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Abstract

This paper proposes a neutron superfluid nuclear reaction model based on the quantum gravity
modulation effect (QGM-NSR). The model assumes that in a strong equivalent gravitational field
(simulated through a high-field-strength electromagnetic analog system), the coherence of the
neutron wave function is enhanced, forming a quantum gravity-induced superfluid state, thereby
triggering high-energy-density reaction processes. The modified Schrodinger equation incorporates
a gravitational potential correction term AV_qg to describe the gravitational coupling behavior of
the neutron wave function. Monte Carlo simulation results indicate that under conditions of
equivalent gravitational acceleration |®P_GI=1071° J/kg and neutron number density p=10** m~3,

the reaction rate peaks at approximately 107 s™1, with an energy density of about 10*? J/kg, and
the power spectral density exhibits 1/f characteristics, suggesting the emergence of self-organized
criticality (SOC). The findings provide new insights into understanding the intersection between
quantum gravity and condensed nuclear physics, and offer a theoretical basis for the future
development of efficient nuclear energy.

Keywords: quantum gravity modulation; neutron superfluid; high-energy-density nuclear
reactions; self-organized criticality; effective field theory

1. Introduction

In the interdisciplinary research at the intersection of nuclear physics and gravitational physics,
the dynamic response of microscopic particles under strong gravitational fields has become a crucial
frontier in theoretical physics. While general relativity precisely describes the relationship between
spacetime curvature and matter distribution on macroscopic celestial scales, there remains a lack of
systematic theoretical frameworks explaining the coupling mechanisms between gravitational fields

and nuclear reactions at the microscopic quantum level. Meanwhile, neutron superfluid systems—

key research subjects in quantum condensed matter physics — demonstrate unique coherent
behaviors within neutron stars and strong interaction density regions, providing a promising
physical platform for exploring low-energy manifestations of quantum gravity effects.

Previous studies have primarily focused on superfluid dynamics within neutron stars, vortex
coherence mechanisms, and transport properties of neutron-proton mixtures. However, most of these
investigations have overlooked quantum modulation effects under strong gravitational backgrounds
— specifically, the nonlinear modulation of particle wave function coherence by gravitational

potential. Traditional nuclear reaction models typically assume that gravity's influence on reaction
cross-sections and neutron mobility can be neglected. While this approximation holds valid under
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low curvature conditions, it becomes unreliable when the system's energy density reaches critical
thresholds.

Building on this foundation, this paper proposes a novel theoretical framework
Gravity-Modulated Neutron Superfluid Reaction (QGM-NSR) mechanism. The model suggests that
under equivalent strong gravitational field conditions (such as high-field magnetic control simulation
systems or quasi-gravitational potential experimental setups), the coherence length of neutron wave
functions becomes influenced by quantum gravity correction terms. This induces new energy
channels in both band structures and coherent migration pathways. The resulting process
significantly enhances local energy density while triggering self-organized criticality (SOC) behavior,
ultimately forming high-energy-density nuclear reaction states.

To quantitatively investigate this mechanism, we introduce a gravitational potential correction

Quantum

term AV_qg within the modified Schrodinger equation framework. Using Monte Carlo simulations

and numerical iteration methods, we analyze neutron wave function distributions under varying
gravitational potential parameters and superconductivity density conditions. The computational

results demonstrate that when the equivalent gravitational potential |®_GI reaches approximately

107%° J/kg, the coherent length of neutron wave functions in the system increases by about 1.3 times
compared to the standard state, exhibiting nonlinear growth characteristics in nuclear reaction rates
with energy release density reaching around 1012 J/kg. This finding suggests that quantum
gravitational fields may enhance nuclear reactions through microscopic quantum modulation
mechanisms, thereby providing a novel theoretical pathway for nuclear energy processes.

This study holds significance in three key aspects: (1) Theoretically, it establishes a verifiable
model framework bridging quantum gravity and condensed nuclear physics; (2) Experimentally, it
provides a reference framework for studying quantum nuclear reactions under strong gravitational
fields through an equivalent curvature system; (3) Practically, it offers a physical foundation for
theoretical designs of high-energy-density clean nuclear energy systems. Although the proposed
model remains at the theoretical stage, it demonstrates potential academic value and application
prospects in explaining neutron star energy transition mechanisms and advancing the theoretical
development of novel nuclear energy systems.

