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Overview
Pendellosung Interferometry

Precise measurements of neutron-crystalline structure 
factors

Physics contained in crystalline structure factors

Thermal vibrations, neutron charge radius, BSM force 
mediators

What can precision measurements (relative unc ~5 x 10-5) of 
neutron-silicon structure factors achieve?

Experiment

Preliminary Results 2



Pendellӧsung - Bragg scattering as a 
two-state system

Outside the crystal:  
Two free neutron states

Inside the crystal:  
Two states
Linear combinations of external states
Each state sees separate index of refractions

Same total energy, differing kinetic terms
Pendellosung is the interference between two internal states

Momentum Transfer:
Set by Bragg plane spacing
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Measuring Pendellosung
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Change wavelength using Bragg’s law in a collimated white beam

Change optical thickness by tilting crystal about H-axis



Measuring Pendellosung
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Change wavelength using Bragg’s law in a collimated white beam

Change optical thickness by tilting crystal about H-axis

In Summary:  By rotating a crystal in 
a carefully-prepared neutron beam, 
the phase of the oscillations between 
the diffracted and transmitted beams 
provides a precise measure of the 
neutron-crystalline potential.
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Pendellosung Phase Shift

Crystal structure factors

Fourier transform of the crystalline potential evaluated at Q=H

Sensitive to physics on the atomic scale, including new physics → BSM 
Force Mediator

Probes atomic charge densities → Neutron Charge Radius, Schwinger 
scattering, nEDM

Crystalline Symmetry - Phase shift for each scattering center

Interference between scattering centers causes selection rules (forbidden 
reflections) and highly suppressed Schwinger scattering and nEDM terms for 
centrosymmetric crystals

Averaging the phases over thermal vibrations → Debye Waller Factor
7
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VV Fedorov, Poster 40:  Neutron spin 
rotation at Laue diffraction in a weakly 
deformed transparent 
noncentrosymmetric crystal



Crystal Structure Factor
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Debye-Waller Factor
Mean-square displacement matrix takes on a simple form for 
centrosymmetric crystals
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Neutron Charge Radius

11Gentile & Crawford 2011
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hkl fx-ray b(Q)/b(0)-1

111 10.6298(5) -0.01094(20)

220 8.4179(6)

311 7.7134(10)

400 7.0293(4)

331 6.7571(9)

880 1.5514(18)



PDG Values
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x-ray form factor
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Theoretical Motivations for Short-Range Forces

● General Relativity (GR) is non-renormalizable

○ It breaks down at high energies

○ Weakest of four forces and very high energies → Difficult to measure

○ Gravitational phenomena has never been measured at a length scale 
less than 10 𝜇m 

● Some theories that provide an ultraviolet (UV) completion to GR also predict 
short range forces

○ Perturbations to gravity at less than 100 𝜇m

○ Many theories → wide parameter space to constrain

● Other new physics predict new short range forces

○ Light Dark Matter (Fayet 2007)

○ Dark Energy (Zee 2004)

○ Neutrino Masses (Arkani-Hamed & Dimopoulos 2002) 15



16Murata & Tanaka 2015



17

Yukawa (Most Common)

Power Law Arkani-Hamed, Dimopoulos, and Dvali (ADD)

New Forces

(Silicon)
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(111)

(220)
(311)

(400)

Interferometer
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Experiment

21Measure D b(H) Measure D b(0)



Strain and Crystal Thickness
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Measured phase shift is proportional to 
crystal thickness

Strain gradients cause 
wavelength-dependent shift in the 
pendellosung fringe position

Previous measurements showed large 
strain gradients (~100 nrad mm-1)

This level of strain is (relatively) 
large compared to experience with 
interferometers 

Required crystal flatness is at odds 
with need to chemically etch
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Strain and Crystal Thickness
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Interferometer Condition ∇h
(10-9 mm-1)

Skew Etched 
(>30 um)

4 

“Thin Blade” Etched 
(>30 um)

5

Annealed 1

Two-Blade Precision 
Machined

>104

Annealed 8

Etched 
(4 um)

0.2

Shull “Polished” 100



Interferometer Inspiration
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Sparenburg & Leeb 2003: - 
Pendellosung for multiple Q2

Wietfeldt et al. 2006*:  Diffracting 
crystal rotating in an 
interferometer

ILL Two Loop Interferometer*

*Relies on dynamical phase 
contributions from (twisted) 
interferometers
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Tilt to change optical thickness, constant 𝜆
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Wavelength

Pendellosung phase shift 
proportional to tan𝜃B 

Measure at ±𝜃B

Average quadratic in 𝛿𝜃B



Interferometer

In-Out-Out-In to subtract drifts

Repeated at ±𝜃B to measure 
wavelength in-situ
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Phase Shift and Drifts
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hkl fx-ray b(Q)/b(0)-1

111 10.6298(5) -0.01094(20)
-0.011084(55)

220 8.4179(6) -0.030216(69)

311 7.7134(10)

400 7.0293(4) -0.060559(95)

331 6.7571(9)

422 6.1382(5)

333 5.8041(6)

753 2.5508(29)

880 1.5514(18)

Preliminary Results

32



33

Neutron Charge Radius

This Work (Preliminary)
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Preliminary Limits



Length Scales and Atomic Form Factors
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Future and Ongoing Work
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Repeat the experiment with germanium (Takuhiro Fujiie)

Higher-order structure factors

Valuable to crystal dynamics, neutron charge radius, and 
fifth force searches

Global analysis of charge radius measurements for better 
separation of atomic and fifth force form factors (similar to 
Zimmer & Kaiser 2006)

Neutron interferometer with position-sensitive detector

Pendellosung on a pulsed Beam (Itoh et al 2018)

Pendellosung as a function of temperature
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Borrmann Fan
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Edges of the Borrmann fan are detuned from the exact Bragg condition

Pendellosung must be measured at the center of the Borrmann fan



Beam Profiles
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Systematic uncertainty 
associated with different 
interrogation volumes of 
the neutron 
interferometer and 
pendellosung beam



Pendellosung
Length domain

Two state system - 
momentum directions

Bragg misalignment

Pendellosung length
Strength of potential

Time Sinusoidal (NMR)
Time domain

Two state system - 
energy levels

Resonance condition

Rabi flopping
Strength of potential
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Anharmonic Contribution

The “nice” functional for of the DWF assumes a harmonic 
lattice potential
The different atoms with opposite bonding parities see 
opposite cubic contribution to interatomic potential
Cubic contribution is required for thermal expansion

Silicon’s negative coefficient of thermal expansion at low 
temperatures makes it especially interesting
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Cubic Terms in Silicon
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Forbidden Reflections
One class of forbidden reflections 
is nonzero due to

Bonding Electrons

Anharmonic atomic motion

Measured using absolute 
reflectivity as a function of 
temperature

45Roberto et al. 1974



Roberto et al. 1974

Forbidden Reflections
One class of forbidden reflections 
is nonzero due to

Bonding Electrons

Anharmonic atomic motion

Measured using absolute 
reflectivity as a function of 
temperature
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