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Puised-mode laser Sagnac interferometry with
applications in nonlinear optics and optical

switching

Yao Li, George Eichmann, and R. R. Alfano

A Sagnac interferometer (SI) has been constructed with a mode-locked Nd3YAG laser as its source. The
advantages in pulsed laser interferometry of using a SI over a Mach-Zehnder interferometer are analyzed. -
The autostability property of SI is experimentally demonstrated. Applications of an SI to light-induced
index of refraction change measurements and to the picosecond optieal switching are discussed. Experimen-

tal results are presented.

l. Introduction

Over the past two decades, the method of pulse lager
interferometry (PLI) has been developed as a diagnos-
tics aid to probe ultrafast phenomena. Early work on
PLI dates back to the era of pulsed holography which
made it possible to use the interferometric method to
measure quantities associated with fast moving ob-
jects.m? Since then there has been considerable inter-
est in using the interferometric method to probe short-
time phenomena. Work has been performed to
diagnose plasma produced by an ultrashort laser
pulse.®* One of the advantages of using PLI is that it
solves the so-called synchronization problem.? Other
works using PLI are also available.3® In all these
experiments, there is 4 common problem, Because of
the instability of optical components, there is no fixed
phase relationship between two interfering beams, i.e.,
for the same physical condition, fringe patterns due to
different laser shots are not identical. As a conse-
quence, most applications are restricted to measure-
ments of single-shot events. Recently, this problem
has been overcome using a new technigue of combining
a Mach-Zehnder-type interferometer (MZI) with an
active electronic stabilizing device. The active MZI
was used to measure the crientational relaxation time
of C8,.7 This measurement was accomplished by real-
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time scanning of the signals resulting from the inter-
ference between a reference pulse and the pulse that
has undergone an induced refractive-index change
caused by a strong laser pulse. The output optical
signal is stable because, for different laser shots, a fixed
phase relation exists between two interfering beams
However, an electronic feedback control system is
needed.-

Inthis paper, a new technique which performs stable
ultrashort PLI without the use of an electronic feed-
back control device is described. The technique is
hased on the use of a Sagnac interferometer (SI). The
applications of SI for measurements of the optical
pulse duration and of the material orientational relax-
ation time will be discussed. For a fixed overlap be-
tween the pump and the signal beam at a nonlinear
material, the SI output intensity can acquire two sta-
ble states. Thus an autostabilized SI device is suitable
for a picosecond optical switch.

Il. Sagnac interferometer

For an interferometer, stability is the most impor-
tant requirement. There are several reported meth-
ods3? for stabilizing a cw laser interferometer. These
methods, in general, use electronic devices, such as a
feedback, a lockin amplifier, and a signal generator, for
gtabilization. The electronic devices compensate for
the changes in the optical path caused by vibrational
displacements in the optical elements. In addition to
the expense, the method works well only for either cw
or high but not for low-repetition-rate pulse lasers.

In most interferometers, the two optical beams tra-
verse distinct optical paths before recombining.
While the use of different optical paths has many
advantages, unfortunately, it does not aflow for auto-
compensation of unwanted vibrations. This may not
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Fig. 1. Vibrational stabilization comparisons between different arrangements of interferometers: (a) a rectangular SL; (b) a rectangular

MZL (¢) a triangular SI: M, mirror; BS, beam splitter; Ax,Ay, transtational shift of a mirror eaused by vibration; and I1,lo, input and output in-
tensities.

be the case for a SL1® Here the two interfering beams
travel along identical optical path but in opposite di-
rections. The applications of the SI are found in con-
structing the antiresonant ring lasers, in coupling the
laser output as well as in performing the optical inver-
sion.!1-13 The purpose of this section is to show the
stability advantage of a SI over that of a MZI.
Consider two different interferometers (see Fig. 1).
In Fig. 1(a) a rectangular SI, while in Fig. 1(b) a rectan-
gular MZI are depicted. The solid lines designate the
two ideal and identical optical paths (I; = I2), where l1 2
is the path length of arms 1,2, respectively. When the
mirror My suffers a translational shift (Ax;Ay), the new
optical path difference in the SI can be expressed as

(1)

While for the same translational shift for a MZIL, the
two beams cannot recombine at the same point on the
beam splitter (BS). When a beam of coherent plane
wave with the finite beam width is used, the new opti-
cal path difference for the MZI is

Al =l — I+ a =

ALY =i, — I, + 2(Ay — Ax)| = FAy — Ax.