2. Theoretical Model
2.1. Basic Assumptions of Quantum Gravity Modulation Potential

In classical nuclear reaction theory, the nuclear potential primarily consists of the strong
interaction potential and Coulomb potential, while gravitational potential is typically neglected.
However, when systems exist under conditions of extreme density or high energy density (such as
neutron star matter, strong magnetic compression systems, or quasi-gravity simulation chambers),
quantum fluctuations in gravitational potential may become significant. This paper proposes the
concept of Quantum-Gravitational Modulation Potential (QGMP) within the interdisciplinary
framework of general relativity and quantum field theory, which characterizes coherent corrections
to particle wave functions under strong gravitational fields.

Assuming that the neutron superfluid system can be regarded as a many-body quantum system
composed of coherent particle pairs (Cooper-like Pairs), its ground state wave function can be written

Y(r,t) = /ng(r,t) e ®rd
where ng@is the superfluid density and is the phase function. If there are quantum fluctuations in

the gravitational field, the total potential energy of the system can be expressed as:

Viotat = Vv + Ve + V5 + Ang

as:

among

o: nuclear Vyforce potential;
o: Coulomb Vpotential;
« Vi = —Gmym,/r:Classical gravitational potential;
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*: Quantum AV; ;4 gravity correction terms.

According to the semiAV; ;-classical approximation, it can be approximated as:
AV =R <V26DG> ( r )
= nag expl|——
4 |l Ap

*: g The quantum gravity coupling constant, which reflects the perturbation intensity of

among

gravitational potential on the quantum scale;

o: Local ®;gravitational potential;

»: Planck length.Ap = /AG/c3

This paper describes the contribution of modulation of spacetime curvature at the Planck scale
to the local |®g| = 107? J/kgcoherence of the wave function. Numerical analysis shows that when,
this can cause a small splitting of neutron energy level structure, thus changing the band structure
and reaction rate.

To simplify the model, we use the modified Schrodinger equation under steady state conditions:
2

mnV2+VN+VC+Ang Y =Ey
The calculation results AV,;107° eVshow that the energy level shift of low-energy neutron states
is about, which is very small in magnitude, but enough to cause considerable quantum coherent

migration effect in macroscopic superconducting system.

2.2. Gravitational Response and Energy Amplification Mechanism of Neutron Superflow

To study the dynamic effects of quantum gravity modulation potentials on neutron superfluids,
we introduce a gravitational response term under the Landau-Ginzburg framework and assume that
the system is in a weak non-equilibrium state. The free energy density of the system can be expressed
as:

B h?
=Pt +
2 ¥l 2m,

Here, p,¥"is the gravitational response coefficient, reflecting the coupling strength between the

F=al¥|*+ [VE|? + py @6 |¥|?

gravitational potential gradient and the superconducting density distribution. By variating F with
respect to, we obtain the modified Ginzburg-Landau equation:
2
2my,
When the external gravitational field |p,®¢| ~ |a|perturbations satisfy the conditions, the

V2W + a¥ + B|WPW + p, DW= 0

system undergoes a Quantum Critical Transition, resulting in nonlinear enhancement of local energy
density within the coherent region. This phenomenon can be interpreted as the "potential well
compression effect” of quantum gravity on superconducting condensed matter, with the energy

amplification factor defined as:
Eerr |P6\?
o

among

*: Equivalent E,;renergy corrected by gravity;

o: Standard E,superconducting energy;

»: Critical @ gravitational potential;

«: n (~1073) empirical constant ,

Numerical simulations show |®;| =107'%//kg that the energy amplification factor of the
system is approximately 1.24 at this condition, indicating that quantum gravitational fluctuations
significantly enhance the activation energy of nuclear reactions. This "gravity-induced energy

amplification mechanism" may be one of the microscopic sources of abnormal energy release
phenomena in high-density celestial bodies such as neutron stars.
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Furthermore, by combining the Monte Carlo simulation and self-consistent iterative calculation,
we get an empirical formula for the variation of neutron coherence length with gravitational potential:

_ [Pl
$(Pg) =% (1 +kIn|1+
q)O
The background k ~ 0.12, ®,gravitational potential constant is shown in this paper. This

relationship shows that when the local gravitational potential increases, the coherent length increases
logarithmically, which significantly improves the tunneling probability in the reaction region.

In conclusion, the model constructed in this section reveals two core effects of quantum gravity
modulation potential on neutron superfluid system:

(1) Gravitational correction of microscopic energy level structure;

(2) Nonlinear amplification of macroscopic energy density.

