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Assuming the self-imaging wavefront division optical system  transmits light with wavelength λ, the cylindrical waveguide of diameter d and a length L generates a maximum of M high order modes, the distance between multimode fiber and focusing lens is 
s, and the focal length of the lens is f, the direction cosine cosθm for the emitting beam of order m can be expressed as: 
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Since d≫λ, the lens pupil function for order m, Pm can be approximated as the geometric projection of the cylindrical waveguide’s distal end aperture on the lens plane. Using the paraxial approximation, a point radiation source at the single-mode fiber’s distal end generates a field U(r,z) in image space with a radial coordinate r and axial coordinate z:  
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where J0 is the 0th order Bessel function of the first kind. The 0th order mode provides a field U0(r,z) that is identical to the conventional focused field as described in Eq. S3:  
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The high order modes (m>0) introduce fields Um(r,z), that have ring-shaped pupil functions and phase terms linear with r0 within Fourier-Bessel integral as in Eq. S4. The total field is the coherent addition of all modes: 
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For negative A(z) (the high order modes have a focal length longer than the 0th order mode), Eq. S4 can be approximated as 

1. Formation of the coaxially focused multimode
(CAFM) beam
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(S5) 

Therefore, for r0=rp that satisfies Eq. S6, the phase term within the Fourier-Bessel integral is canceled.  
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A focused Bessel field B(r,z,m) generated in response to rp is expressed as:  
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According to Eqs. S6 and S7, the radius of the first zero of Bessel field rB(m,z) and the axial focusing region S(m) are written as Eq. S8: 
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 A similar analysis can be applied to input sources of a different field profile such as Gaussian. 
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