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Using modified Mach-Zehnder interferometer to
get better nonlinear correction term of an isotropic
nonlinear material
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Nonlinear materials have been well established as photo refractive switching material. Important applica-
tions of isotropic nonlinear materials are seen in self-focusing, defocusing phenomena, switching systems,
etc. The nonlinear correction term is basically responsible for the optical switches. Mach-Zehnder inter-
ferometer (MZI) is a well-known arrangement for determining the above correction term, but there are
some major problems for finding out the term by MZI. We propose a new method of finding the nonlinear
correction term as well as the second order nonlinear susceptibility of the materials by using a modified
MZI system. This method may be used to find out the above parameters for any unknown nonlinear

material.
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Nonlinear material (NLM) is being more and more
promising as it has a tremendous applicational role
in photonic switching systems and many other optical
devices!?l. Mach-Zehnder interferometer (MZI) is also
regarded as a very potential optical device for many inter-
ferometric purposes, e.g., measurement of optical charac-
teristics and developing optical logic circuits, etc. MZI
can also be used for measuring the nonlinear correction
term in its refractive index, but there lies the prob-
lem of requiring high intensities of laser light for such
measurment3—2. Many photonic devices have already
been developed based on NLMs[®7. In this regard, we
propose an alternative approach of measuring the non-
linear correction term of any unknown material. For this
purpose, the MZI is used with a little modification. In
one arm of the MZI, a suitable electro-optic modulator
(EOM) is used while the NLM is not used. The modified
Mach-Zehnder system can therefore be used with lower
intensity of laser light.

Figure 1 shows the experimental setup. The light com-
ing from an intense source is divided by the beam splitter
M into two different beams. One of the divided waves
is sent through the path OAB. Along this path, the
NLM (the refractive index of which is to be measured)
is placed. The width of the NLM is x3. So the optical
path traversed by light through the NLM is n'x3, here n’
is the refractive index of the material, which can be rep-
resented as n’ = n{, +n1I, where n(, is the constant term
of the nonlinear refractive index of the material, n; is the
nonliner refractive index, I is the light intensity. The rest
of the optical path traversed by light wave from O to T’
point in the same arm is ngxo, where ng is the refractive
index of the air and x5 is the geometrical path length
of OABT excluding that through the NLM. So, the to-
tal optical path traversed by the light beam to reach T
through the NLM is ngxs+n'xz3. The other splitted wave
simply passes through the two mirrors M; and M along
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the path OA'B'T. The optical path traversed by the
light wave to reach T through M; and M is ngx1, where
x1 is the geometrical path along OA'B'T. This path
may be balanced with ngzs + n'z3 by the use of suitable
compensator if required. Now at the point 7', a certain
phase difference due to the path difference between two
light waves will occur, which depends upon the intensity
of the coherent laser source.

The path difference will be zero when ngxy = noxo +
n'zs = nora+(nj+mniI)xs. Therefore the path difference
between ngx; and ngxe + n'x3 can be changed with the
variation of input intensity. As a result, an interference
pattern will be obtained at the point T'. This pattern can
be changed from bright to dark or vice versa by the vari-
ation of intensity I. This variation of output interference
result can be used for the determination of the nonlinear
correction term of the NLM. By measuring the intensity
level of the coherent laser source, when the maximum
and minimum intensities of the interference pattern are
received at the output T, one can get the value of the
nonlinear correction term with the following mathemat-
ical approach.

The electromagnetic light wave coming form the source
along the path O ABT has the phase term kgngzo+kon'zs3
at the point 7', where kg is the wave number of the light
in air. As n’ = n{, + n1I, the equation of this wave at T
can be expressed as

E; = Epicos {wt — ko(noxs +n'x3)}
= Epicos [wt — ko {noxz + (ng +n1l)zz}], (1)

where Fy; is the amplitude of the electric field of the
light passing through the material. Also the other split-
ted wave traveling through OA! BT (which is fully an
air medium) gets the phase value kgngozr; at T. Con-
sidering the same amplitude with the first wave, the
equation of the second wave at T can be written as
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Fig. 1. Experimental setup of MZI.

E2 = E01cos(wt — k0n0$1). (2)

After superposition of the two waves, the resultant field
becomes

FE=F + E>. (3)

The intensity of the output is the maximum when the
phase difference of the two splitted waves is 2N and at
that situation,

ko[noxs + (nors +nilixs) — noz1] = 2N, (4)

where N is an integer, and I; is the respective intensity
of the light beam in the path OABT for getting the max-
imum intensity at the resultant interference pattern.

