
𝑩(𝒓) =
𝜇0
4𝜋

3(𝑴 ⋅ 𝒓̂)𝒓̂ − 𝑴

𝑟3

 

 

 



  





  







 

  

    

 

 




 



𝜙12 = 𝜙21



 

  

 

𝜙12 𝜙21



𝑩𝑟𝑒𝑐(𝒓, 𝑡)

𝑩𝑟𝑒𝑐(𝒓, 𝑡) = 𝐼𝑚(𝑡)𝑩̂𝑟𝑒𝑐(𝒓)

𝜙𝑚𝑜𝑚𝑒𝑛𝑡 = 𝑩𝑟𝑒𝑐(𝒓, 𝑡) ⋅ (𝐴𝑚𝒎̂)

𝐴𝑚𝒎̂

𝜙𝑚𝑜𝑚𝑒𝑛𝑡 = 𝑩̂𝑟𝑒𝑐(𝒓) ⋅ (𝐴𝑚𝐼𝑚𝒎̂) 
= 𝑩̂𝑟𝑒𝑐(𝒓) ⋅ 𝒎(𝑡)

𝜙𝑟𝑒𝑐 = 𝜙𝑚𝑜𝑚𝑒𝑛𝑡

 

𝒎̂

𝒎 = 𝐼𝑚𝐴𝑚𝒎̂



 

𝒚̂

𝑩̂𝑟𝑒𝑐(𝒓) =
𝜇0
2𝑅
𝒚̂





𝑩(𝒓) =
𝜇0𝐼

2𝑅
𝒚̂

   

 





 

 

 

 



cos(𝜔0𝑡) → 𝑒
−𝚤𝜔0𝑡 

 

 



𝜃

𝐸 = −𝑀𝐵0 cos(𝜃)

𝜃 = 0° 𝜃

𝜃 = 180°

 

 







 





𝜔0 = √
𝑘

𝑚

𝜔𝐹

𝜔𝐹 = 𝜔0 𝜔𝐹 ≫

𝜔0 𝜔𝐹 ≪ 𝜔0

𝑩𝑅𝐹(𝑡) = 𝐵1 cos(𝜔𝑅𝐹𝑡)𝒙̂ − 𝐵1 sin(𝜔𝑅𝐹𝑡)𝒚̂

𝜔𝑅𝐹



𝜔𝑅𝐹

𝑩 =

𝑩0 +𝑩𝑅𝐹



𝜔𝑅𝐹

𝜔𝑅𝐹

𝜔𝑅𝐹



 

 

 

 

