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millisecond (i.e. optical memory). The rise and decay times are in good
agreement with calculations using a simple thermal model which describes the
process.

The thermo-optically induced phase grating was generated by interfering two
beams of laser radiation in an absorbing 1liquid. Heating of the liquid along
the interference pattern produced a sinusoidally varying refractive index
pattern or phase grating. This real-time optically generated grating was used
to switch (redirect by diffraction) a probing laser beam. For a small crossing
angle of 7¢, a switching time of 2 nsec was measured and was in good agreement
with the thermal model, as was the measured diffraction efficiency of 151
percent. The thermal model which accurately predicted the results of our
experiments predicts that by varying the crossing angle from near-zero to near
180°, switch-on times of from 0.1 to 10 nsec are possible and persistence times
of from 1 nsec to more than 1 msec are possible. This temporal flexibility
translates to high repetition rates and optical memory, respectively.

Considering the two interfering beams producing the phase grating to be two
inputs, and the diffracted probe beam to be the output, a logical AND gate was
demonstrated experimentally and had a very high contrast ratio. OR, XOR, NAND
and NOR as well 1limiting and inversion should be achievable using analogous
geometries but time limitations did not allow these to be demonstrated
experimentally. Optical amplification was investigated on a limited level of
effort early in the program and was demonstrated with moderate gain. Extension
of this work with a broadened scope is warranted.

The phase grating structure appears to be particularly well suited for
extension to a 2-D array for taking advantage of the parallelism offered by
optics. However, since 10uJ pulses were necessary to observe efficient thermo-
optic guides and gratings, this scales to about 1Kw of average optical power
(100w60f hg?t dissipation) to achieve a modest 10 x 1C array at a switching rate
of 107 sec °, Clearly, improvements 1in switching energy are necessary before
parallelism and speed may be effectively implemented.

Though the emphasis in this program was on basic component development, such
componentry has a potentially wide applicability to optical computer/processor
systems and optical control devices. Applied system oriented research in these
areas is a logical aspect of future development activity for this technology.
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™ This final technical report covers work performed from 15 June 1984
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b The principle investigator at ERIM was Dr. Lauren M. Peterson, and
;& Patrick Hamilton was a major contributor to the experimental work.
{
‘ L[]

