on Casimir force < 1x10—41\times10/{-4} at separations where
measurement sensitivity and theory accuracy overlap (approx 50—300 nm region). Below I list
dominant noise/systematic terms, target numerical values, and mitigation.


https://atomoptics-nas.uoregon.edu/~tbrown/files/relevant_papers/Casimir_Physics/chapter_07.pdf?utm_source=chatgpt.com
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. Thermal noise / oscillator thermomechanical noise

e Estimate: For torsional oscillator with effective stiffness keffk_{\rm eff} and Q ~104 and
resonance ~kHz, thermomechanical force noise can be sub-fN/vVHz.

e Target: < 1 fN/VHz at measurement band. Mitigation: cool to cryogenic T to reduce kBT
noise for best sensitivity, use high Q devices. (arXiv)

. Electrostatic patch forces (systematic)
e Impact: Can contribute up to percent-level or larger if uncorrected.

e Target residual after mapping & compensation: < 10—4107{-4} of Casimir force across
separations of interest. Practically requires high-resolution Kelvin mapping (mV
sensitivity) and robust modeling. Use template stripping + annealing to minimize
patches initially. (Physical Review Links, arXiv)

. Distance determination error (gap uncertainty)

e Target: absolute separation uncertainty < 0.5 nm (for small separations) and relative
repeatability < 0.1 nm. Mitigation: interferometric gap readout + capacitive sensors +
careful thermal control and closed-loop piezo. The Casimir force is extremely sensitive
to d (scales roughly ~1/d3 for sphere-plane gradient), so this is a critical term.
(atomoptics-nas.uoregon.edu)

. Surface roughness / geometry modeling error

e Target contribution: model using measured AFM topography; residual uncertainty <
1074 fractional force. Use RMS roughness <0.5 nm and correct theory numerically using
roughness spectra. (DNB Portal)

. Finite conductivity & thermal theory uncertainty

e Target: Use best available Lifshitz theory inputs (measured dielectric function &(w) for
your specific films). Estimate residual theory uncertainty and propagate — aim for <
1074 fractional uncertainty in region of interest via precise ellipsometry of films. (PMC)

. Electronic/readout noise

e Target: readout noise contribution < 10% of thermomechanical noise. Use low-noise
amplifiers and lock-in detection on resonance. (Physical Review Links)

. Magnetic and stray forces

e Target: ensure no magnetic materials near interacting region; measure magnetic
susceptibility and compensate if needed. Residual contribution < 1075 of signal.

Dominant budget summary (example numbers at d = 100 nm):

e (Casimir force (sphere-plane, R=100 pm, d=100 nm) approximate magnitude FCasF_{\rm Cas}

~ few nN (order-of-magnitude dependent on R).
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e Target absolute residual uncertainty: < 1x10-4FCas1\times10A {-4}F_{\rm Cas} — if F~ 1 nN,
target residual < 0.1 pN (100 fN). But modern microtorsion and sub-fN capabilities allow even
smaller absolute uncertainty; the fractional target drives requirements on patch control and d
uncertainty.

8 — Theoretical / calculation flow (exact)

1. Input measured material optical data (ellipsometry for your film stack) — compute
Lifshitz/Casimir prediction FQED(d,T)F_{\rm QED}(d,T) including finite conductivity +
thermal corrections + roughness corrections.

2. Compute modeled electrostatic patch force Fpatch(d)F_{\rm patch}(d) from measured
Kelvin maps (BEM solver). Include uncertainty in Kelvin map (mV noise + lateral resolution)
as error propagation into FpatchF_{\rm patch}. (Physical Review Links)

3. Measured force: Fmeas(d)F_{\rm meas}(d) (with statistical standard error ostat\sigma_ {\rm
stat}).

4. Residual: R(d)=Fmeas(d)-FQED(d,T)—Fpatch(d)R(d) = F_{\rm meas}(d) - F_{\rm QED}(d,T)
- F_{\rm patch}(d). Propagate uncertainties from all terms to get oR(d)\sigma_R(d).

