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Goal of neutron delivery:
Efficient transport neutrons from a source to an instrument

Definition of “efficient”:

1. Maximum brilliance transfer within needed beam phase space 

volume, ideally approaching the brilliance available at the source

2. Clean beam: transport only those neutrons (size, divergence, spectrum) 

which are actually needed

How to achieve that?

Traditional answer: use a neutron guide

Purpose of this talk: make you aware of better alternatives



Illumination losses at beam extraction from a small source

Gapless coupling of guide to moderator: 

Example that triggered the concept developments presented in this talk:

Wish to transport neutrons of a given wavelength to an instrument able to 
accept a divergence defined by technically feasible supermirror coatings

-> guide transports all wanted neutrons, no problem

Critical angle of reflection: 



2 m at ESS

Coupling of guide to moderator with gap: 

Illumination losses at beam extraction from a small source
(situation for upper moderator of ESS)

-> illumination losses: 
under-population of transportable beam phase space in guide  

𝜆 > 𝜆 → 𝜃c > 𝜃c :  -dependent angular acceptance of guide

𝜃c

𝜃c

ℎm

𝑡m height of guide (35 mm)

(30 mm)

(for 𝑚 = 3.5)

Y. Bessler, Jülich

Flat para-hydrogen moderator (𝑡m = 30 mm)

2𝜃c

1-D extraction efficiency:



M M’

Elliptic guide as a solution of illumination losses?

Basic idea:

• Collect neutrons in sufficiently wide guide
• Use them in second focal point M’

Beam image in M’?
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M M’
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Cussen, Nekrassov, Zendler and Lieutenant: 
Multiple reflections in elliptic neutron guides, NIM A 705 (2013) 121

“Transport of neutrons by realistic elliptic guides usually involves 
many reflections, contrary to the usual expectations.”

Elliptic guide as a solution of illumination losses?

Basic idea:

• Collect neutrons in sufficiently wide guide
• Use them in second focal point M’

Beam image in M’?

y’  >,=,< y



• Strongly distorted beam phase space

• Double reflections

Elliptic guide provides poor imaging:

Situation can be much improved 
if we modify the mirror setup…

Simulation of elliptic guide
by Christoph Herb 
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…by truncating the ellipse:

𝑙

 Optical image is the better defined, the smaller is the ratio Τ𝑙 𝑓

 Flat mirrors can be used in the limit Τ𝑙 𝑓 → 0

 However, also the field of view (divergence) decreases with Τ𝑙 𝑓

𝑓

 therefore…

y’  y



M M’

…nest several truncated mirrors, 

𝑓
𝑙

thus covering a large, geometrically defined solid angle. 

Geometrical construction see:

arXiv:1611.07353
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M M’

…nest several truncated mirrors, 

𝑓
𝑙

Key property: Single reflection under well-defined angle off each mirror

 tailoring of beam size at M’, divergence and spectrum possible!

thus covering a large, geometrically defined solid angle. 

Why should you want to use such a system? 

Geometrical construction see:

arXiv:1611.07353



M M’

Opportunity for tailoring of beam size:

Aperture close to source (remote control for maximal flexibility)

 Produces at M’ a well-defined, halo-free beam of size of the aperture at M

 No background and space restricting apertures needed near M’

 Useful, e.g., to adjust beam size to sample size  reduce background from 
sample environment



M M’

Opportunity for tailoring of beam divergence:

Aperture close to NMO (remote control for maximal flexibility)
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M M’

Opportunity for tailoring of beam divergence:

Aperture close to NMO (remote control for maximal flexibility)

 Defines the beam divergence at M’ geometrically

 No background and space restricting apertures needed close to M’

 Useful, e.g., to switch between high-resolution and high intensity options in a 
neutron scattering instrument



M M’
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Opportunity 1 for tailoring of beam spectrum:

Broadband supermirrors (polarising or non-polarising)

 m-value tuning to a common short-wavelength cutoff
 No need for Bragg filter to get rid of fast neutrons
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Opportunity 1 for tailoring of beam spectrum:

Broadband supermirrors (polarising or non-polarising)

 m-value tuning to a common short-wavelength cutoff
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Opportunity 2 for tailoring of beam spectrum:

Bandpass supermirrors (polarising or non-polarising)

 Monochromation to a common neutron wavelength band possible
 Monochromatic primary beam without velocity selector

Slow-neutron 
contamination



Experimental demonstration of bandpass supermirror 
(Masahiro Hino):



M M’