NP

\l

o Accession For

N NTIS GRAXI
K- DTIC T2B

. Unannounced O

4 Justification |
o

? By

., D1 tribution/ ] _

i Awaildbilitv Codes

:'.l A7 LU and/for
b 'Tist | Special
! ' i ,
' : f !
l‘.' -
i Al

N G o e i L S N A LR R R NG




WWWWW“W“W\Wmtwww|N\w;w“v-'—-v"----—T

E —‘—‘

. D)2

: DERIM

-

o TABLE OF CONTENTS

\

‘

N PREFACE ..ovveenenn. et eeaeaeneneeaeacacntetttentatetantttatanoarnns iii

! LIST OF FIGURES ..... Ceescececeetes et rentacsttotesteneet s ottt nannns vii

:ﬁ LIST OF TABLES tiveveveroenaocoanssssescsosnsasasscsssssanansasnsaes viii

v 1. INTRODUCTION ...ccvevenes Ceeecscsesteseetetacrtscseretosenonoans 1

' 1.1 BacKgroUnd ...eeeeeeeeeecesseseenaccasosacseeacassasannanns 1

. 1.2 Program SUMMATY ..cicecescoscasnsassossscsssaacsssscansannes 3

o

7 2. REAL-TIME BEAM GUIDING IN ABSORBING LIQUIDS ...vveevrvnonocccnns 7

v, 2.1 Experimental ............0 P 7

- 2.2 ReSUILS .uuiiiereeernnerecesooconnssecesnsnnssosannncsaanans 12

S 2.2.1 Tempora] Response .................................. 14

L ¢ 2.2.2 Deflection EffiCTiency ceeeeeeeeeeeennsssannnnnssnnns 17

3 2.2.3 Guiding Mechanism .c.eeeescescceccescasssoasossanans 19

- 3. THERMAL PHASE GRATINGS ...vvvevcecaocnncocsosscsnsscnocsscncncss 23

- 3.1 Experimental ..... ceeeenens Ceeeecteseetesetenasessenaaanens 23

" 3.2 Results .iececnnceees Ceetecsecaetaetresetaestetatresenennns 25

A . 3.3 Thermo-Optical Interaction .....covveene teseressescasennnes 27

I 3.3.1 CW Probe vevuuuiinnneeernniiennnieernieennineennees 29

K 3.3.2 Phase Conjugation ...ecveevennnens N 34

N 3.4 Optical Control .....ccoevvvnnennnnnnn teeeereesttseccacanne 35

., 3.4.1 LoQicC GALOS seveeevrernosoesonsesascssossnossonnnase 35

A 3.4.2 Inverter/NOT ....eieieerececncensnocncnsssncnannnans 39

. 3.4.3 Clipper/Limiter ........ Ceeseteetsesccsnteeraenesens 39

- 3.4.4 AMPIIifier tuieieeeeeeereeosoncosososencassscnsennanns 39

- 3.4.4.1 Stationary Phase Grating ...ceeeeeeceeccass 41

‘< 3.4.4.2 Moving Phase Grating - Two Wave Mixing .... 43

~ 3.5 Parallel Arrays c.eveececseseccrecsossesnas cheecaes ceeecanns 45

of

] 4, DISCUSSION AND CONCLUSIONS ..vvvvevencsacsocsoascocnsosannsnannse 49

" 5. RECOMMENDATIONS ..ivucevvereeennanosonnacnasasancosasancsaaoonnns 55

. APPENDIX A. THE THERMO-OPTIC COEFFICIENT FOR FLUIDS .eiveevenns 59

Yy APPENDIX B. THERMAL DIFFUSION ....iviivrrecrenroneossccensancns 63
APPENDIX C. TIME HISTORY FOR THERMO-OPTIC DISTURBANCES ........ 71

b APPENDIX D. FIBER OPTICS tuvvvcvrenerecncrocanascacencsasaannes 75

" APPENDIX E. OPTIMIZING THE ABSORPTION COEFFICIENT ..cvvvennenes 83

Cd

s REFERENCES +uivvieeneenoenconcaccossnssesasnastossssnasocsssannssons 85

»

4

o

S v

A

e

:

B O R R L R A IR Qv RS At )



g—-mm'“ T T W TV U T U W TR TN T IR WA IR AT T AT EaE 7 AW TR Iy e R R Eanmmem e e meEY
‘

:?DERIM

LIST OF FIGURES

FIGURE
1.1 Interference of Two Coherent Beams of Radiation Crossing at

an Angle of 8 ........ Ceceseressesesestasesesanstesesana cresenns 4
2.1 Experimental Arrangement for Observing the Thermo-Optical Beam

Guide and Switch .......... ceenes Cetneseececntserestrcaaseasnoas 8
2.2 Output Beam Patterns ....c.ceeescecsesscvsssssesscescosscnsaasns 13
2.3 Thermo-Optical Beam Guide Efficiency vs. Time for Several Pump

Pulse Energies ....ceececeescorcosccosssscassoscasacasccnssnnses 15
2.4 Temporal Response for Thermo-Optical Beam Guide ....ecoceeueanss 16
2.5 Thermo-Optical Beam Guide Efficiency vs. Dye Laser Pulse

Energy ..eccececncees tececerrssssccennsa tesecceestssrrsssssssana 18
3.1 Experimental Arrangement for Pulse Grating Switch .............. 24
3.2 Temporal Response for Thermo-Optic Phase Grating ....ccevvveuee. 26
3.3 Interference Pattern of Two Crossing Laser Beams in the

Focal Region of a 152 mm Lens ..eveevececns Ceserseststenenseanas 30
3.4 Computed Diffraction Efficiency, n, for a Thermally Induced

