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Outline of this study 

• Searches for non-Newton gravity-like force 
• Neutron Experiments provide the strongest constraints 

in the range ≤ 10 nm 

• Neutron reflection probability off a bulk material 
• Neutron wave function for different interaction-range 

• Reflection probability off a multilayer 
• Band gap prohibits for neutrons to go into the multilayer 

• Band gap for the neutron in a multilayer 
• Multilayer designed not to reflect neutrons 

• Summary 



Searches for non-Newton gravity-
like force 

R. D. Newman et al., Space Sci. Rev. 148, 175 (2009)  

G: the gravitational constant 
M: the first mass 
m: the second mass 
r: the distance between  
    the masses 

𝑉 𝑧 = −
𝐺𝑀𝑚

𝑟
 

× 1 + 𝛼𝑒−𝑟 𝜆  
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0 + 𝑉g exp(2𝑘g𝑧) 𝑧 < 0

𝑉f + 𝑉g 2 − exp −2𝑘g𝑧 𝑧 > 0
 

Potential for neutron 

+𝑉g exp(2𝑘g𝑧)

+𝑉g 2 − exp −2𝑘g𝑧
 

kg = 1/𝜆 

𝑉𝑔 =
−𝐺𝑚𝜋𝜌𝛼𝑔

2𝑘𝑔
2  

m: neutron mass 
𝜌: weight density of the bulk 
𝑉f: Fermi potential of the bulk 
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How to calculate the reflection 
amplitude 

𝜙o,+ 𝑧 ≅ 𝑒𝑖𝑘𝑜𝑧 𝜙i,+ 𝑧 ≅ 𝑒𝑖𝑘𝑖𝑧 

𝜙o,− 𝑧 ≅ 𝑒−𝑖𝑘𝑜𝑧 
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𝛹′′ 𝑧 + 𝑘o

2 − 𝜂𝑒+2𝑘g𝑧 𝛹 𝑧 = 0 𝑧 < 0

𝛹′′ 𝑧 + 𝑘i
2 + 𝜂𝑒−2𝑘g𝑧 𝛹 𝑧 = 0 𝑧 > 0,

 

→  𝑒±𝑖𝑘𝑜𝑧 
                     as 𝑧 → −∞  

→ 𝑒±𝑖𝑘𝑖𝑧 
                         (𝑎𝑠 𝑧 → +∞) 

Schrodinger equations 
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Independent solutions 



Corrections on the boundary 

𝜃 𝑧 =  𝑘o
2 − 𝜂𝑒+2𝑘g𝑧′ − 𝑘o 𝑑𝑧′

z

−∞

 

𝜙𝑜,±(0 ≅ 1 

𝑑

𝑑𝑧
ln𝜙o,± 𝑧  

𝑧=0

≅ ± i 𝑘o 

+𝜃 0 (−𝑥o ± i 𝑦o) 

+
𝜃′(0)

2
𝑥𝑜 ± i𝑦𝑜  



Reflection amplitude off gold 

𝑅 ≅
𝑘i − 𝑘o

𝑘i + 𝑘o
+ 𝑂 𝜃 0 2  

𝜆neutron ≪ 𝜆 

𝑅 ≅
𝑘i − 𝑘o

𝑘i + 𝑘o
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Reflection from multiple 
boundaries 

𝜙0,+ 𝑧  
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𝐹 ≔
cos 𝜃 𝑏

𝑐 cos 𝜃
 

𝐹𝑛 =
cos 𝑛 𝜃 𝑏
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General Periodic 

1 1
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1
𝑅
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×
1
𝑖𝑘
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𝑅 2 =
𝛽2

4 + 𝛽2
 𝛽 = 𝑏 𝑘 +

𝑐

𝑘

sin 𝑛𝜃

sin 𝜃
 

cos 𝜃 < 1 cos 𝜃 > 1 



Outline of this study 

• Searches for non-Newtonian gravity-like force 
 

• Neutron reflection probability off a bulk material 
 

• Reflection probability off multilayer 
 

• Band gap for the neutron in a multilayer mirror 
 

• Summary 



When  there is no new force 

𝑡𝐿 𝑡𝐻 𝑡𝐿 

𝑧𝑚−1,𝑚 𝑧𝑚,𝑚+1 𝑧 

𝑉(𝑧) 