2)

For a purely translational shift Ay should be equal to
Ax. Then Egs. (1) and (2) reduce to Al,=0,and Al,, =
9Ax. This result shows that a MZI is more sensitive to
vibrations than a SI. ‘

The phase difference between the two interfering
beams is®

Agp = -{1; {Alnw + Anlw + Awnl), (3)
where [ is the optical path length, n is the index of
refraction, w is the-angular frequency of the optical
source, and c is the velocity of light. The first term in
parentheses is due to a vibrational contribution, while
the second and third terms are due to the index of

refraction change in one of the optical paths and the -

frequency shift of the optical source, respectively.
When a laser output frequency is stable, i.e., (Aw = 0)
and when there is no change in the index of refraction,
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ie., (An = 0) in the optical paths, both the second and
third terms vanish. Thus a translational shift in the
mirror My does not effect the phase difference in a

‘rectangular SI but does affect a MZ1 even with a coher-

ent plane wave illumination. The common gpatial
shift of the interference pattern obtained in the out-
puts of both interferometers is small and negligible.
When the input beam is not a coherent plane wave [see
Fig. 1(b)], the MZI suffers an additional phase shift. A
rectangular-type SIis vibration stabilized as long as it
is kept free of rotation, and the vibrational frequency is
limited to

Q. <=

max tp

where (., represents the maximum horizontal vibra-
tional frequency, and [, is the optical loop length. It
can be shown that the stability of the other type of SL
may not be as good as that of a rectangular-type SI
shown in Fig. 1(a). For example, a triangular [see Fig.
1(c)] SI'L1Z can perform the autostabilization only
with a coherent plane wave illumination. When the
input is not the coherent plane wave, a problem similar
to that in a MZI will arise. )

Compared to other type interferometers, the SI is
easy to align. This fact is especially important in PLIL
The use of ultrashort optical pulses requires accurate
alignment of théoptical elements. InaSl, adjustment
is needed only for the counterpropagating beams so
that they are incident on the same points on the beam
splitter and on all mirrors. However, a ST has the
drawback that some optical beams are retroreflected.

4)

li. Measurements Involving Light-induced Refraclive-
index Change In Liquid using a Sagnac Interferometer

According to Eq. (8), a change in the refractive index
can cause a change in the phase difference between the
two interfering beams. This fact has been widely used
in interferometry. For most two-beam interferome-
ters, when only one of the two beams propagates
through a material that has undergone an index of
vefraction change, the interference pattern can be used




to analyze this change. However, in a SI, the two
interfering beams travel along the identical path. Any
slow change probed by one beam will be compensated
by the same change probed by the other beam. Thusa
SIis not applicabie for many usual cw laser interfero-
metric applications, such as the measurement of the
index of refraction change. In a pulsed laser opera-
tion, however, when one of the two beams undergoes an
ultrafast phase change caused by an ultrafast index of
refraction change, this change will not be autocompen-
sated. This fact allows probing ultrafast dynamics of
amaterial while benefiting from its vibration stabiliza-
tion property.

A strong linearly polarized light pulse traveling
through an isotropic medium, such as a liquid, causes
the medium to be temporally anisotropic resulting in
an induced birefringence.!4'5 Unlike an optical Kerr
gate, which requires an induced difference between the
indices of refraction parallel and perpendicular to the
laser polarization vector field,!$17 the PLI requires
only the induced change from the linear refractive
index in one direction, either parallel or perpendicular
to the polarization of the inducing light field. When
one of the two beams in the SI undergoes such an
induced refractive-index change, a time-dependent
phase shift, proportional to this refractive-index
change between the two beams, is obtained.

For a 1-D Gaussian light pulse, the electric field can
be expressed as

g
Ez,t) = 2K, exp [—- % (t - %) ] cos [w (t - %)J ' (5)
T:

where v is the velocity of light in the medium, and r, is
the pulse temporal width. The time average of this
field square can then be expressed as

2
(Ez{z:t)) = E02 exp [— %(t - %) jl . 6)
T

The induced refractive-index changes, from the linear
index of refraction in the parallel and in the perpendic-
ular directions relative to the inducing electric field,
are given agld

]
Any = 3 Bz t) + 2V Lt (E%(z,5))
2 S\ETO

X arfec [? (5 - t) + \—F;L}
¢ T

9 _ 2
X exp %(t—i) Tt LR
T, v oTy 87’02

ng™r,

To

X erfc[%(%-t)+ \{;r ]

2 2 - T}
X exp ——z(tmi) + 2 Ut+ : , {8)
T, v ury 8"’(}2

An ) =, Bz 0) (E(z,t))

where 7 is the mean orientational relaxation time, n.¢
and n." are the électronic and molecular orientational
Kerr coefficients, and erfc | | is the complementary
error function, respectively. Substituting Egs. (5) and
(6) into Eqs. (7) and (8) and using the assumptions
described in Ref. 15, we have, for the parallel and the

perpendicular index of refraction changes,
Aﬁ‘ﬂ _
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(10)
where .25 is called the first-order corrected coefficient
of ny” and is defined as .n,° = ny0 (1 + J,) with J, as the
pair_correlation factor; n, = ne + nd and 7y =

