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Axial intensity in a fiber-optic confocal microscope
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Abstract: A fiber-optic confocal microscope has been analyzed by Fourier optics. It is found that the detected light intensity

has three parts,each of which is depennted on the coupled lens, the detective lens,and the part comprised of the fiber and

the microprobe. The simulated results show that the less the value of the parameter A is,which is dependent on the fiber

and microprobe, the higher the axial resolution of the system is. For the case,as A—>co, the axial resolution is zero, which

is corresponding to the conventional microscope. as A<(1,the axial resolution changes slightly,and is close to the optimal

value, which is corresponding to the perfect confocal microscope. when the reflective loss takes place at the end of fiber. the

contrast of axial intensity will decrease. All that will help the design of endoscope with confocal microscope at cellular level.
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1 Introduction

In the field of endoscopy, a miniaturized
high-resolution imaging systems could be espe-
cially helpful for a number of medical problems,
such as the determination of tumor margins dur-
ing a minimally invasive operation, the screening
of large tissue sections, etc. The confocal micro-

(4] has a good prospect in endoscopy, due

scope
to its optical sectioning property and high reso-
lution. At present,a lot of research teams in Eu-
rope and USA. are working at a clinical endo-
scope with confocal microscope,which can afford
a new and effective method to diagnose. For an
endoscopy with fiber-optic confocal microscope,

lots of correlative papers have been reported in

recent years,but there is no detailed analysis in
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terms of optical theory. In the paper, the light
distribution of a fiber-optic confocal microscope
is analyzed by Fourier optics,and the axial inten-
sity is discussed by parameter A, which is de-
pendent on the fiber and microprobe. Mean-
while, the reflective loss at the end of fiber is
discussed, which affects the contrast of intensi-
ty. Finally, all of the results are summarized to
help the design of a new endoscope with optical

sectioning.

2 Light distribution of a fiber-op-

tic confocal microscope

The configuration of a microscope is shown
in Fig 1. Under Born first order approximation,

for point light source (&, ,y,) »the light distribu-
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Fig. 1 Fiber-optic confocal microscope
tion on left end of fiber(x,,y,) through the cou-
pling lens(lens 1) is
U,(x; .y, )ﬂ&(ro s Vo) h (g s yo 521 s y1)daedy, s

(D
because the PSF of the coupling lenses is de-

pendent on its exit-pupil Fraunhofer diffraction ,

it can be expressed by

h(x, s Vo 31 9y1) = Hp(é, 7])

exp[ (e = Mg+ (v — My }dédrl :

(2)

where p (&, 9) is exit pupil function, d, is the
space between exit pupil and the left interface of
fiber,M is the magnification of lens 1,% is equal
to 2w/,

At the end of fiber, the operation light will
stimulate fiber modes. Assumed every kind of
loss in fiber is neglected, based on fiber coupling
theory™ , the exit light distributing at the right
end of fiber(x,,y,) is

Ui (xz5y:) = e(xy5y:)exp(GRD

JIeX (Il ' V1 )Uo(Il s V1 )dl‘l dyl
, (3

Jj | e(xysy) |*da,dy,

where e is the single-fiber mode distribution,

which is Gaussian function, * denotes conjuga-

tion, B8 is fiber propagation constant, / is fiber
length.

Gaussian-shaped light beam through micro-
probe illuminates the object space (x5, ys. 23).
Due to the thickness of sample,light near the fo-
cus in sample can be reflected back to fiber. As
far as a random point near focus concerned, light
distribution on the traverse plane through the
point is affected by defocus distance z5,which is
the distance between the point and focal plane.
Using the preceding method, the light distribu-

tion is

U2(1'3 V3 aZg) -

Jle (1'2 s V2 Yhy Cxy s V235393 923>d1'2 dyz ’ 4)

where axial defocused z; gets aberration exp

[jk(SZ‘FnZ)(li 1
2 dy d+

effective exit pupil function can be expressed by

)], and is very small,
<3

P (E,n)exp[%zg(évaqz)}. the PSF of micro-

probe(lens 2) is

hi (530 5005 533 523) =

}{ 2 - k
H;Dl (Eyn)exp[zjﬁzg (& + qz)}exp{f

[(xs — Mix,)6+ (ys — My, gl ) dédy (5)

where d, is the distance between exit pupil and
ideal focus, M, is the magnification of micro-
probe.

When the sample is moved randomly, the
little illuminated area scans the sample in three
dimensions. Because light speed and the response
time of PMT are higher by far than the moving
velocity, the reflective light from the scanned ar-
ea can return along the same optical path back to
the fiber. Assumed the object function is o(x,y,
2) ,which denotes the reflectivity of the sample.
For the random point in the scanned area,its ob-
ject function is expressed by o(r,—r;) . r, is the

coordinate of scanning point, or ideal focus. so
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the distribution of reflective light modulated by

the sample is

UZ/(-Z'g s V3933 srg) =U (a2, s V3 szz)o(ry—r;) ,
(6)

Through microprobe, the reflective light
distribution on the right end of fiber is

U1/(1‘2 ' Vo 9rs) == J‘J‘U/(Tg s V39 %3 ;rs)}h,(l’z s Vo3

X393 923)d173dy3d239 7

For reflective signal light,the exit pupil be-
comes entrance pupil. Then, the PSF of micro-

probe is

hl/<12’3’2§13ay3,23) -
— ik ,
J‘(Pl({:vﬂ)exp[ﬁzg(s—+7]2>}
eXP{Zi_k[(l‘g — M, x,)E+ (y3 _Ml%)’]]}déd;; ,
1