The resultant intensity is the minimum when the phase
difference of the two splitted waves becomes (2N+1) m,
ie.,

ko[nozs + (noxs + niloxs) — noxa] = 2N + )m,  (5)

where I is the required intensity of the light at OABT
path for getting the minimum intensity of the resultant
interference pattern. From Egs. (4) and (5), we can ob-
tain

koni(Iz — I)zs = (2N + 1)m — 2N, (6)
ie.
Al = 12 — I1 = 7'('/(]4}077,1.133), (7)

which is the amount of intensity required to convert a
dark pattern into a bright one. Now by using a suitable
photo detector at the output, the bright dark situation
can be identified accurately with the variation of input
intensity level. If the intensity levels Iy and I5 are mea-
sured, the numerical value of the nonlinear correction
term n, of an isotropic material and as a whole the re-
fractive index of a NLM can be measured using Eq. (7).

From the above expression of AI, it is clear that, as
the value of ny is very small, the light intensity required
for the conversion from the brightest interference to the
darkest one is very high. The availability of the necessary
laser is really difficult for supporting the intensity levels.

If the well known NLM CSy (for which ni= 3.10
x10718 m?/W) is used, then taking a light of wave-
length A = 800 nm, a NLM thickness of 3 = 1 cm,
it can be found that the intensity required for con-
verting the brightest output at T to the darkest one

is Al = =1.29x10'3 W/m?2. This is an exception-
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Fig. 2. Proposed modified MZI system for measurement of
nonlinear correction term; dotted frame indicates the termi-
nal for applying electrical signal.

to provide. The new modified MZI proposed here can ob-
tain the required value of the nonlinear correction term
of an unknown NLM with a much smaller value of inten-
sity.

It is already seen that, high power laser source is re-
quired in MZI to measure the nonlinear correction term.
This high power CW laser signal cannot be controlled
properly to go from bright to dark situations. To avoid
this difficulty, a new scheme to measure the second order
nonlinear correction term is proposed, as shown in Fig.
2. In this scheme, a LiNbOg-based EOM of length L is
kept in OA'B'T arm.

According to the priciple of EOM, a proper phase
change of an optical signal can be made possible by ap-
plying a voltage at the c-axis of the EOM~1%. So, con-
trolling the intensity of the laser source and the voltage
at the EOM jointly, one can obtain the required phase
difference to achieve interference pattern at the point 7.
For interference at T, a light signal of intensity I is used
and at the same time the applied voltage at the EOM
is V. Then the wave equation along the path where the
NLM is kept is still

E1 = Eg; cos [wt — ko {noxs + (ng +nil)w3}] . (8)

The other wave, which is passing through the EOM along
the path OA' BT, can be represented as

L
Ey = Eyycos {wt — ko (noxl + Ln" — n8r33V2d> } , (9)

where n'’ is the refractive index of LiNbO3 when no po-
tential is applied. When a voltage V is applied in the elec-
trical terminal of the EOM, the index is n"—ngrg,gVQ—ld.
r33 is the material constant of LiNbOg3, L and d are the
length and width of LiNbOj3. So changing I and V both,
the interference pattern will be obtained at the output of
point T very easily. The resultant intensity of these two
incoming electromagnetic waves will be Iy.

Now let I be the intensity of light signal used for get-
ting a bright fringe at the output 7" and V; be the re-
spective voltage applied at the EOM, then certainly

(nofL'Q + (716 + 711[1).%'3
L
—NoTr1 — Ln" + n3r33V12—d)k0
= 2NT. (10)

For getting a dark spot at T, I5 is the laser light intensity
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and V4 is the voltage applied at EOM. Then,

(noxa + (ng + nila)zs.
L
—Nngr1 — Ln"” + ng’l“gg‘/gﬁ)k‘o

= (2N + ). (11)

From Egs. (10) and (11), we can get

1 L
ko n8§7’33 (Vo —1) i +ny (I —I)zs| =,  (12)

ngl’l“g,g (VQ_%)£+H1 (12—11)1‘325. (13)
2 d 2

It is seen that changes in both the voltage AV=V,—-V}
and the amount of intensity AI=I,—1I; are required to
convert a dark spot at T to the brightest one. In the
modified MZI system, if CS5 is used as a NLM, then tak-
ing L =1 cm, d =20 ym, r33 = 30.8x10712 m/V, and
the length of the NLM is 10 c¢m, only 2-W change of the
CW laser power and 2.5-V change of electrical potential
against the LiNbOj can change a dark spot at T" to the
brightest one. The laser power difference can be made
smaller by increasing the potential difference. So, with
the proper voltage at the EOM, the numerical value of
the second order nonlinear correction term can be found
properly by this modified MZI with a very much smaller
intensity of laser light in comparison with the system
excluding the LiNbOsg.

The proposed scheme can accommodate any suitable
electro-optic material in its one arm. By using the EOM,
the requirement of high intensity laser is some how com-
pensated by voltages. Therefore with the use of consid-
erable intensity of laser (i.e., comparatively with smaller

value of intensity level), the nonlinear correction term
can be found by the proposed system. The whole scheme
can also be used for other applications also, e.g., the
photonic logic gate, photonic data, and image proces-
sors, etc. In the above process, the loss due to reflection
at the mirrors and the splitting factor of beam splitters
are not considered, If those thing are considered, the
expressions should be modified again.
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