27o/Te,t’ = /2t/7¢. The induced birefringence is the
difference between Eqgs. (9) and (10).' The three
expressions in Eqs. (9} and (10) are approximations
where the material orientational relaxation time is
much faster, slowér, or much slowerthan the inducing
pulse width, respectively. All the first terms in the six
expressions in Egs. (9) and (10) represent purely elec-
tronic effect contributions, while all the second terms
are molecular orientational effect contributions, A
comparison between Egs. (9) and (10 shows that for
the same inducing field the magnitude of Anyis always
greater than that of An,. To maximize the light-
induced index of refraction change, one should orient
the polarization of the optical beam under induced
phase shift, parallel to the polarization of the inducing
beam. Figure 2 shows the theoretical curves for liquid
CSy, where the parameters are nefing = 0,193 and
nzo/nz = (1.807. )

According to the first expression in Eq. (9), when the
material orientational relaxation time 7o is much less
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Fig. 2. Caleulated curves for light-induced index of refraction
changes (absolute value) in CS;. Solid (dashed) lines are for the
changes in the parallel (perpendicular} directions to the laser polar-
ization field. ro’ is the ratio of the material orientational relaxation
tite 7o aver the laser pulse width 7., and 7¢" is O for (a) and 10 for {b).

than the inducing pulse width r,, the change of the
refractive index with respected to time is a Gaussian
curve characterized by the pulse width v, Thus, when
a weak signal pulse is sent through a medium simulta-
neously with a strong arriving pumping pulse, the sig-
nal pulse will probe the maximum of the refractive
index. As the time overlap between the two pulses
changes, depending on overlap, the signal beam will
probe different refractive indices. When a liquid non-
linear material cell is placed in one arm of a SI so that
there is a lag time between two arriving counterpropa-
gating pulses, as one of the counterpropagating pulse
overlaps with a strong pump pulse, an induced phase
difference is produced. To ascertain that the other
pulse does not probe this induced index of refraction
change, the time difference between the two counter-
propagating pulses should be longer than the correla-
tion width between the optical pulse duration r; and
the material orientational relaxation time 7o. In this
case, the ST will only compensate for the low-frequency
vibrations but not for the induced phase difference
hetween the two beams. The interference between the
signal and the reference pulse (a pulse which does not
undergo any induced refractive-index change) is pro-
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portional to a sinusoidal phase difference A¢g function.

In the linear region of the sinusoidal curve, i.e., for a-

small A¢ about an operating point, the interference
intensity change will be proportional to Any. In this
case, the width of the interference output curve repre-
sents the duration of the optical pulse. Thus the
optical pulse width can be measured using a PLIL
This method can also be used to measure the orien-
tational relaxation time 7¢ of the material. When the
optical pulse width r; is less than the material orienta-
tional relaxation time 7o, as is the case in the second
expression in Eq. (9), the resultant An| curve becomes

‘asymmetric [see Fig. 2(b)]. The interference output

from a SI, which is proportional to Anj, then spreads as
a function of the lag time from its peak intensity. In
this case, depending on the value of 7¢/, the output
intensity curve width is broader than the pulse dura-
tion. The material orientational relaxation time 7g
can be deduced from the slope of the curve tail” In
general, for such a relaxation time measurement, the
ratio 7o’ should be around 10-30. When 7 is too large,
the orientational contribution of Anp will be complete-
ly damped out so that the curve again becomes Gauss-
ian characterized by the optical pulse width,'®

IV. Sagnac Interferometer as an Optical Switch

Among the many types of optical switch, the optical
interference switch has received special interest.
Since the phase difference change between the inter-
fering beams can cause in the output intensity either a
constructive or destructive interference state, an inter-
ferometer is a promising device for switching between
the low- and high-energy states. Much attention has
been paid to the construction of optical bistable
switches!® using a multiple-beam (Fabry-Perot etalon)
interferometer that contains a nonlinear material.
These types of device have the following advantages:
(1) when the front and back mirrors are fixed together,
the etalon has good stability; (2) the alignment is rela-
tively easy and the size of the device, if integrated, can
be gmall; (3) because of the multiple-beam interfer-
ence phenomenon, the contrast of the two output
states can be high. The main reason that other inter-
ferometers have not received much attention is due to

‘their alignment and stability difficulties. However,

because an autostabilized SI is easy to align, it is well
suited for pulsed Optical switching.