(8)

Because reflective light is coupled in the
same fiber ,the light distribution on the left end
of fiber is

U, (xysy13r) = e(x1 sy Yexp(— jB0)

ﬂe (s s y)U (s ys o) ds iy,
: 9

Jj\ e(xy,yy) |Pda,dy,

When Gaussian-shaped light beam modula-
ted by sample is detected by point detector, the

light distribution on detecting plane is

Ug/(rs):on/(«Tl ' V1 9"3)}151/(1'] s V1 ;0,0)dl‘]dy] )
(10)

where h,' is the PSF of the detecting lens (lens
3). Integrate all expression preceding,the inten-

sity detected is

I, =| Le(a,/M,,y,/M) ®:h,(0,05r,)] X
Ce” (x./My,y. /M) @.h" (0,057 Qs0(ry) |?
e(a*l/M,yl/M) | &) h (0,052, ,y) |7

H\ ey vy | derdy,

X

‘ 6(1'1/Md vyl/Md) @2/74/(070;1'1 9y1) |2

JI| e(xssy,) [Pda,dy,

where the last two parts denote on the right re-
spectively the coupling effect of the coupling lens
and the detecting lens. Because only the first
part has been modulated by sample, they are
considered as constant for the first part. As-
sumed constant C, D is respectively the last two

parts,optical amplitude of signal is

U.\-:[e(l',-/Ml »y,\/M1)®zh](rs)]><
[3* (l’.\/Ml ,y.‘/Ml)®2/11/(h)]®30(h) ’

(12)
and the effective PDF of microprobe is
he="[e(x,/Mi,y,/M)DX;hy (r,)]X

[3% (1',/M1»y.\/M1)®zh1'(rs>] ’ (13)

Assumed fiber and lenses have circular geomery,
we take cylindrical coordinates and make pupil
function normalize by its radius a. According to
the method™, the coherent transfer function of

microprobe is

c(v,u)= [é (a;}f\fl )p (v) eXp(leZv2 )}@7

2

[é(a;)f\fl )p(v)exp(juzv )} , (14)

where u represents the axial optical coordinate,u

_ 27za’
Adi

with the spot size r, is Gaussian function e(x,y)

2
=e(r) :exp[*% (%) } ,its Fourier transform
0

, mode function of single-mode fiber
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is e(v) :2nr?,exp[—%(2nr0v>2 }

Assumed the reflectitvity of object is 1, the

axial optical intensity is

I(u) = KJ | ¢c(0,u) |*du =
A1+ e — 2¢ " cos u)
(A" 4+ u*) (1 —e ™)

K , (15)

where normalized constant K=4x*r}CD, param-

2nroM,a
diA

effect of the fiber spot size r,,the pupil radius a

2
eter A = ( ) , which incorporates the

of lens 2,and the distance d,,the magnification
M, ,and the opration light wavelength A.

When the reflection from the left end of fi-
ber is not neglected, some reflective light will be
detected. Assumed lens 1 and lens 3 are similar,
the reflectivity is ,and the operation light inten-
sity is unit,the detected reflective light intensity

1s

I":7]|h(050911 ’y])‘®hd/(09091‘1 ’yl)|2:7] ’
(16)

Then the detected axial intensity is
AP (1+e *—2e “cos u)

(AP ) (1—e *)F ’
a7

L=ptU—pK

3 Results and discussion

The simulated results are given by Eq. (15)
and (17). Fig. 2(a) shows the normalized axial
intensity in a fiber-optic confocal microscope
without reflective loss for different values of the
parameter A. As the value of A is increasing,the
axial intensity profile’s FWHM is decreasing.
That is, the axial resolution decreases for the
bigger value of A. When A is equal to infinity,

the axial resolution is zero, which is correspond-

ing to the conventional microscope. This means
it has no optical sectioning property. When A is
less than 1,the axial resolution has little change,
which is close to the optimal value. For the case,
when A=0,it is the perfect confocal microscope
with the point source and point detector,that has
the optimal axial resolution. When A is infinity,
the fiber spot size is too big to block the defocal
light and make the system become the conven-
tional microscope. When A is between zero and
infinity, the light will be modulated by the fi-
ber,which can make the system have optical sec-
tioning property. Fig. 2(b) shows the axial in-
tensity for different reflective loss with A=1. It
is found that,when the reflective loss on the left
end of fiber is increasing, the minimal intensity is
increasing. This means that the contrast of inten-
sity decreases for higher reflectivity of the fiber,
so the image quality will degrade. However, if

the end of the fiber is uniform. the loss can be
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(a)Different values with no reflective loss
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(b) Different reflective loss with A=1
Fig. 2 Normalized axia intensity of a fiber-optic con-

focal microscope
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thought as white noise,which can be delected by
image process. If not, some methods are needed
to decrease the reflection. In fact, the coupling
lenses and the detecting lenses affect the axial
intensity peak, which also decrease the contrast
of intensity. So it is necessary to select the cou-

pling lenses and detecting lenses in terms of the

fiber.

4 Conclusion

Fourier optics is used to analyze a fiber-op-
tic confocal microscope, and obtain the detected
light intensity, which can be divided into three

parts:the coupling efficiency of lens 1, the de-
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