Thick Reflective Phase HOlOQgram ...iceeecncecncncecsancocnnaanns 31
3.5 Optical Implementation of Logical Gates .....eeeveverencnonennas 37
3.6 Phase Hologram Diffraction Efficiency versus Refractive Index

Amp]itude O & 0 8 068060 0980000 ® 8 ¢ 00 05000 0000 OP O N O S SsS T O SG PN 40
3.7 Two-Dimensional Implementation of AND Gate, Amplification or

Limiting ....... tesssccesssensane teececasttassecccctar et terranns 47
4.1 Thermo-Optical Response Times in Liquids as a Function of

Characteristic Dimension d ....cevveeencerecsncesccnssocsanoannas 53

3
ﬁ
vii




DERIM

LIST OF TABLES

TABLE
I Solvents and Dyes Used in Beam Guiding Experiments ............ 10
II Material Parameters for Selected Liquids [9(b)] ..evveevvunnnn. 11

IIT Characteristics for Thermally-Induced Optical Interactions .... 33
IV Logic Gates ..... seesssenssseerannes Ceecssenarssetrrsesteratene 36

V Experimental Parameters for Thermo-Optical Beam Guide and
Phase Grating ........... Sesscescecersssaseasanscnsesressresene 51

viii

----------------

.iﬁi‘x;dkf;eauu




s+ @

[ ' R T B o VR

&
&y &

>
h)

NS

! . » Py
RNYL RAACLANAN, 2

v

SE
2ERIM

1
INTRODUCTION

1.1 BACKGROUND

The inherent parallelism of optical processing systems enables one
to process data at a rate unmatched by current electronic digital
counterparts. Coherent optical processors for example, have been used
to process data gathered by synthetic aperture radars since the early
sixties [1,2]. Despite the fact that the technology is two decades old,
it still holds a distinct advantage over electronic digital processing
systems in throughput within its computing channel.

The precision of an optical analog processor is restricted by the
dynamic range of the output detector or the input spatial light
modulator while the accuracy of the system is limited by the achievable
optical quality of the optical components such as lenses and mirrors.
To achieve programability and high precision, it 1is logical to mate
optical concepts with digital concepts and develop a numerical optical
computer. Such a task however, makes sense only if an optical computer
can offer specific and substantial advantages over the well established
electronic implementations [3-5].

Optics offers an alternate means of increasing the system speed and
parallelism without resorting to superconductivity under cryogenic

conditions. Since 1light beams can traverse each other without
interference, cross talk is minimized and three-dimensional (as opposed
to planar) circuit structure can be implemented. Thus, at least

potentially, a higher packing density, and in turn a higher degree of
parallelism, can be realized with an optical numerial computer.

The logical progression from an all-electronic computer would first
include an electronic-optical hybrid device. Respective advantages
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could be taken of both the electronic and the optical properties
although tranducers would be nccessary to convert from the electronic
domain to the optical and back again. Significant improvements in
speed, complexity and size could be further realized by replacing the
electronic functions with optical equivalents thereby eliminating the
need for transducers within the device and enabling an all-optical
device.

All-electronic devices rely upon electrical signals to control
electrical currents or voltages. Electronic-optical devices rely upon
electrical signals to control optical beams of radiation (i.e., electro-
and acousto-optic components) or vise-versa (i.e., detectors). An all-
optical device must rely upon optical signals to control optical beams
[6]. In 1linear optics, one beam of radiation cannot interact with
another beam of radiation. This provides the means for data networking
with three-space multiplexing in the absence of cross talk, thus the
attractive prospect of highly parallel processing. However, if the
electromagnetic field of one or both beams of radiation is large enough
and the beams cross in a material medium, then the beams can interact
and influence each other. The high field condition drives the medium
into a region of nonlinearity. The phenomenon of light interacting with
light via a material medium is classified as nonlinear optics and is the
basis of the proposed effort. The overlapping of radiation fields in a
nonlinear medium can lead to methods of optical control such as optical
switching, limiting or clipping, amplification and beam steering.