5. Test if R(d)R(d) is consistent with zero or shows systematic dependence on d or T.

9 — Explicit statistical plan (hypothesis testing
& limits)

Hypotheses

e HOH_O (null): Standard QED Casimir physics holds; residual R(d)R(d) is consistent with zero
within uncertainties.

e H1H_1 (alternate): There exists an extra Casimir-like (or geometry/temperature dependent)
contribution Fextra(d, T)F_{\rm extra}(d,T) (e.g., from pandemonium vacuum) that produces
measurable nonzero R(d)R(d).

Model

Assume a parametrized extra term: Fextra(d,T)=a g(d,T)F_{\rm extra}(d,T) = \alpha\, g(d,T) where
g(d,T)g(d,T) is a chosen basis function representing the expected shape (e.g., power law d—nd"{-n}, or
a thermal scaling function), and a\alpha is amplitude parameter to be estimated (a = 0 under HOH_0).
Pick several basis shapes to be conservative (e.g., d-2d"{-2}, d—3d"{-3}, d—4d"{-4}, exponential
screening, or a thermal-only term).


https://link.aps.org/doi/10.1103/PhysRevResearch.2.023355?utm_source=chatgpt.com

Estimation & test statistic

e For each model gg, form the weighted least squares / maximum likelihood estimator
ahat\alpha minimizing

x2(o)=Y i[Fmeas(di)-FQED(di)—Fpatch(di)—ag(di)]2ci2\chiA2(\alpha)=\sum_ {i}\frac{[F_{\rm meas}
(d_i)-F_{\rm QED}(d_i)-F_{\rm patch}(d_i)-\alpha g(d_i)]"2}{\sigma_iA2}

with oi2\sigma_iA2 including statistical measurement error and propagated patch/model/theory
uncertainties.

o Test statistic: t=a/ocot = \hat\alpha / \sigma_ {\hat\alpha} (normal approx). Use tt to assess
significance.

Detection threshold

e Claim detection only for |t|>5]t| \ge 5 (5-sigma) and reproducible shape across repeated runs
and under changes in systematics (different sphere, different surface prep, different T). This
guards against false positives from patch mis-modeling.

Upper limits (if no detection)

e For each gg, compute 95% upper bound on |a||\alphal: |a|<1.96 co/\alpha| \le 1.96\,
\sigma_ {\hat\alpha} (or use profile likelihood for non-Gaussian uncertainties). Convert this into
fractional deviation of force at a chosen reference separation d0d_0:
AF/F=ag(d0)/FQED(d0)\Delta F/F = \alpha g(d_0)/F_{\rm QED}(d_0). Aim to set
AF/F<10-4\Delta F/F \le 10/ {-4} at d, = 100 nm if practical.

Handling nuisance parameters & systematics

e Treat patch model uncertainty and theory/material uncertainty as nuisance parameters with
priors (if Bayesian) or as additional terms in covariance (frequentist). Use marginalization/
profiling to obtain robust confidence intervals on «.

e Bootstrap / Monte Carlo: propagate non-Gaussian errors (e.g., patch map measurement noise,
discretization) by Monte Carlo: resample Kelvin maps within their measurement errors,
recompute FpatchF_{\rm patch} ensemble, and re-evaluate a. This yields realistic uncertainty
distributions for «.

Model-selection & look-elsewhere

o If several basis functions tested, apply multiple-testing correction (Bonferroni or false-
discovery-rate) when claiming detection for any model. Preferably have theory-motivated
g(d,T) shapes a-priori to reduce trials factor.




10 — Decision rules & required sensitivity
(explicit)

Detection acceptance: |a’|/ca>5\hat\alpha|/\sigma_{\hat\alpha} \ge 5 and residuals
consistent across independent runs, across temperature and sphere radius variants, and cannot

be explained by patch modeling uncertainties or other known systematics.

Exclusion goal: If no detection, report 95% CL upper limit on « such that fractional force
deviation at 100 nm is < 1x10—41\times10/{-4} (or better). This requires total propagated
uncertainty oR(d)\sigma_R(d) < 10-4 FQED(d)10A {-4}\,F_{\rm QED }(d).