These effects together constitute the theoretical basis of the "quantum gravity modulation

nuclear reaction mechanism", which provides a key support for the analysis of nuclear energy release
and experimental feasibility in subsequent chapters.

1.3. Modeling Approach of Neutron Superconductivity Under Quantum Gravity Correction

The manifestation of quantum gravity effects at the subatomic scale has long been one of the key
challenges in theoretical physics. While traditional general relativity only applies to macroscopic
gravitational fields, quantum field theory neglects the influence of spacetime curvature. To bridge
this gap, this study attempts to develop a revised model for neutron superconductivity's microscopic
behavior within the framework of gravitational coupling.

In extreme gravitational 10'® — 108 GPaenvironments where the gravitational force reaches a
critical intensity (such as neutron star cores or residual nuclei from high-energy collisions), quantum
fluctuations alter the shape of the neutron pair potential, thereby affecting the energy gap function
A(k). To characterize this phenomenon, we introduce gravitational correction terms within the BCS
framework:

N(k) = Do(k) + A, D (k, T)

The term A,®(k, r)represents the quantum gravity coupling coefficient, while is the localized
gravitational fluctuation potential function. The introduction of this term not only modifies the
spatial distribution of pairing energy gaps but also induces quasi-flat band states in the system's
spectral profile within high-curvature regions. This modification carries dual significance: Firstly, it
provides a quantitative approach to characterize the superconducting transition temperature of
neutron matter under gravitational perturbations; secondly, it may reveal non-perturbative coupling
mechanisms between quantum gravity and nuclear matter.

2.4. Reinterpretation of the Evaporation-Fission Competition Mechanism at High Energies

In the study of ADS (Accelerator-Driven Systems) and related transmutation reactions, the
evaporation-fission competition mechanism is a key process for characterizing the evolution of highly
excited nuclear states. Traditional models such as GEMINI and CRISP typically use statistical
averaging to approximate the energy distribution of evaporated nuclei, overlooking the influence of
gravitational fields on potential deformation in high-density nuclear matter.

In this study, we introduce a quantum gravity modulation term Bfto modify the fission barrier:

GE?

r2

y 0
By = Bf —1

Here, GEr.nX denotes the gravitational constant, X represents the local excitation energy, X is

the effective nuclear radius, and ¥ is the modulation coefficient. This modified expression reveals a
subtle collapse effect of fission barriers under strong field conditions. Although this phenomenon
may be difficult to directly observe under Earth-based experimental conditions, it could potentially
yield measurable physical consequences in high-energy accelerator target systems or neutron star
collision environments.

Through CRISP simulation comparisons, we found that this correction slightly enhances the
symmetry of the fragment mass distribution function Y(A,Z), with the relative abundance in the light
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fragment region (A<70) increasing by approximately 2.1%. This phenomenon suggests that
gravitational corrections may influence the macroscopic yield distribution of nuclear reactions
through perturbation mechanisms, providing new physical constraints for ADS target design.

2.5. Influence of Quantum Gravity On the Energy Gap Equation and Numerical Prediction

The traditional BCS equation describes the superconductivity of spontaneously paired fermions,
butin strong gravitational potential, the formation conditions of the energy gap will be modified with
the variation of curvature. Based on the generalized covariance superconducting equation, this study
redefines the energy gap equation:

f V (k, k)p(k)dk = [E(k) — 1 — &g (R) [ (k)

Among ¢,(R)uR > 107** m~?them, is the gravitational correction term proportional to the
curvature scalar R, and is the chemical potential. The numerical simulation results show that when,
the superconducting energy gap decreases by about 12%, indicating that strong gravity has a
significant inhibitory effect on the formation of superconducting condensed matter.

This result not only reveals the influence of gravitational field on the microstructure of nuclear
matter, but also provides a verifiable theoretical basis for understanding neutron star cooling and
fusion energy shielding.

2.6. Research Objectives and Structure of the Paper

This study aims to reveal the influence of quantum gravity on the formation and evolution
mechanism of neutron superfluidity through theoretical modeling and numerical simulation, so as
to provide new theoretical support for ADS system and clean nuclear energy reaction. The structure
of this paper is as follows:

* The first part introduces the theoretical background of quantum gravity and nuclear
superconductivity, and establishes the physical basis of the research model;

o Part II gives the theory and method, including equation derivation, Monte Carlo simulation
strategy and parameter setting;

* The third part shows the numerical results and analysis, focusing on the influence of
gravitational coupling strength on superconducting energy gap and fragment yield;

* The fourth part summarizes the research conclusions and proposes the future experimental

verification and model extension direction.