The application of optical control concepts considered in this
program is potentially quite extensive. The recommendations noted above
are of course component oriented. It 1is also recommended that system
oriented applications be pursued as a logical extension to the component
development. Examples include switches, nonlinear operators,
amplification and beam positioning for neural network optical computing,
agile beam steering for sensor systems, and more generally, use in a
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N wide range of analog or digital optical processing systems and in
5 i .
; optical control devices.
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'\ 1.2 PROGRAM SUMMARY
g

% The research effort described in this report was directed toward

exploring the control of one light beam by the action of another light

. beam. The motivation for the effort was provided by the properties of
s,
‘ii stimulated thermal Rayleigh scattering (STRS) [9] which showed potential
j} for being able to provide the desired all-optical control functions of
.:: optical switching, clipping and amplification. Although STRS entails
o self-switching, clipping (thresholding) and amplification (gain), it is
;f not in a form which may vreadily be used for optical control. The
2 research plan was to study STRS in the context of beam control not only
"1 in its usual on-axis geometry using simple focusing lenses and a single
{ input pump beam, but rather explore other geometries including off-axis
jj configurations, cylindrical optics and multiple beams in order to
f% explore, characterize and exploit the interaction process [7].
D Since the mechanism of STRS is thermal in origin and entails the
fx: creation of thermal phase gratings in absorbing media through optical
k.
- mixing of signal and pump radiation, the generation of thermal phase
o gratings in various geometries was examined. The interference of two
° coherent electromagnetic waves of the same frequency with an angle 8
7
X ﬁ between their propagation vectors leads to a standing wave as shown in
;j Figure 1.1 whose spatial periodicity is
g

. P
o Z sin (6/2)
'\-'J
.
:“3 where A\ is the wavelength of the radiation in the medium and 6 is the
‘;f crossing angle of the radiation in the medium. STRS is observed with
> 6 = 180° where one beam is the laser beam itself and the second beam is
- 3
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Fig., 1.1 Interference of Lwo coherent beams of radiation crossing at an
an angle of 6. and k, are radiation wave vectors and k is
a wave vector ’ror the re§u1t1‘ng interference pattern.
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180°* spontaneous Rayleigh scattering [9]. A thermally generated phase

v

_" _‘l ..l L

1: grating of spacing A = A\/2 1{is produced by the interference pattern and
::: leads to gain of the back scattered light and to the stimulated

scattering. A variation on this 1is to use the same 180°* geometry and
inject a signal beam rather than relying upon weak spontaneously
Rayleigh scattered light and is reported in the first semi-annual report
[10]. This may be referred to as Forced Rayleigh scattering (FRS)
[11,12]. The advantage of FRS 1is the control of the signal power,
polarization and direction by the experimenter which is not available in
STRS. An advantage of STRS 1is the continuum of frequencies present in
the slight broadening encountered in the Rayleigh scattering process.
An acousto-optic modulator was used to emulate that broadening for FRS
by providing an up- or down-shift of 50 MHz on the signal beam [10].
STRS theory predicts that the gain for the up-shifted signal should
increase compared to the gain for unshifted signal radiation and the
gain for the down-shifted signal should decrease. Experimentally, we
observed no change in the gain whether up- or down-shifting [10]. This
is not surprising, however, considering the moderate spectral purity of
the mufti-longitudinal mode laser used in the experiments and its short
coherence length of only a fraction of a millimeter.
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ji; In the performance of these experiments, a HeNe laser was used to
;Ej probe the interaction between the dye 1laser 1light pulses and the
‘” absorbing liquids. A new and interesting phenomena was observed whereby
fﬁf the probe propagation was modified by the passage of a single laser
- pulse through the absorbing medium. This phenomena has been attributed
?iﬁ to heating of the 1liquid in the 1long cylindrical focal volume, and
,};; subsequent changing of the density and refractive index to create a
- graded index beam guide quite analogous to a fiber. The HeNe laser
%i; radiation is coupled into the real-time “fiber" and is guided by it for
&:& times on the order of a millisec corresponding to the thermal diffusion
1;1 of the temperature perturbation. Switch-on times were on the order of
zzj nanoseconds using microjoule pulses and efficiencies were good. A
o
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maximum efficiency of 96 percent was measured. These experiments are
described in Section 2.