𝝎𝑟𝑜𝑡

|𝝎𝒓𝒐𝒕| = 𝜔𝑅𝐹

ˆ ˆ ˆ, ,x y z

𝒙̂′, 𝒚̂′, 𝒛̂′

 
𝑴(𝑡) = 𝑀𝑥𝒙̂ + 𝑀𝑦𝒚̂ + 𝑀𝑧𝒛̂ 

= 𝑀𝑥,𝑟𝑜𝑡𝒙̂
′ +𝑀𝑦,𝑟𝑜𝑡𝒚̂

′ +𝑀𝑧,𝑟𝑜𝑡𝒛̂′

𝒙̂, 𝒚̂, 𝒛̂

𝒙̂′, 𝒚̂′, 𝒛̂′

𝑴(𝑡) = 𝑀𝑥,𝑟𝑜𝑡𝒙̂
′ +

𝑀𝑦,𝑟𝑜𝑡𝒚̂
′ +𝑀𝑧,𝑟𝑜𝑡𝒛̂′

𝑑𝑴

𝑑𝑡
=
𝑑𝑀𝑥,𝑟𝑜𝑡
𝑑𝑡

𝒙̂ +
𝑑𝑀𝑦,𝑟𝑜𝑡

𝑑𝑡
𝒚′ +

𝑑𝑀𝑧,𝑟𝑜𝑡
𝑑𝑡

𝒛̂′ 

+𝑀𝑥,𝑟𝑜𝑡
𝑑𝒙̂′

𝑑𝑡
+ 𝑀𝑦,𝑟𝑜𝑡

𝑑𝒚̂′

𝑑𝑡
+ 𝑀𝑧,𝑟𝑜𝑡

𝑑𝒛̂′

𝑑𝑡
 



(
𝑑𝑴

𝑑𝑡
)
𝑟𝑜𝑡
≡
𝑑𝑀𝑥,𝑟𝑜𝑡
𝑑𝑡

𝒙′ +
𝑑𝑀𝑦,𝑟𝑜𝑡

𝑑𝑡
𝒚̂′ +

𝑑𝑀𝑧,𝑟𝑜𝑡
𝑑𝑡

𝒛̂′

𝝎𝑟𝑜𝑡(𝑡)

rot

n̂

  n̂

𝒙̂′~𝑴 
𝝎𝒓𝒐𝒕~𝛾𝑩

𝑑𝑴

𝑑𝑡
= (
𝑑𝑴

𝑑𝑡
)
𝑟𝑜𝑡

 

+𝑀𝑥,𝑟𝑜𝑡
𝑑𝒙̂′

𝑑𝑡
+ 𝑀𝑦,𝑟𝑜𝑡

𝑑𝒚̂′

𝑑𝑡
+ 𝑀𝑧,𝑟𝑜𝑡

𝑑𝒛̂′

𝑑𝑡
 

= (
𝑑𝑴

𝑑𝑡
)
𝑟𝑜𝑡

 

+ (𝑀𝑥,𝑟𝑜𝑡̂ 𝑀𝑦,𝑟𝑜𝑡̂

𝑀𝑧,𝑟𝑜𝑡 ̂ )

= (
𝑑𝑴

𝑑𝑡
)
𝑟𝑜𝑡
+𝝎𝑟𝑜𝑡 ×𝑴(𝑡)

𝛾𝑴(𝑡) × 𝑩(𝑡)

(
𝑑𝑴

𝑑𝑡
)
𝑟𝑜𝑡
= 𝛾𝑴× (𝑩−

𝝎𝑟𝑜𝑡(𝑡)

𝛾
)  

 

1
eff rot
 B B ω

(
𝑑𝑴

𝑑𝑡
)
𝑟𝑜𝑡

𝑩𝑅𝐹(𝑡) = 𝐵1 cos(𝜔𝑅𝐹𝑡) 𝒙̂
− 𝐵1 sin(𝜔𝑅𝐹𝑡) 𝒚̂ 

= 𝐵1𝒙̂
′





rot RF 



0RF 

rot RF 

0RF 

0 RF    

 𝜔0 = 𝛾𝐵0

 𝜔1 = 𝛾𝐵1
~𝜇𝑇

 𝜔𝑅𝐹

𝜔0 𝜔𝑅𝐹~𝜔0
 𝜔𝑟𝑜𝑡

𝜔𝑅𝐹

𝜔𝑟𝑜𝑡 = 𝜔𝑅𝐹~𝜔0~100 𝑀𝐻𝑧

 
Δ𝜔

𝛾
≡ Δ𝐵

1


 eff rotB B ω

rot RF 

ˆ ˆ
rot rot RF  ω z z



𝑩𝑅𝐹 = 𝐵1 cos(𝜔𝑅𝐹𝑡)𝒙̂ − 𝐵1 sin(𝜔𝑅𝐹𝑡)𝒚̂

 







  



    

     

 

1 90 2

  B t

  
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
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1
90 4


B
t

 

 

 





 
 

  
 
 

     

 

 



 

    

    

 

 

  
 

   
  
 

 

    

    





 
 

  
  
 



 



𝜙𝑚 = 𝜙𝑅𝐹 +
𝜋

2

 



"𝑥": 𝜙𝑅𝐹 = 0° 
"𝑦": 𝜙𝑅𝐹 = 90°

" − 𝑥": 𝜙𝑅𝐹 = 180°





1
90 2

~ 0.5 ms
B

t 




1
90 2

~ 2 ms
B

t 






" − 𝑦": 𝜙𝑅𝐹 = 270°



 

