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ABSTRACT

The theory of optical coherence tomography (OCT) was conventionally considered as the light beams propagating in the
system to be in the forms of planar waves. However, the actual behaviors of the light beams in an OCT system are more
likely to be Gaussian beams. With the consideration of the light beam passing through the focal lens in the sample arm to
be a Gaussian beam, we deduced the theory of OCT in an analytic form. We also simulated and analyzed the interference
signals with different positions of the photodetector and the interface in the sample as well as their transverse patterns
spectrally. The results were demonstrated by experiments with a Fourier-domain OCT system.
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1. INTRODUCTION

Optical coherence tomography (OCT) is a noninvasive imaging technique to extract cross-sectional information from
biological tissues' %. It has been rapidly developed and is useful in biomedical applications'”’. Among the alternative
configurations of OCT systems, Fourier-domain OCT (FD-OCT) records the information as the function of frequency
and obtains the structure of a tissue with Fourier transformation®'". A typical OCT system is based on the configuration
of a Michelson interferometer. The theory of OCT was conventionally considered as the light beams propagating in the
system to be in the forms of planar waves. Under such an assumption, the theory of OCT is quite simple and is consistent
with most of the experimental results. However, the actual behaviors of the light beams in an OCT system are more
likely to be Gaussian beams'> .

While considering the effects of Gaussian beams, the interference signals in an OCT system will be different to
that resulting from planar waves. Furthermore, the effects will be more crucial when an ultra-broadband light source was
used to achieve a high-resolution imaging, which is one of the most important issues in the current development of OCT.
The problem of the larger deviation of objective lens from focal plane makes the fail description for the mirror position
by the interference signals'®.

In this work, we develop the mathematical expression for the light beam from the sample arm that has the
characteristics of a Gaussian beam. We calculated the interference signals received by the detector, and simulated the
effects of Gaussian beam in the interference signals with the sample mirror placed at different positions deviated from
the focal plane of the objective. The theoretic predictions were also demonstrated with a FD-OCT system.

2. THEORY

A typical OCT system is based on the configuration of a Michelson interferometer as shown in Fig. 1. The reference
mirror moves longitudinally (x) and the sample mirror is put at a distance S from the focal plane of the objective lens.

After reflected by the beamsplitter, the light beam propagates to and reflected by the reference mirror and finally stop at
the detector with a traveling distance 7, , while the optical length of sample arm is 7,

0, =2L,+L,=2(l+f+x)+L,, (1)

0,=2L +L,=2(I+f+S)+L,, 2)
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Fig. 1. The OCT system.

where f'is the focal length of the objective lens, / is the distance between the beam splitter and focal plane, and 7, is the

distance from beam splitter to the detector. The required time for the sample and reference beams to travel from the
beam splitter, reflected by the mirror, and finally arrived the detector are ¢, /c and ¢, /c, respectively. We suppose the

light beam of the reference arm is the planar wave in the whole journey after the collimator. The wave function of a
planar wave is the function of w, z, and ¢,

E(0,2,1) = 4,(w) expli(ot - kz)], 3
where A4, (w) is the spectral amplitude and the experimental measurement is the power spectral density |A0(a))|2 .

On the other hand, the signal of the sample arm is supposed to be a Gaussian distribution beam since it has been
focused by the objective lens. One can obtain the beam waist W, by the incident beam diameter D,

24f  4¢
W, = _f = _f > 4)
D @D
as shown in Fig.2 Rayleigh range
wl oW}
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Fig. 2. The sample single propagates through an objective lens and focus with waist ¥, at where z = 0.
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While the Gaussian beam at a distance from the waist is smaller than z,, the radius of the curvature of the wavefront is

approximate to the planar wave, i.e. at waist the radius is infinite. After exceeding the Rayleigh range, the radius will
gradually increase.