Toroidal system :radial    r    cartesian: Double-planar system

Practical implementations of

Nested elliptical (or very short flat) Mirror Optics



Opportunity for beam polarisation: Polarising supermirrors

n

P1 P2
R

B
B

B
Y

Z
X

n

Kreuz, Nesvizhevsky, Pethukhov, Soldner

NIM A 547 (2005) 583

• Crossed polariser geometry shown to achieve
white-beam polarization > 99.9 %

• natural solution for double-planar NMO:



Experimental demonstration at MIRA (FRM-II)

• Planar elliptic NMO with polarizing, 
120 mm long 𝑚 = 4.1 supermirrors

• Focal point distance: 2𝑓 = 1.2 m

• Cascade PSD spatial resolution: 2.5 mm

Herb, C., Zimmer, O., Georgii, R., & Böni, P., 

Nested Mirror Optics for Neutron Extraction, Transport, and Focusing 

Nucl. Instr. Meth. A 1040, 167154 (2022)



Beam images in focal point M’ 
(spatial resolution limited by detector to 2.5 mm)

Unpolarized beam: Polarized beam:



Beam images in focal point M’ 
(spatial resolution limited by detector to 2.5 mm)

Polarized beam:
Experimental figure of merit:



Experimental demonstration at BOA (PSI)

P. Böni, M. Busi, Christoph Herb, R. Wagner, O. Zimmer



Outlook - applications:

• Flexible configuration of beam lines

• Long distance beam transport

• neutron-antineutron (𝑛ത𝑛) oscillation search

• In-beam type ultracold neutron source



Flexible configuration of beam lines Herb et al., NIM A 1040, 167154 (2022)

• Long-distance transport: parabolic NMO connected by long, low-m guide:

• Long-distance transport system combined with “virtual sources” created by 
elliptic NMO for choppers of Time-of-Flight instrument:

• Parabolic NMO to focus low-divergence beam:



Long-distance neutron transport   Herb et al., NIM A 1040, 167154 (2022)

• Two double-planar parabolic NMO (𝑚 = 4.1, 𝑙 = 30 cm, 𝑓1 = 𝑓2 = 6 m)

• connected by a 160 m long guide (𝑚 = 2, 22 × 22 cm2)

• for constant spectrum 2 Å < 𝜆 < 8 Å



Design of an optimized nested-mirror neutron reflector for a NNBAR experiment 

Richard Wagner et al., Nucl. Instr. Meth. A 1051, 168235 (2023)

𝑛ത𝑛 oscillation search

• Search for baryon number violation (∆𝐵 = 2)
• Experiment with > 200 m baseline planned at ESS

M M’

y y’



In-beam superfluid-helium ultracold neutron source 

for the ESS

NMO image liquid-deuterium ESS designed in HighNESS onto neutron converter:



One more opportunity for you as CANS designer:

If you need source for small samples:

reduce height of flat para-hydrogen moderator from 3 to 0.5 - 1 cm

 Gain a factor 2 in brilliance

 Extract neutrons with smaller NMO closer to the source

Zanini et al., Nucl. Instr. Meth. A 925, 33 (2019)



Reminder of illumination losses: 

under-population of transportable beam phase space in guide  

A last word on shielding

𝜃cℎm

2 m at ESS

𝜆 > 𝜆 → 𝜃c > 𝜃c

 the colder the neutrons, the larger the illumination losses
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A last word on shielding

Required opening for unobstructed view by NMO:

2 m at ESS
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𝜃cℎm

A last word on shielding

Required opening for unobstructed view by NMO:

2 m at ESS

𝜃c
𝜃c

Unfortunately very restricted view onto ESS upper moderator: 

N
M

O



𝜃c

A last word on shielding

If you want to take advantage of the discussed opportunities 
of NMO, ensure in your design unobstructed view for the 

coldest neutrons to be used in experiments!

N
M

O
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Imaging of a cold moderator into an “in-beam” type UCN source

 achievable single-phonon UCN production rate density: 

ሶ𝜌 ≈ 12.9 s−1cm−3 ×𝑚2 × 𝐵2

Moderator brilliance 
𝑑Φ

𝑑𝜆𝑑Ω
at 9Å:

3.4 × 1011 s−1cm−2sr−1Å−1

nearly identical for:

• vertical cold source at ILL @ 58 MW 

• planned lower liquid-D2 moderator at ESS (time average at 5 MW)

Solid angle for NMO with 𝑚 = 6 supermirrors seems available at ESS in large 
𝑛ത𝑛 beam port:



Wolter optics (1952)

Mildner and Gubarev: Wolter optics for neutron focusing, NIM A 634 (2011) S7

HighNESS: design of Wolter optics for neutron scattering applications

• Confocal mirrors with different curvatures
• Good optical image even for long mirrors
• Invented for X-ray telescope / microscopy

Nested Wolter mirrors increase optical field of view:


