
 

 
 

 

 
Symmetry 2025, 17, x https://doi.org/10.3390/xxxxx 

Type of the Paper (Article) 

Experimental search for neutron-antineutron oscillation with 

use of ultra-cold neutrons revisited 

Tatsushi Shima* 

   Research Center for Nuclear Physics. The University of Osaka 

* Correspondence: shima@rcnp.osaka-u.ac.jp 

Abstract 

Neutron–antineutron oscillation (nnbar-osc) is a baryon-number–violating process and a 

sensitive probe for physics beyond the Standard Model. Ultra-cold neutrons (UCNs) are 

attractive for nnbar-osc searches because of their long storage time, but earlier analyses 

indicated that phase shifts on wall reflection differ for neutron and antineutron, leading 

to severe decoherence and loss of sensitivity. Here we revisit this problem by numerically 

solving the time-dependent Schrödinger equation for the two-component n/nbar wave 

function, explicitly including wall interactions. We show that decoherence can be strongly 

suppressed by selecting a wall material whose neutron and antineutron optical potentials 

are nearly equal. Using coherent scattering length data and estimates for antineutrons, we 

identify a Ni–Al alloy composition that matches the potentials within a few percent while 

providing a high absolute value, enabling long UCN storage. With such a bottle and an 

improved UCN source, the sensitivity could reach an oscillation period nnbar of order 10¹⁰ 

s, covering most of the range predicted by certain grand-unified models. This approach 

revives the feasibility of high-sensitivity nnbar-osc searches using stored UCNs and offers 

a clear path to probe baryon-number violation far beyond existing limits. 

Keywords: neutron-antineutron oscillation, baryon-number violation, physics beyond the 

standard model, ultra-cold neutron, coherent scattering length  

 

1. Introduction 

Neutron-antineutron oscillation (hereafter “nnbar-osc”) is the process in which a 

neutron is converted to its antiparticle, meaning the violation of baryon number by two 

units, which is not allowed in the standard model of particle physics. Therefore, experi-

mental observation of nnbar-osc leads to the evidence of physics beyond the standard 

model. Frequent nnbar-osc, i.e. nnbar-osc with shorter oscillation period nnbar is predicted 

by the grand unified theories (GUTs) containing a left-right symmetric structure in inter-

mediate gauge groups in the symmetry breaking processes such as the models of 

SU(4)C×SU(2)L×SU(2)R, SO(10) with low-scale (~100 TeV) SU(4)C, SUSY associated with E6 

group, and so on [1], which are also attracting considerable interests from view point of 

compatibility with the explanation for the mass spectrum of light neutrinos using the see-

saw mechanism. Since nnbar predicted by those theories ranges from ~108 s to ~1010 s [1,2], 

experimental exploration of nnbar-osc with nnbar up to 1010 s is highly demanded. The 

current best lower limit on nnbar for free neutrons is obtained as nnbar > 8.6×107 s (90%C.L.) 

with the detection of antineutrons produced in flight after the flight time of about 0.1 s of 
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cold neutrons provided at the research reactor of ILL [3]. A new experiment with the same 

principle but thousand times improved discovery potential is planned at the European 

Spallation Source (ESS) [4]. Experimental search for the exotic decay of 16O nuclei due to 

the conversion of intra-nuclear neutron to antineutron performed with the Super Kami-

okande (SK) sets the limit of nnbar > 4.7×108 s (90%C.L.) by making the correction for the 

suppression effect due to nuclear field [5]. Since the next-generation Hyper Kamiokande 

(HK) detector will have five times larger fiducial volume than SK, the sensitivity of 1.4×109 

s is expected. The sensitivities of those planned experiments are, however, not sufficient 

to fully cover the theoretically preferred region of nnbar, and therefore a new experimental 

plan with still higher sensitivity is needed. The sensitivity of the experiment to nnbar-osc 

is determined by the probability Pnnbar of the conversion from neutron to antineutron, 

where Pnnbar is given as the solution of the Bloch equation for two-component wave func-

tion for neutron-antineutron system;  
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where En and Enbar are the kinetic energies of neutron and antineutron and should be the 

same with each other during free flight.  stands for the width of the neutron  decay.  

denotes the vacuum-expectation value of the interaction causing neutron-antineutron 

conversion and its inverse is equal to the oscillation period nnbar. The probability of finding 

antineutron at the time t is then obtained as  

 

( ) ( )
2 2 2

nnbar nbarP t t =                                                 

(2) 

 

The concept of using UCNs for nn̅-oscillation searches was proposed in the early 1980s 

[6–8], motivated by the possibility of extending the observation time by several orders of 

magnitude compared with beam experiments. Subsequent detailed analyses, however, in-

dicated that differences in the wall-interaction potentials for neutrons and antineutrons 

could lead to phase shifts upon reflection, thereby suppressing the oscillation probability. 

Under the assumptions made at the time, this suppression was estimated to be so large 

that the expected sensitivity gain would be minimal, and the approach was not pursued 

further. Those early estimates essentially compared only the energy scales of the wall po-

tentials and the oscillation term, without explicitly taking into account the short dwelling 

time (~10 ns) of UCNs in the wall. Recognizing that the dwelling time can significantly 

influence the phase evolution motivates the present re-evaluation. 
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where Un (Unbar) is the potential of the interaction of neutron (antineutron) with matter 

which is obtained as the Fermi’s pseudopotential with the parameter of the coherent nu-

clear scattering of the nuclei contained in the material of the wall. The solution of Eq. (3) is 

obtained as  
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where W is the frequency determined as 𝜔𝑊 = [𝑈𝑛 − 𝑈𝑛𝑏𝑎𝑟]/ℏ. Since the strength of Un or 

Unbar are typically of the order of 10-7 eV, if no adjustment is made to match Un and Unbar,W 

is expected to be about 1.52×108 Hz, being 16 orders of magnitude larger than  which is 

the inverse of nnbar. Therefore, Eq. (4b) is the case and the absolute value of Pnnbar is ~10-30, 

meaning that the n/nbar wave function should be reset in every reflection on the wall, and 

therefore if we make measurement with the condition of storage time of 1000 s and the 

average free flight time of UCNs in the bottle of 0.5 s, the measurement is equivalent to 

repeating 2000 times the measurement with t=0.5 s, which will improve the sensitivity of 

the ILL experiment by a factor of not 2000 but only the square-root of 2000, leading to the 

sensitivity of nnbar~109 s, which is not better than expected sensitivities in HK or ESS exper-

iment. This situation is enough for discouraging people. After [8], this problem was not 

considered further. However, it should be noted that the time t appearing in Eqs. (4a) and 

(4b) are the staying time of neutron or antineutron in the wall tW which is known to be as 

short as ~10 ns [9]. The t gives √𝜔𝑊
2 + 4𝜀(𝜀 ℏ⁄ )2𝑡~1.52, meaning neither Eq. (4a) nor Eq. 

(4b) is applicable, and more detailed treatment is required to evaluate Pnnbar. In this work, 

the influence of the reflection on the wall is taken into account explicitly to make a realistic 

evaluation of Pnnbar. This work points out that, by selecting or engineering a wall material 

whose coherent scattering lengths for neutron and antineutron are nearly equal, U can be 

reduced by orders of magnitude, suppressing WtW and recovering the oscillation sensitiv-

ity. In what follows the method of numerical calculation, and the result are presented. 

 

2. Method for realistic evaluation of Pnnbar 

The precise time evolution of the n-nbar wave function can be computed by explicitly 

multiplying the Hamiltonian in Eq. (3) to the initial wave function. The wave functions 

before and after the reflection on the wall are connected as  
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Hear tW is the staying time inside the wall, and R is the reflection matrix defined as  
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using a parameter  defined by 
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The effect of the multiple reflections can be evaluated by multiplying R by a number of 

reflections. On the other hand, time evolution of the wave function during the travel from 

wall to wall is taken into account by introducing another matrix F given by setting Un = 

Unbar = 0, w =0 in Eqs. (6) and (7)., i.e.  
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Using matrices F and R, the wave function after m times reflections is given as  
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Here it should be noted that the number of reflections and the number of free flights from 

wall to wall is the same, m. In Eq. (10), new parameters a, b, and D are introduced for easy 

to understand by the definitions 
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Starting with the initial condition of pure neutron, i.e.  
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The probability of finding antineutron Pnnbar at time t is obtained as 
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where 
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If one succeeds in adjusting Un and Unbar within 3% difference, tW~0.045 and a= 0.999, 

providing the amplitude-level suppression factor Samp (probability-level Sprob = Samp2) is 0.60 

in case of 500 times reflections. This amplitude-level suppression factor is within the fea-

sibility of the nnbar-osc experiment using the UCN bottle. 

3. Results 

As discussed above, it is essential to adjust the neutron-wall potential Un and the 

antineutron-wall potential Unbar within the accuracy of a few percent to obtain a high sen-

sitivity to nnbar-osc with use of a UCN bottle. In addition, to increase the storage effi-

ciency of the bottle, it is important to increase the absolute values of Un and Unbar as high 

as possible. The potentials are given as the Fermi’s pseudopotential in terms of the real 

parts of the coherent scattering length bcoh_n and bcoh_nbar as  
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Here bcoh_n and bcoh_nbar stand for neutron-nuclear coherent scattering and antineutron-nu-

clear coherent scattering, respectively. A denotes number density of nuclide (mass num-

ber is A). mn is the rest mass of neutrons. At present, almost no data is available for bcoh_nbar 

on the contrary to bcoh_n. However, based on the analysis of the existing data of antiproton-

nucleus scattering/absorption and anti-hydrogen, coherent antineutron scattering length 

bcoh_nba (A) was evaluated as  
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as a function of the nuclear mass number A with the precision of 3% [10]. Comparing 

with the existing data of bcoh_n, 96Mo is a candidate of the isotopes suitable for the material 

of the bottle. Since bcoh_n and bcoh_nbar are 6.20 fm and 6.37 fm, respectively, which give Un~ 

Unbar ~103 neV. As mentioned above, since higher Un and Unbar are more useful, it is needed 

to enhance the flexibility in finding the candidate material. It can be performed by consid-

ering compounds or alloys as the bottle material. If one considers a material made of two 

elements A and B with the stoichiometry of (1-x) : x . the difference between Un and Unbar 

is given as  
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Here it is assumed that the number densities of A and B should be the same value as the 

average number density of the alloy or the compound in case of homogeneous, uniform 

and perfect mixture. The design of such material is represented in Table 1. 