𝑉𝐻 

𝑉𝐿 
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Designed to 
reflect neutrons 

𝑘𝐻𝑡𝐻 
𝑘=𝑘0

= 𝑘𝐿𝑡𝐿 
𝑘=𝑘0
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Designed NOT to 
reflect neutrons 
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Effects of the new force 

Potential for neutrons 

𝑧𝑚−1,𝑚 𝑧𝑚,𝑚+1 

𝑉𝑓,𝐿 + 𝑎𝐿 + 𝑏𝐿 cosh 2𝑘𝑔 𝑧 − 𝑧𝑚,𝑚+1 𝑧𝑚,𝑚+1 −
𝑡𝐿
2

< 𝑧 < 𝑧𝑚,𝑚+1

𝑉𝑓,𝐻 + 𝑎𝐻 + 𝑏𝐻 cosh 2𝑘𝑔 𝑧 − 𝑧𝑚,𝑚+1 + 𝑧𝑚−1,𝑚 2  
𝑧𝑚,𝑚+1 + 𝑧𝑚−1,𝑚

2
−

𝑡𝐻
2

< 𝑧 <
𝑧𝑚,𝑚+1 + 𝑧𝑚−1,𝑚

2
+

𝑡𝐻
2

𝑉𝑓,𝐿 + 𝑎𝐿 + 𝑏𝐿 cosh 2𝑘𝑔 𝑧 − 𝑧𝑚−1,𝑚 𝑧𝑚−1,𝑚 < 𝑧 < 𝑧𝑚−1,𝑚 +
𝑡𝐿
2

 

Schrodinger equations 

𝛹′′ 𝑧 + 𝑘𝑋
2 − 𝜂𝑋 cosh 2𝑘𝑔 𝑧 − 𝑧𝑋 Ψ 𝑧 = 0 



Corrections on the boundary 

𝜙𝑋,𝑛,± 𝑧𝑋,𝑛 + 𝑡𝑋 2  

                                                          ≅ 𝑒±𝑖𝑘𝑋
𝑡𝑋
2 1 − 𝜃1

𝑡𝑋
2

𝑥𝑜 ∓ 𝑖𝑦𝑜  

𝑑

𝑑𝑧
ln𝜙𝑋,𝑛,± 𝑧  

𝑧=𝑧𝑋,𝑛+𝑡𝑋 2 

 

                                                              ≅ ±i𝑘𝑋 − 𝜃1
′ 𝑡𝑋

2
(𝑥𝑑 ∓ 𝑖𝑦𝑑) 

𝜃1 𝑧 =  𝑘X
2 − 𝜂𝑋𝑒+2𝑘g(𝑧′−𝑧𝑋) − 𝑘X 𝑑𝑧′

zX+z

zX

 



Band structure for the neutron in 
Pt/C 

𝑘0 = 0.1 nm−1 
𝜆g = 10 nm 

𝛼g = 1020 𝑤 

𝑤 ≅ 0.2% 



Reflectivity measurement 

𝛿𝑞

𝑞
∝ 𝛼𝑔 → 104times stronger constraints? 

𝛿𝑞

𝑞
 
present constraint

= 0.2 10−2 

𝛿𝑞 = 10−7 Å−1?@ S18 ILL 𝛿𝑞

𝑞
 
expected

= 0.2 10−6 
G. Kroupa, et al., NIMA 440, 604 (2000) 

𝑞 = 0.02 Å−1 

neutron 



Summary 

• Reflection amplitude changes significantly when 
𝜆neutron ≅ 𝜆. 

 

• Reflection probability significantly increases in a 
band gap. 

 

• Band gap due to the new force exists. 

 

• Reflectivity measurement may provide 104 times 
stronger constraint when 𝜆 is 10 nm. 
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attention 