We set the traveling coordinate z for the sample beam at the waist as the beginning position z = 0, as shown in
Fig.2, the light beam is reflected by the mirror, goes back passing the lens and splitter, and finally arrives the detector.
To estimate the beam size and radius of the curvature of wavefront, we utilize the ABCD matrix,

L 2LS
a4 By (1o 0 geasy [V f+25- 7
B ! B ©)
c p)lo 1)~ lo 1 1 28 :
/ -

with L =7+ f . We can obtain the beam size,

and the radius of curvature of the wavefront of Gaussian beam,
Ry = g(zzz*ﬁz_ fiLSJ):Z;iL(L_ f,):)'zzi ’ ®
0
at detector as shown in Fig. 3. At detector center the traveling coordinate of the sample signal is z;
z, =25+ f+I+L,, ®

and deviated from the center at transverse coordinate p;, the traveling coordinate is z;,

ZizRi_\JRiz_piz"—Zl‘ (10)

Detector

Z
Fig. 3. The sample single propagates through an objective lens and focus with waist ¥, at where z=0.
Here, we use the cylindrical coordinate, since the Gaussian beam has the cylindrical symmetry at the traversed planar.

The wave function of a Gaussian laser beam wave function toward +z can be express as the function of p, @, z, and ¢,

2 2

4
E,(p,z,0,t) = 4, (o) W(“Z ) exp| nf(/: )z]exp[—if 21’[:(2)]exp[i(a)t—kz)] . (11

The intensity of the interference between two electric fields in Egs. (3) and (11) is

1, =[N () +[(2E,E0)

) (12)
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with

(E) =l ,
2 o w Y 2p°
(ES)| =], () (W(Z)J expl T, (13)
and
N 2 W, 2p° o p
KZERES) _J.J.2|Ao(w)| W(2) eXP[W(Z)z]eXp[ ! . 2R(Z)] 0

xexpli (L, ~£,)~(z,~ )] 2ap dw dp,
C

in which we integrate with all of the frequency and the beam area over the detector. The parts of |<ER> " and |<E5> " are

dc signals and we only need to consider their cross-interference term KZERES)

in Eq. (14). Here, the transverse

distribution of the interference signal, i.e. the intensity in p direction since the signals have the cylindrical symmetry, is
W, 2p° o p’

L exp[ =L Jexpl~i =L ]
W(z) W(z) ¢ 2R(z)

(2£,E;) =[24,)
(15)

xexp[i%((ﬂs —0)~(z,-2,))] do.

3. NUMERICAL AND EXPERIMENTAL RESULTS

For comparison, we setup a Fourier Domain (FD) OCT system as Fig.l. The light source in our system is a
superluminescent diode (SLD D890, Superlum Diodes Ltd.) with a spectral bandwidth of 150 nm (FWHM) centered at
890 nm as Fig. 4 and axial resolution of 3.7 um in air. The collimated light (by an object lens: 60X, NA = 0.85, f'=
2.9mm) is split half (50%) to the reference mirror and half to the reference mirror. At the sample side, a near IR
achromatic doublet lens (Thorlabs, Inc.) with focal length 7.5mm makes the photon beam reflected by the sample has the
character of Gaussian beam; while at the reference side, the photon beam is reflected by the mirror directly and remain to
be the planar waves. Finally the interference signals are received by a spectrometer (USB2000, Ocean Optics, Inc.). The
data obtained by the spectrometer are the interference intensity in frequency domain. For the time domain distribution
one will need to do the Fourier transformation that we do this analysis by software LabVIEW.
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Fig. 4. The spectral density distribution with the center wave length 890 nm and band width 150 nm.
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The experimental parameters such as spectral intensity |A0(a))|2 in Fig. 4 will be used as the input in Eq. (15), as
wellas D=0.96mm, L, =32cm, L, =12cm, /=1125cm, f=7.5mm,and L, =/+ f+S.

3.1 Interference signals
3.1.1 Numerical Results

In Eq. (14), we have calculated the interference intensity including the effect of Gaussian beam. With the same spectral
density distribution as in experiment in Fig. 4, we obtain numerical simulation results as shown in Fig. 5. Basically, if the
sample mirror is set at the focal plane of the lens (S = 0), the incident light will be reflected along the same path of
incidence and arrive the detector. The signal pattern is symmetry with respect to the position of § = 0. However, if S is
unequal to zero, the optical path will be totally different. For example, when the sample mirror is put at where S is larger
than zero, as shown in Fig.1, the optical path will be reflected outward and the beam size will be enlarged. The
interference signal will become asymmetry as | S | > 0. In our numerical results, the signals have apparently asymmetric
as | S|> 150 um. We also find that the more asymmetric happens at S < 0 side. We show the interference signals with S
=0, 30, 90, 150, 210, 270, and 330 um in Fig. 5(b) and S = 0, -30, -90, -150, -210, -270, and -330 um in Fig. 5(c),