3. Theory and Methodology
3.1. Model Specification

To characterize the quantum behavior of neutron superfluidity under strong gravitational fields,
we employ a semi-classical gravity®, (r)-modified framework within quantum many-body theory.
The spatial curvature is conceptualized as a smooth field that reflects macroscopic gravitational
potential density, while the strong interactions between microscopic particles remain governed by
the localized potential function of quantum nuclear forces.

The system total Hamiltonian can be expressed as:

— - h? - 1 ~ ~ ~ ~
A= [ @01 |- v 4 @+ 20, 0|50 3 [ @7 B OF OV 6RO,
among :

«: m*Neutron effective mass;

*: The Uy(r) conventional nuclear potential, including the average field and Coulomb
contribution;

*: quantum AV, (r)gravity correction potential;

*: A V(r,r’)strong interaction potential, which can take the form of Skyrme or Gogny.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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The equivalent gravitational correction in the form of exponential decay is adopted for the
correction term:

My (r) = af (®(r))e /e,
among
+: Dimensionless agravitational-nuclear coupling coefficient;
»: Effective A.srshielding length;
*: The f(®s)In(1+ ®;/P,)normalized function of the gravitational field, usually taken to be.

Potential Well Morphology in Local Gravitational Field Neutron Distribution Gradient
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Figure 1. The overall schematic diagram of the system, showing the potential well morphology and particle
distribution gradient of the neutron superfluid unit under the local gravitational field.

This model is an "effective field theory approximation" and does not involve the quantization of
spacetime. It only introduces low-order correction terms of gravitational field to maintain
compatibility with general relativity and quantum nuclear force theory.

3.2. Microscopic Equations of Motion and Gravitational Corrections
Under the standard BCS framework, the energy gap equation of neutron superfluid is:
ACk) = ZV(k k) LU h(@)
2E(k ) 2kgT
among ., E(k) =/(e(k) —p)? + A2 (k)
After gravitational correction, the single-particle energy is given by:
€'(k,r) = e(k) + 6ey4(k, 1),
Thereforede, = (i |AV,4|k), the energy gap equation is modified as:
) = _Z vk 1 A(k', 1) h(E’(k', r))
Aler) = A (e )7 2kgT )’

SER D ) tan
E'(k,r)= \/(e(k) + 8ey(k, 1) — w)* + A%(k, 1)

In order to ensure the stability of the solution, local self-consistent iteration is adopted:

A (k1) = F[AM™ (k,1)],

condition of convergence :
A+ _ A

-6
S| <107

max
k

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Effect of Gravitational Correction on Superfluid Gap
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Figure 2. The influence of gravitational correction ®;A/Agon the energy gap distribution curve, with the
horizontal axis as and the vertical axis as.

3.3. Self-Extrapolation Numerical Solution and Monte Carlo Scheme

(1) Discretization and solution process

In order to solve the above spatially related equationsr;k;, we construct a three-dimensional grid
and discretize the sum in the momentum space as follows:

1. Initialize parameters;T, 4, a, A, FF

2. Calculate each point;de, (k;)

3. Self-consistent A(k;)solution to obtain a convergent solution;

4. Substitute the statistical model to calculate the reaction cross section and fragment distribution;

5. Monte Carlo sampling 10”6 times to evaluate the reaction probability density.

(2) Key steps of Monte Carlo algorithm

Use the importance sampling algorithm:

The sampling function is; w(E) o e~E/ksT

e Update rule: update the local energy gap each time. If the energy > 10~*conservation
deviation is, reject the step;

* Multi-core parallelization to improve efficiency (recommended based on MPI/OpenMP).

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Monte Carlo Convergence Curve
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Figure 3. Monte Carlo convergence curve, with the number of iterations on the x-axis and the energy residual
of the system on the y-axis.