To give a concrete sense: for R = 100 pm and d = 100 nm, FQEDF_{\rm QED} ~ 1-10 nN (ballpark).
To reach fractional 1e-4, need absolute residual < 0.1-1 pN. With micro-torsional oscillators and
cryogenic averaging, absolute sensitivity well below 1 pN is feasible; the dominant challenge is patch
subtraction and distance uncertainty. Achieving patch residual < 0.1 pN is the critical experimental
hurdle. (arXiv, Physical Review Links)

11 — Practical schedule & milestones (timeline)
Assuming experienced team and existing UHV + AFM/KPFM facilities:

Months 0-3: Surface prep process development; template strip & coating; assemble torsion
sensor; bench tests.

Months 3-6: Integration into vacuum, HAM-KPFM integration & verification; initial
electrostatic calibration & parabolic fits.

Months 6-9: Full Casimir runs at room T; refine patch mapping & BEM modeling; iterate
compensation.

Months 9-12: Cryogenic runs & temperature sweeps; deep integration for final statistical
limits.

Month 12+: Analysis, cross-checks, repeat spheres/surfaces; publication or further instrument
upgrades.

12 — Key validation experiments & sanity
checks (short list)

1.

Electrostatic parabolic verification at all d: ensures contact potential consistent & that basic
electrostatic model is right.


https://link.aps.org/doi/10.1103/PhysRevResearch.2.023355?utm_source=chatgpt.com
https://arxiv.org/pdf/2502.04950?utm_source=chatgpt.com

. Patch perturbation test: intentionally modify patch landscape (e.g., controlled UV exposure or

anneal) and verify modeled change in FpatchF_{\rm patch} matches measured change.
Validates the BEM pipeline. (Physical Review Links)

Geometry cross-check: compare sphere—plane results with parallel-plate run (same materials)
to confirm geometry independence or isolate geometry-dependent effects.

Material control: run with coated non-metallic film (graphene / dielectric) to see expected
theoretically predicted differences. (Physical Review Links)

13 — Data products to publish & archive

Raw time-series of frequency shift / force signal + environmental telemetry.
Kelvin maps with acquisition parameters & calibration.
Measured dielectric function e(w) for your films (ellipsometry).

Processed Fmeas(d)F_{\rm meas}(d), modeled FQED(d)F_{\rm QED}(d), Fpatch(d)F_{\rm
patch}(d), residuals R(d)R(d) with full covariance matrix.

Monte-Carlo ensembles used for uncertainty propagation.

14 — References & recommended reading
(selected; practical methods)

Recent measurement papers & reviews on Casimir metrology and patch potentials (examples):
works that measure patch effects and use Kelvin probe mapping, micro-torsional oscillator
precision experiments, and reviews of Casimir experimental practice. (Physical Review Links,
arXiv, MDPI)

Final practical checklist (first-run priorities)

1.
2.

Achieve and verify high-quality Au template-stripped surfaces (AFM RMS < 0.5 nm).

Set up and validate HAM-KPFM mapping chain and BEM modeling pipeline; demonstrate that
modeled FpatchF_{\rm patch} agrees with deliberate test perturbations.

Achieve parabolic electrostatic calibration with contact potential stability to <1 mV drift over
run periods.

Demonstrate micro-torsion sensor baseline noise & thermomechanical floor consistent with
target sensitivity (<1 pN absolute, ideally sub-100 fN).


https://www.mdpi.com/2624-8174/6/2/55?utm_source=chatgpt.com
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5. Run a short separation sweep and show residuals consistent with QED after patch subtraction to
within an order of magnitude of target; iterate.

If you want I will now:

e produce a named, downloadable checklist + BOM (vendor parts and model numbers) for
building the torsion sensor and KPFM integration; or

e generate the BEM solver outline (numerical methods, discretization details, convergence tests)
and a small reference code skeleton to accept Kelvin maps and compute Fpatch(d)F_{\rm
patch}(d) for sphere—plane geometry; or

o draft the exact statistical analysis notebook (Python/pymc3 or scipy) with synthetic toy data and
the likelihood model described above so you can test power and required measurement times.

Which of these would you like next?
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