respectively.
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Fig. 5(a). Numerical simulation of the interference signal with S =0 um.
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Fig. 5(b). Numerical simulation of the interference signals with S = 30, 90, 150, 210, 270, and 330 um.
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Fig. 5(c). Numerical simulation of the interference signals with S = -30, -90, -150, -210, -270, and -330 um.
3.1.2 Experimental Results

In comparison with the theoretic simulation, we list the corresponding experimental results in Fig. 6 which have been
analysed with Fast Fourier transformation from the original experimental data that are the frequency domain signals.
Except the pattern with § = 0 with well right and left symmetric, the phenomenon of asymmetries happens in other
patterns. As the distance S enlarges, in Figs. 6(b) and 6(c), the signal at left side enhanced. In which the abnormal
behavior of patterns S = +30 pum is happened by the self-interference effect at S = 0. All of the patterns except S = 0 have
the phenomenon of asymmetries in their signals in experimental results. The theoretical and experimental results are
qualitatively consistent. Both results can be found the higher asymmetric effect in S < 0, Figs. 5(c) and 6(c), than in S > 0,
Figs. 5(b) and 6(b).
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Fig. 6(a). Experimental results of the interference signal with § =0 pum.
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Fig. 6(b). Experimental results of the interference signals with § = 30, 90, 150, 210, 270, and 330 pum.

S =-150pm
0.8 08
S
€ 06 06
2
2 04 04t
k]
k=
0.2 02
0.0 h A . . . / 00 Y A . ) )
60 50 40 30 -20 -10 0 80 70 60 -180 -170 -160 -150 -140 -130 -120
Mirror position (um) Mirror position (um) Mirror position (um)
1.0 . r - 1.0 - - : : 1.0 - : T
S =-210pm S =-270pm $ =-330um
08
-
=
8 o4 06
=
4 04
g .
£
1 02

y f A 0.0 ) . . 0.0 f . . h
240 230 220 -210 -200 -190 180 -300 -200 -280 -270 -260 -250 -240 -360 -350 -340 -330 -320 -310 -300
Mirror position (um) Mirror position (um) Mirror position (um)

Fig. 6(c). Experimental results of the interference signals with S = -30, -90, -150, -210, -270, and -330 um.
3.2 Transverse distributions (p direction distributions)

With Eq. (15), we also simulate the transverse distribution the interferences of the reference and sample beams with
sample mirror set in different positions. Figure 7 shows the numerical simulations results with S = 0, £30, 60, £90,
+150, £210, £270, and £330 pm. Observing Fig. 7(b) with S > 0 and Fig. 7(c) with S < 0, we can conclude that theory
calculate reveal that the sample beam at the detector will enlarge its beam size with |S| growing. The later one, S < 0,
spreads more conspicuously as S grows.
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Fig. 7(a). Numerical simulation of transverse interference signals with S = 0 pm.
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Fig. 7(b). Numerical simulation of transverse interference signals with S = 30, 90, 150, 210, 270, and 330 pm.
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Fig. 7(c). Numerical simulation of transverse interference signals with S = -30, -90, -150, -210, -270, and -330 um.
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4. CONCLUSIONS

We have developed the mathematical expression for the light beam from the sample arm that has the un-neglected effects
of Gaussian beam. We have calculated the interference intensity between reference and sample signals at the detector.
We test the effects of Gaussian beam in the interference signals with the sample mirror is put at different positions from
the focal plane of the objective lens. We have set up a Fourier domain (FD) OCT systems and succeeded to demonstrate
our theoretic predictions that the interference signals are affected by the characters of the Gaussian distribution waves.
We also have studied the transverse distributions for different sample positions by theory simulations and obtained the
more spreading signals in cross-sections as sample mirror moving away the focal plane of the objective lens.
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