Table 1. Parameters of the candidate of the UCN bottle material. 

Elemental composition Re(bcoh_n) [fm] Re(bcoh_nbar) [fm] Molar ratio [%] 

Ni 10.3 5.47 85.2 

Al 3.449 4.29 14.8 

 

 

The alloy made of Ni 85.2 atom% and Al 14.8 atom% provides Un ~ Unbar ~ 220 neV, which 

are comparable to Un of nickel (243 neV). In addition, Ni-Al alloy does not need expensive 

enriched isotopes. Therefore, it is considered the best material for the UCN bottle. A sim-

ilar consideration has been made in [11] which proposes a new nnbar-osc experiment us-

ing very-cold neutrons (VCNs) transported for a very long distance using a VCN guide 

made of the isotopic composition of 184W(87.7%) and 186W(12.3%) giving Un ~ Unbar ~ 106 

neV. The presently recommended Ni-Al alloy will provide two times better performance 

for the UCN storage with non-expensive raw materials, which is an advantage in con-

structing a large-volume storage.  

4. Discussion 

Using a UCN bottle made of material discussed in the previous section, the decoher-

ence effect due to the interaction with the wall is efficiently suppressed. For example, if 

one use a UCN bottle with a volume of 5m×5m×1m made of Ni-Al alloy with the param-

eter listed in Table 1, the averaged free-flight time tTOF is about 1 s for UCNs with the 

velocity of 5 m/s, and makes 500 times of reflections on the side wall and 833 times of 

reflections at the floor and in total 1333 times, assuming the storage time ts is 500 s. Total 

flight time is considered as 500 s. The loss by the decoherence due to wall is estimated as 

Eq. (11). Taking account of the amplitude-level suppression factor Samp (probability-level 

Sprob = Samp2), the neutron-antineutron conversion probability Pnnbar is given as  
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where am is the amplitude-level suppression factor Samp and is about 0.26 in the present 

case and m is the number of reflections given by ts/tTOF. The expected number of antineu-

tron event Ynbar during the experimental duration tmeas is given by  

 

nbar n nnbar measY P t=      ,                                           (17) 

 

in terms of the detector efficiency  and incident UCN intensity n. Assuming the back-

ground level is as good as in the case of the ILL experiment, only one detected antineutron 

event is sufficient to find the signal. In that case, combining Eqs. (16) and (17), the limit for 

nnbar is given as  



Symmetry 2025, 17, x FOR PEER REVIEW 7 of 8 
 

 

 

( )
1/2

1/2
0.26 500m n meas

nnbar s n meas

nbar

t
a t t

Y


 

  
=   =     

 

.              (18) 

 

 

Assuming the intensity of the UCN beam n as 108 /s which is expected to be achieved 

by improving the aimed intensity in the TUCAN experiment [12], the detection efficiency 

for antineutron as  = 0.5, and, the sensitivity of nnbar =4.11×109 s is expected with the meas-

urement time as 2×107 s (which is an approximate live time in one year) and 1.3×1010 s with 

a ten-year measurement.   

5. Conclusions 

In the present work it was found that a very high sensitivity for nnbar-osc with the 

UCN bottle method by matching the neutron-wall potential and the antineutron-wall po-

tential by selecting a suitable material for the wall of the bottle such as Ni-Al alloy. With 

the UCN source of the improved version of the one developed in the TUCAN experiment, 

it is expected that exploration of nnbar-osc with the oscillation period up to nnbar ~1.3×1010 

s is possible, which can cover 90% of the probability distribution of nnbar predicted by a 

model beyond standard model [2]. The detailed design of this experiment using a new 

UCN source at the future research reactor planned at the site of the closed fast breeder 

reactor Monju is in progress. It should be noted the present estimation was performed 

with a fixed velocity (5 m/s, initially horizontal) of UCNs. For more realistic estimation, it 

is necessary to make a computer simulation with the information of the energy distribu-

tion of the stored UCNs. Also, the staying time tW of UCN in the wall is fixed to the typical 

value of 10 ns in the present study. Exact value of tW can be obtained by taking account of 

the kinematics of UCNs in the wall, but the present result of the importance of the adjust-

ment of the neutron-wall and antineutron-wall interaction potential will be not changed. 

In fact, independently, the present problem was recently reconsidered by using the exact 

solution of the full Schrödinger equation, and results consistent with those reported here 

were obtained [13]. 
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