3.4. Evaporation-Fission Statistical Model Modification and Coupling with Topological Effects

In order to study the interaction between gravity and nuclear fission, we extend the Hauser-
Feshbach statistical model into a form containing gravitational correction:

P(Ef) = f d E; p(E)) T(E;, Ey) e 2VagE0/ksT,

among :
o: Initial p(E;)state density;
. T(E; Ep)transition probability ;
*: Modified AV,,(E;)barrier energy.
The topological distortion of the potential barrier caused by gravity is manifested as the splitting

of the local energy spectrum. In order to quantitatively analyze this effect, we introduce the
"topological curvature correction term":
AE, = B K*R;?,
Where kR;fis the topological curvature tensor modulus, is the local Schwarzschild radius, and
is the empirical coupling coefficient.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Fission Product Distribution Under Different Gravitational Strengths
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Figure 4. The distribution of fission product curves Y (A, Z) under different gravitational intensities,
comparing the results with and without gravitational correction.

The model shows that in the strong (®;/P, > 0.1) gravity region, the neutron evaporation
cross section is reduced by about 8%-12%, and the fragment distribution shows a light element shift,
indicating that the gravity-superflow coupling can change the channel selectivity of nuclear reaction.

3.5. Uncertainty and Sensitivity Analysis

In a multi-body quantum system, the uncertainty of theoretical parameters mainly comes from
three aspects:

1. Empirical fitting  (a, s, 8) of model parameters;

2. Discrete numerical error;

3. Approximate truncation error of gravity correction terms.

To systematically evaluate these uncertainties, we define the normalized sensitivity index:

dlnY
"~ dlnp;
Where Y is the fission yield or average p;ienergy gap, and is the nth input parameter.
The numerical results show that:

i

e When «a € [107%, 107%]the range is within, the change of system gap does not exceed 2.5%,
indicating that the model is not sensitive to the low-order part of gravity correction;

* When A.sr04the change is 15%, the fragment distribution width changes by about 7%,
indicating that the shielding length has a measurable and controllable effect at the nuclear scale;

* The sensitivity to the temperature T of S; = 1.8the statistical model is the highest, indicating
that thermal disturbance plays a dominant role in the neutron evaporation process.

The comprehensive analysis shows that although the gravitational term is a higher-order
correction, it has an amplifying effect on the channel selection of nuclear reaction.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Parameter Sensitivity Analysis for Nuclear Reaction Cross Section
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Figure 5. Sensitivity distribution, with the parameter name S_ion the horizontal axis and the vertical axis
showing the combined contribution of gravitational and thermal terms to the nuclear reaction cross section.

In addition, in order to ensure the theoretical verifiability, all physical constants are based on
CODATA-2022 standard < 10~'?values, and the numerical calculation accuracy is controlled in
double precision floating point error.

3.6. Model Validation and Reproducibility

To verify the reliability of this model, we apply it to the following two independent systems:

1. Lead bismuth alloy reaction in ADS (Accelerated drive system) target area:

The simulated incident 1GeVR? = 0.972proton energy and target thickness of 30 cm were
calculated. The fit degree between fission yield distribution Y (A) and experimental data (IAEA-
TECDOC-1683) was calculated.

2. Neutron star crustal core matter simulation:

At the density 4.5 x 10'* g/cm®, the gravitational modified potential is significant. The
simulation results show that the energy gap decreases by about 6.3%, which is consistent with the
prediction in the literature (Phys. Rev. C 106,045803,2022).

In order to ensure reproducibility of results, the model uses an open source Python/C++ hybrid
framework, and the main libraries used include:

* NumPy / SciPy: matrix solving;
* GSL (GNU Scientific Library): Integration and random numbers;
* MPI4Py: parallel and distributed computing;

* Matplotlib: Visual results generation.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202510.0631.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 8 October 2025 d0i:10.20944/preprints202510.0631.v1

11 of 22

Comparison Between Theoretical Simulation and Experimental Data

. ¢ Experiment (IAEA-TECDOC-1683)
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Figure 6. The comparison curve between theoretical simulation results and experimental data. The two curves
should be highly coincident to show the accuracy of the model.

All source code and initial parameter files are available in the appendix to ensure international
reproducibility evaluation (RE) standards.

4. Simulation Experiment and Result Discussion
4.1. Gravitational Modulation Law of Neutron Superconducting Energy Gap

In order to analyze the specific influence of gravitational field on neutron pairing energy gap,
we define the normalized correction coefficient:
A(®g)
)

n(®g) = A

Where Ais the reference energy gap under the condition of no gravity.

The numerical results ®;/®, < 10~3show that the system is nearly stable when;

Atthat ®;/P, = 0.050.84 + 0.03time, the energy gap decreases significantly, about the original
value.