For a SI optical switch (SIS), there is a fixed tempo-
ral overlap between the pump and signal pulses. To
guarantee that the SIS switches its energy between the
two well-defined (low and high) states, the induced
phase difference should be less than or equal to = with
the initial (without pumping) output to be in either a
constructive or destructive interference state. Inan
ideal case, the initial output state of the SIS is in a
destructive interference state. This is so because the
beam traveling in one direction, as compared with the

" beam traveling in the opposite direction, undergoes an

additional air—glass—air reflection,
This additional reflection leads to destructive inter-
ference. By slightly misaligning one of the mirrors,




however, a constructive interference as the initial state
can also be obtained. The switch on (off) time de-
pends on the optical pulse shape and the material
orientational relaxation time, In general, when the
relaxation time rg is much less than the pulse width 7,,
the switch on and off times are ahout the same. How-
ever, when 7o is much larger than =, the switch off time
will be much longer than the switch on time. If 7qand
7, are about the same, the switch off time is somewhat
longer than the switch on time.

The contrast between low and high ocutput states is
an important factor for an optical switch. For good
contrast, the two interfering beams should have equal
amplitude. For this reason, a 50/50 beam splitter is
used. By reducing the physical dimensions, using in-
tegrated optics, the constant loop length delay can be
reduced. In this case, according to Eq. (4), the stabil-
ity also improves. In principle, the SIS is cascadable.
Therefore, other switching functions such as AND;
OR; EXCLUSIVE-OR operations can also be imple-
mented.

Y. Experiment

Figure 3 shows our experimental setup. A Quantel
mode-locked Nd®*":YAG laser generates two pulses,
one at 532- and another at 1064-nm wavelength. The
532-nm pulse is separated by a 50/50 beam splitter
(BS) into two parts: with one pulse traveling in a
clockwise while the the other pulse travels in a counter-
clockwise direction. The two pulses recombine at the
same point on the BS. Both beams pass through a 1-
em CS; cell. A 1064-nm pump pulse is separated by a
mirror M| that only reflects 1064-nm beam. The
beam passes through a delay prism D driven by a
Aerotech stepping motor and is then focused toa 1-mm
spot in the C8; cell. The cell overlap angle between
the 1064-nm beam and the 532-nm beam is ~1°. All
optical beams are vertically polarized. At distances d;
and ds, two HA-30 filters are used to remove the 1064-
nm radiation. At the output of the SI, a Hamamatsu
5-20 photodiode with a front adjustable aperture is
used to collect the interference signal. This signal is
displayed on a Tektronix-7104 oscilloscope.

When the 1064-nm pump beam is off, the interfer-
ence pattern, observed at the output due to the 532-nm
beams, contains a few fringes. When at the cell the
1064-nm beam temporally overlaps with one 532-nm
beam, such as the counterclockwise beam shown in Fig.
3, a portion of the output fringe shifts. This result is
due to the refractive-index change of CS, induced by
the 1064-nm beam is probed by only one of the 532-nm
(counterclockwise) beams. In fact, either one of the
532-nm beams can be chosen to undergo this induced
index of refraction change. We used the beam with a
longer path length. To have a required time differ-
ence between the two 532-nm beams, the cell is posi-

tioned asymmetrically. The front aperture of the pho- .

todiode is adjusted so that only the changing portion of
the output pattern is detected. A delay prism scans
the cell overlap between the 1064-nm pump beam and
the 532-nm signal beam, The scanned interference

DP

D CS,

/\ Bs, BS,
A I T
F f-_~A M,
D\‘D

Fig. 3. Experimental setup. The input pulse contains two wave-

lengths at 1064 {532) nm and M, mirror; BS, beam splitter; P, delay

prism; F, filker. /2 plate, halfwave plate, 4, adjustable aperture;
and [J, detector.

| {arbitrary unit)

33 ps

TIME

Fig. 4. Output intensity curve obtained by scanning the overlap
between pulses at CS; cell vs delay time.

signal, is displayed in Fig. 4. The width of the curveis
~33 ps. This width represents the pulse duration of
our Nd*":YAG laser. In general, with CS,, optical
pulse wider than 20 ps can be measured using this
method. Our fringe visibility (contrast), defined as V
= (Imax = Tmin)/Umas + Tmin), is ~52%. Since the SI
measurement was performed on a table without vibra-
tion isolation, the result shown in Fig. 4 demonstrates
the stability of this device.

Vl. Summary and Conclusion

In this paper, it has been verified because of its
autostability and its ease of alignment that a Sagnac
interferometer is a promising device for pulse interfer-
ometry and optical switching. The major advantage

+ of this device is that the scan, which is often required in

real-time measurements, can easily be performed
without the use of an electronic stabilization system,
The experimental result demonstrated that the system
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stability was good even on a conventional unisolated
table. Real-time applications in light-induced index
of refraction change in liquid measurements have been
discussed. The experimental measurement of the
pulse width of a mode-locked Nd*":YAG laser was
presented. Also the possibility of using SIS to build
optical switching elements was proposed. The con-
struction of optical switching networks is indicated.

This work was supported in part by a grant from the
Air Force Office of Scientific Research.
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