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Experimental motivation!
large increase of sensitivity:
factor of 1,000 is possible
compared to existing limit

Post‐Sphaleron Baryogenesis  
Babu, Mohapatra, et al.(2013)

Goity, Sher (1994)

Berezhiani
Bento  (2005)

Observable effects at LHC 
Berezhiani; Babu et al. (2013)

Shrock & Nussinov (2002)
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For experimental "quasifree conditions"

when external fields are approx. ~

Practically  "observation" time 

~ 0.1 s to 1 s 
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24  is characteristic "oscillation" time   [ ,  as presently known]

Existing exp. limits are set by at ILL (free ) and by Super-K (bound 
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2Sensitivity:    N t⋅
 many neutrons (large ) and very slow(large )N t

Neutrons E kin T,K Velocity Wavelength
Fast ~ 1 MeV ~ 1010 ~ 0.046 c ~ 0.0003 Å
Thermal ~ 25 meV ~ 300 ~ 2.2 km/s ~ 1.8 Å
Cold ~ 3 meV ~ 35 ~ 760 m/s ~ 5 Å

Very Cold (VCN)  1 meV ~ 10  430 m/s  9 Å

Ultra Cold (UCN) ~ 250 neV ~ 0.003  8 m/s  600 Å



HFR @ ILL
  57 MW

 Cold n-source
25  D2

fast n,  background

Bended n-guide    Ni coated, 
          L ~ 63m, 6 x 12 cm      2  

58 

H53 n-beam
~1.7 10   n/s. 11

(not to scale)

Magnetically 
shielded 

 95 m vacuum tube

Annihilation 
target 1.1m
E~1.8 GeV

Detector:
Tracking&

Calorimetry

Focusing reflector 33.6 m

Schematic layout of
Heidelberg - ILL - Padova - Pavia nn search experiment 

at Grenoble  89-91

Beam dump

~1.25 10   n/s11

Flight path 76 m
< TOF> ~ 0.109 s

Discovery potential :
N tn   2 91 5 10. sec

Measured limit : 
nn  8 6 107. sec

At ILL/Grenoble reactor in 89‐91 by Heidelberg‐ILL‐Padova‐Pavia Collaboration 
M. Baldo-Ceolin et al., Z. Phys., C63 (1994) 409

Previous  state‐of‐the‐art n‐nbar search experiment with free neutrons
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No candidates observed.

Limit set for a year of running:

with L ~ 76 m  and  0.109 sec

measured 1.606 10
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~ 700 m/s
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Top view of horizontal experiment
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Spallation Target in Project X 



N. Mokhov, MARS simulations, FNAL, 2011

~ 1.3 GeV

Yield is ~ 24 neutrons
per GeV proton

~ 1.5 1017 n/s/MW

For target made of fissionable materials
(e.g. Th, DU) neutron yield can be factor 
~ 2 higher (geometry dependent)

Spectrum of primary fast n from spallation target 
and from fission (Courtesy of Gary Russel).

Potential source of the “fast ”  
background for n‐nbar that was 
non‐existent  in the previous ILL 
experiment



Configuration (A) G. Muhrer/LANL 
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Initial UT model (C) L. Castellanos/UT
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Preliminary

Energy spectrum of neutron
currents in different models
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Fe

B

Configuration (B) 
F. Gallmeier/SNS
with LparaH2

Goal is high source brightness with possibly large source area
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(1) Use of elliptical focusing neutron super‐mirror reflector. 
Implement well‐known and commercially available technologies.
Horizontal baseline configuration with conservative design.
Improvement mostly due to increase of N.
Sensitivity increase > 100 “ILL units”   number of years.

(2) Enhanced production of and use of VCN and UCN.
Will require vertical configuration of experiment.  
VCN and UCN enhanced production and manipulation require R&D work.
More improvements due to increase t2.

Additional factor of 50‐100 in sensitivity.

R&D ideas being explored:
• Colder neutron moderators, UCN converters
• Neutron optics, mirrors, reflectors, filters 
• Technologies withstanding radiation damage
• Cost‐effective technologies

2Key concepts for improvement of Sensitivity factor N t⋅



D ~ 4 m

Conceptual Horizontal Baseline Configuration 
with elliptical focusing reflector (method proposed by us in 1995)

Typical initial baseline parameters: 
Cold source configuration  C type
Luminous source area, dia 30 cm
Annihilation target, dia 200 cm
Reflector starts at  1.5 m
Reflector ends at  40 m
Reflector semi‐minor axis                   2.0 m 
Distance to target  200 m
Super‐mirror m=6
Vacuum  < 105 Pa
Residual magnetic field < 1 nT

MC Simulated sensitivity  Nt2:

110 “ILL units”  x  years

Sensitivity and parameters are 
subject of optimization by Monte‐
Carlo including  overall cost

10

N‐nbar effect can be suppressed
by weak magnetic field.



Progress in neutron super-mirrors

v  50 m/s

Commercial products of Swiss Neutronics

v 30 m/s

(H. Shimizu, 2012)

Super‐mirrors material for large elliptical focusing reflector

11



12
Chris Coppola
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g = 9.81 m/s2

g = 0 m/s2



Free Neutron and Bound Neutrons  
NNbar Search Limits Comparison 

Large improvement with free‐neutron experiments is possible

Factor of 1,000 
sensitivity increase
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Recent S‐K (2011)
limit based
on 24 candidates
and 24.1 bkgr.

Post‐Sphaleron Baryogenesis

Babu et al

PX baseline
horizontal

PX 
vertical
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Energy (eV)

30 cm  HorizontalRe‐Entrant/Be Filter (77K)

Re‐Entrant (No Al)

Re‐Entrant (Al)

Solid Cube

Cube/Filter(77K)

Re‐entrant moderator with Be filter can
boost source brightness by factor ~ 2 

On the face of moderator



Example of 

Vertical layout

Vacuum 
Tube and
Mag. Shield
L ~ 100 m
Dia ~ 5 m

Focusing
Super-m 
Reflector
L ~ 20m

L~100 m
dia ~ 4 m

2 2 2

2 2 2
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• Fermilab PAC recommendation sets for horizontal option 
a “minimal sensitivity goal”  of ~ 30 ILL units or free  5108 s 

• Our present baseline configuration should allow improvement
by factor of ~ 350 ILL for 3 years of running or free = 1.6109 s 

• With more R&D work and feasibility studies 
we will improve  the sensitivity in our baseline 
(in either horizontal or vertical configuration)
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