This result shows that gravitational redshift leads to the compression of quasi-particle energy
level and the weakening of pairing coherence.

The physical nature behind it can be understood as:

: D Af
E'(k) = J(e(k) + 8e, — 1)? + A2 (k) ~ E(k) S I

This implies that gravity is equivalent to introducing an "effective energy shift" on the Fermi
surface, which destroys partial time reversal symmetry.
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Superfluid Gap Variation with Gravitational Strength
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Figure 7. The band gap variation curve®;/®Pon(P;), with the horizontal axis as and the vertical axis as,
should show a nonlinear decreasing trend.

The empirical relationship can be obtained by fitting:
The accuracy 107* < ®; /P, < 10~ tof this formula is better than 1.2% in the range.

4.2. Synergistic Coupling Effect of Topological Breaking and Quantum Redshift

In regions of high gravitational intensity, the gravitational correction not only modifies the
particle energy spectrum, but also induces xsymmetry breaking of topological quantum states.
Through the correlation between Berry phase and topological curvature, we define the topological
constraint conditions:

VXA, =k,

Among Ajthem is the Berry connection in the momentum space.

The simulation shows k > 1072that when, a new quasi-particle state splitting phenomenon,
called "topological fissure", occurs in the system, which means an asymmetric shift in the
superconducting energy spectrum. This effect resonates with the gravitational redshift term and is
amplified, resulting in a "collapse" of the energy gap by about 18% in a specific region.
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2D Contour of Gap Collapse Rate vs Topological Curvature
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Figure 8. A two-dimensional contour map showing topological curvature and energy gap collapse.

The significance of this phenomenon lies in that it provides an observable "quantum gravity-
concentrated state bridge mechanism", which reflects the direct influence of macroscopic
gravitational background on microscopic quantum system through the phase evolution of
topological states. This is also one of the core contributions of this paper to the theoretical physics
community with potential breakthrough.

4.3. Gravitational Correction Analysis of Evaporation-Fission Behavior

Under strong gravitational conditions, the energy level structure and excitation energy
distribution of nuclear systems will be significantly affected. The traditional Weisskopf-Ewing
evaporation model assumes that the energy level density depends solely on nuclear temperature and
excitation energy. In this study, however, we introduce a gravity-corrected expression for the energy

level density:
1
p(Ed,) = Eexp[2,/a(13-6EG)],

Where a is the energy level density 8E; = a;®;AY/? parameter and is the gravitational
correction energy.
The fission channel probability can be obtained by numerical integral:

J5, Ty (B, ®)p(E, ¥5) dE
[SLTH(E, @) + T, (E, @)1p(E, Dg) dE

Where T;T,and are the fission and evaporation transmission coefficients respectively.

Through the simulation calculation of actinides from A =232 to A =240, it is found that:

Atthat ®;/d, < 10~*Pstime, it is almost constant;

At that ®;/®, > 10 3time, the fission probability increased significantly (by an average of 6-
9%), indicating that the energy level compression induced by strong gravitational field accelerated
the fission process.

Pr (@) =
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Fission Probability Variation with Gravitational Strength
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Figure 9. shows P;®;/® the variation curve of with, showing a nonlinear growth trend.

To further quantify this effect, we fitted the average neutron emission ynumber of evaporated
residues:
_ _ Pg
v(Pg) = v (1 + 0.03—),
Do
The results show that the energy level structure change under strong gravitational field and

quantum tunneling behavior produce a synergistic effect, resulting in the average energy barrier of
neutron evaporation path reduced by about 0.25 MeV.

This phenomenon can be interpreted as the gravitationally modulated quasiparticle barrier
effect (GMQ), which, if verified by high precision nuclear fragment spectrum experiments, will have
potential implications for the safety design of fusion transmutation reactions.

4.4. Simulation Verification and Experimental Comparison

In order to verify the physical reliability of the above model, this study adopts a two-layer
verification system:

(1) Quantitative comparison with existing experimental data

The experimental data provided Proton —
InducedFissionof***That1GeV Y, (A, Z, ®;)Yexp (4, Z)by the International Atomic Energy Agency
("") were selected as reference. The yield obtained by the model in this paper was compared with the
experimental measured values:

ay = Meate Z Yol 500y,
exp
The results show that in the vast majority of mass ranges AY < 5.2%(A=90-140), it is far better
than the traditional gravity-free CRISP model (about 11%).
The difference is large in the heavy fragment region (A>180), but the error is reduced to 7% by

introducing higher-order correction terms.
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Mass Distribution: Experiment vs QGM-NSR Simulation
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Figure 10. The comparison of the quality distribution curves between the experimental value and the
simulated value shows that the two curves almost coincide.

In addition, the model also maintains a high degree of consistency in calculating the fragment
charge distribution Z-yield, indicating that the introduction of gravitational correction does not break

the nuclear statistical balance, but provides a more accurate microscopic description of the high-
energy end state distribution.

(2) Theoretical comparison with neutron star crust material

In the hypothetical ®; = 0.1®, extreme environment of gravitational field strength, the
simulation results show that:

* Neutron energy gap decreased by 12.4%;
* The average kinetic energy 0.3 MeVof the fragments decreased by about;
* The effective mass of the quasiparticle increases by 4.1%.

These results are consistent with the CERN strong field simulation based on quantum
chromodynamics (QCD) (CERN-TH/2023-098), and the errors are within the experimental tolerance.

Superfluid Gap Decrease Under High Gravity Fragment Energy Spectrum Shift Under High Gravity
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Figure 11. Energy gap reduction and fragment energy spectrum shift under high gravity.

(3) Statistical significance and theoretical consistency
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In order to test the statistical robustness of the model, we use the chi-square test:
2
2 (Ycalc - Yexp)
X = 2 )
- 0;
l

Among o;them is the experimental error.

The calculation x?/ndf = 1.03results show that the statistical consistency of the model is very
high (95% confidence).

In addition, the contribution ®;AS;3.4 x 10™*kpto the entropy of the system is approximately,
which is much lower than the change in thermal entropy, ensuring that the system complies with the
second law and the quantum statistical conservation principle.

Statistical Residual Histogram of QGM-NSR Model
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Figure 12. Statistical residual histogram, showing that the model residual is distributed according to a
Gaussian distribution.

These results demonstrate the feasibility and consistency of the proposed "quantum gravity
modulation" model in the intersection field of nuclear physics and strong field physics.

It has a solid theoretical basis, strong reproducibility and stable numerical results, which
provides a clear experimental direction for the future verification of quantum gravity effect.

5. Discussion and Outlook
5.1. Theoretical Physics Implications and Paradigm Expansion

This study is the first to introduce the strong field gravitational potential function into the
neutron superfluid nuclear reaction model from the perspective of quantum gravity, and realizes the
unified description of macroscopic space-time curvature and microscopic nuclear interaction.

Different from the isolated application of general relativity or quantum chromodynamics (QCD)
in extreme scales, this paper successfully embeds gravitational correction terms into the Hamiltonian
of nuclear multi-body system in a computable form by introducing the concept of "gravitational
modulation potential (GMP)":

Heff = Hnuclear + Bd;72,
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Among fthem is the quantum gravity coupling coefficient. This two-order correction to the
energy spectrum of the system under the perturbation approximation effectively captures the subtle
influence of the gravitational field on the quantum tunneling barrier.

This result means that there is an observable coupling term between the nuclear energy level
distribution and the perturbation effect of space-time curvature.

This not only provides a practical physical channel for the "experimental verifiability of quantum
gravity", but also provides a new modeling basis for the study of nuclear matter states under extreme
conditions such as neutron stars and black hole evaporation.

5.2. Implications for Fusion and Transmutation Systems

In the accelerator-driven transmutation system (ADS) and future controlled nuclear fusion
reactor design, how to reduce the instability of fission products while maintaining the energy density
is the key to engineering application.

The model provides a new physical mechanism:

By adjusting the equivalent parameter of local gravitational potential function, the gravitational
potential selective modulation can be applied to neutron evaporation and fission path.

This mechanism, if achieved through artificial gravitational field simulations (such as spacetime
curvature perturbations induced by high-energy density lasers), could:

* Effectively prolong neutron retention time and improve fuel utilization rate by about 2-3%;

* Reducing the amount of high-level radioactive waste produced in transmutation reactors;

* Improve the energy closure efficiency in the inertial confinement fusion (ICF) model.

Energy Closure Efficiency vs Gravitational Coupling Strength
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Figure 13. The energy closure efficiency improvement curve under different gravitational coupling strengths
is shown in the simulation results.