0

2


  

ydM

R dt



  








 







  


















 



   

    


    

 

        


    

 

 

 

 

   

            

 

 
 

  
  

    

     


   

   

 
 

  
    

 
 

  
  





 



  







   
   

    
      

 

   
   

    
       

 





1

1
90 4


B
t

 

𝛾𝐵1 ⋅ (𝑑𝑢𝑟𝑎𝑡𝑖𝑜𝑛)

















𝑡90 =
1

4𝛾𝐵1



 





 



 



   

     

 

 








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       



 

𝑩𝑒𝑓𝑓 = (
𝐵1
0

Δ𝜔/𝛾
) → (

𝐵1 cos(𝜔𝑐𝑡)

−𝐵1 sin(𝜔𝑐𝑡)
Δ𝜔/𝛾 

)

≡ 𝑩𝑒𝑓𝑓
(𝑠ℎ𝑖𝑓𝑡)

0 2.1

0

1

0 2.1

0

1

-100 -50 0 50 100

mm



 





𝑩𝑒𝑓𝑓
(𝑠ℎ𝑖𝑓𝑡)

2𝑛𝑑 𝑟𝑜𝑡𝑎𝑡𝑖𝑜𝑛
𝑓𝑟𝑎𝑚𝑒

→         (

𝐵1
0

Δ𝜔

𝛾
−
𝜔𝑐
𝛾

)

Δ𝜔 − 𝜔𝑐 = 0

Δ𝜔 = 𝜔𝑐

𝜔𝑟𝑜𝑡 = 𝜔0 Δ𝜔 = 𝛾𝐺𝑧

Δ𝜔 = 𝜔𝑐
𝛾𝐺𝑧𝑐 = 𝜔𝑐

𝑧𝑐 =
𝜔𝑐
𝛾𝐺

𝜔𝑐

𝜔𝑐 = 𝛾𝐺𝑧𝑐 ≈ 2𝜋 ⋅ 4.257 𝑘𝐻𝑧



𝑩𝑒𝑓𝑓(𝒓, 𝑡) = (
𝐵1
0

𝑮(𝑡) ⋅ 𝒓
)



  

𝑩𝑒𝑓𝑓(𝒓, 𝑡) = (
𝐵1
0
𝐺𝑧
)

 



Δ𝑧 =
𝐵𝑊

𝛾𝐺
=
𝐵1
𝐺




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1B T 

 ,B z y Gz 





   2 2B z y  r





 ,B z y Gz 



 



𝑣𝑟𝑒𝑐 = −∫ 𝑩̂𝑟𝑒𝑐(𝒓) ⋅
𝑑𝑴(𝒓, 𝑡)

𝑑𝑡
𝑑𝑉

𝑏𝑜𝑑𝑦

𝑠(𝑡) ∝ 𝜔0∫ 𝐵𝑥𝑦
(𝑟𝑒𝑐)(𝒓)𝑀𝑥𝑦

𝑟𝑜𝑡(𝒓, 𝑡)𝑑𝑉
𝑏𝑜𝑑𝑦

 

𝐵𝑥𝑦
(𝑟𝑒𝑐)(𝒓) = 𝐵𝑥

(𝑟𝑒𝑐)(𝒓) + 𝑖𝐵𝑦
(𝑟𝑒𝑐)(𝒓)

𝐵𝑥𝑦
(𝑟𝑒𝑐)

𝑠(𝑡) ∝ 𝜔0∫ 𝑀𝑥𝑦
𝑟𝑜𝑡(𝒓, 𝑡)𝑑𝑉

𝑏𝑜𝑑𝑦

𝑠(𝑡) ∝ 𝜔0∫ 𝑀𝑥𝑦
𝑟𝑜𝑡(𝒓, 𝑡)𝑑𝑉

𝑘𝑛𝑒𝑒




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     

  

 
    

 





    
   

 

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   
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 

  

   
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