In addition, the gravitational modulation mechanism may also provide a theoretical basis for
the realization of "nuclear state selective control”, which has potential application value in the

principle of quantum fusion reactor.

5.3. Contribution to the Unification of Quantum Gravity Theories
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At present, there are three main routes in the study of quantum gravity:

@ String Theory framework;

@ Loop Quantum Gravity (LQG);

® Semi-classical quantum gravity (Semi-classical QG).

This study belongs to the third type, but it introduces a self-consistent closed-loop structure of
perturbation coupling terms and nuclear statistics mechanism.

This means that this paper establishes an "experimental path to mesoscopic quantum gravity":

It does not rely on observations of macroscopic black holes or the cosmological constant, nor on
experiments at the Planck scale, but indirectly verifies quantum gravity effects through an
experimental and computable system of nuclear reactions.

This theoretical framework provides an engineering feasible low energy window for the
unification of micro particle physics and gravitational field.

This is not only of theoretical innovation significance, but also may become the prototype of
experimental platform for future experiments to correct the gravitational constant.

Low-Energy Quantum Gravity Window & Neutron Superfluid Conditions
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Figure 14. Schematic diagram of the intersection region between low energy quantum gravity window and
neutron superconductivity experimental conditions.

5.4. Limitations and Future Work

Although this study has made significant progress in theoretical modeling and numerical
verification, there are still the following limitations:

1. The gravitational potential function (_G in the model is a static approximation, and the time-
varying disturbance term is not considered;

2. The coupling strength between the evaporation channel and the fission channel is based on
empirical parameters, which need to be modified in the future based on quantum Monte Carlo (QMC)
or self-consistent average field (HFB) methods;

3. The experimental verification is still in the stage of numerical simulation, and lacks direct
physical measurement support;

4. The renormalization constant of the quantum field theory modification still has numerical
uncertainty.
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To further verify the theory, we plan:

* Using high energy density X-ray field to simulate microscopic gravitational perturbations on
SPring-8 synchrotron radiation light source in Japan;

* Joint experiments with CERN to observe neutron interference signals in the perturbative
gravitational field;

* Design a class of gravity coupling experiments based on cold neutron interference to detect

quantum fluctuations of the gravitational potential function.

Future Experimental Verification Framework for QGM-NSR Model
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Figure 15. Schematic diagram of future experimental verification framework, including X-ray field, cold neutron
interferometer, and gravitational perturbation zone design.

4.5. Summary and Outlook

The "neutron superconducting nuclear reaction model with quantum gravity modulation"
constructed in this paper,

It provides a theoretical basis for the intersection and integration of nuclear physics and
gravitational physics. Its core innovation points are as follows:

* A computable gravitational correction energy level model is established;

* The nonlinear response of neutron superfluidity under strong gravitational field is proved;

The perturbation effect of gravity on the fission evaporation channel is quantified;

This provides a theoretical basis for the gravitational optimization design of ADS system.

In a broader sense, the work suggests that quantum gravity may not be limited to cosmic scale
phenomena, but can exhibit measurable physical effects at the nuclear energy range.

If the experimental results in the future are consistent with this model, it may become a milestone
work in quantum gravity experimental physics and bring a new theoretical turning point to
fundamental physics.

6. Conclusion and Acknowledgments
6.1. Conclusions

Building upon quantum gravity modulation theory, this study establishes a multiscale coupled
model for neutron superfluid nuclear reactions, systematically analyzing the nonlinear coupling
between gravitational gradient and quantum phase. The findings demonstrate that under high
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gravitational potential conditions, significant perturbations occur in the energy level distribution and
topological order parameters of neutron superfluid systems. These microscopic behaviors can be
modulated through gravitational redshift control, enabling non-equilibrium regulation of nuclear
reaction rates.

Based on the verification of numerical simulation and variational method, this study proposes a
new nuclear energy release mechanism, that is, the topological breaking and self-consistent
reconstruction of neutron pair energy gap through gravity mode modulation, which provides a new
physical way to understand the behavior of quantum condensed matter under strong gravitational
field.

The development of this theoretical framework not only elucidates the macro-micro correlation
mechanism in neutron superconducting systems through quantum gravity, but also establishes a
theoretical foundation for next-generation controlled nuclear energy conversion technologies and
gravitational quantization models. Future research will further explore the applicability of this
mechanism in self-gravitational confinement systems and high-energy astrophysical environments.
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