The 1laser source for these experiments was a Molectron SP-10
nitrogen laser pumped dye laser whose spectral linewidth was 0.7 nm (30
cm'l) and contained numerous longitudinal modes. The need for spectral
purity led to the purchase of an LSI Model 337130 grazing incidence dye
laser [13] whereby the spectral linewidth was decreased by roughly a
factor of ten and the coherence length was increased to 3 mm. Using
this laser, experiments were conducted at small angles of intersection,
9, and therefore fringe spacing of A D> \. Section 3 describes these
experiments and the efficient optical switching which was obtained using
microjoule laser pulses and nanosecond switching times.

The optical switching which was demonstrated was also operated as an
all-optical 3-port logical AND-gate. Two optical beams were the input
and the output was in the form of a third beam. OQutput was only
exhibited when both inputs were "on" and the contrast ratio was good.
Other logical gates including EOR, XOR, NOR, NAND and NOT should be
possible using similar geometries and are discussed in Section 3. Also
discussed are the implementation of optical Tlimiting, inversion and
amplification using the phase grating structure, although they were not
demonstrated experimentally.

Section 4 provides a discussion of the results and conclusions of

the program. Section 5 provides recommendations for further work in
this area.
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2
REAL-TIME BEAM GUIDING IN ABSORBING LIQUIDS

X Radiation passing through a nonlinear optical medium can lead to a
- change in the refractive index of that medium. If the radiation is in
: the form of a focused Gaussian laser beam, the focal region will have a
refractive index profile which is bell-shaped in the transverse
direction. For a large f-number focused beam, the focal region is a
long cylinder with a transverse graded-index (GRIN) profile quite
analogous to a graded index waveguide or fiber. We have used this real-
time refractive index waveguide due to one beam of pulsed laser

% radiation to rapidly redirect or switch a second beam of laser radiation

(8].

: The material media in which we have observed real-time beam guiding
i ) are liquids to which dyes have been added to make the liquid optically
! dense. The refractive index changes have been induced by absorption of
the radiation followed by rapid («-10'10 sec [14] thermalization of the
energy. The change in temperature of the liquid leads to the change in
its refractive index (presumably due to local changes in density).

o O

-

2.1 EXPERIMENTAL

Figure 2.1 shows the experimented arrangement used for observing
real-time beam guiding. The pulsed radiation source is a Molectron
SP-10 nitrogen laser which pumps a Laser Sciences Inc. grazing incidence
dye laser of Littman design [15]. Using Coumarin 500 dye, the output
was a maximum 25 xJ at 510 nm, The laser pulse duration was

arFrre

O LR A

approximately 5 nsec and the peak power was 5 Kw. The dye laser output ‘
was beam expanded to 5 mm and focused using lens L1, an /2.7, 152 mm j
Baltar lens (effective f-number of 30). The continuous probing |
1
|
|
|

LR e

radiation was provided by a Spectra Physics Model 125 HeNe laser beam
expanded to 5 mm and also focussed by lens Ll. In order to eliminate
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Fig. 2.1 Experimental arrangement for observing the thermo-optical
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;: any thermal interactions due to the probe radiation, the HeNe was
v¢4 attenuated to about 1 mW and chopped to provide low duty cycle square
2 pulses in synchronization with the 30 pps repetition rate of the pulsed
: laser. The pulsed dye laser and HeNe probe laser beams were both
_3 collimated and carefully aligned to be parallel to each other such that
ﬁ they would cross in their focal regions. The nearly cylindrical focal
X % region was measured to be 30 pum in diameter and had a length of about
1.2 mm.,
b
f:j The 1iquid sample was contained in a 1x1x10 cm glass cell. Carbon
EE; disulfide, CSZ' carbon tetrachloride, CC14, methanol, CH30H, ethanol,
‘ CZHSOH' water, HZO' and acetone, (CH3)2CO, were used as host liquids to
:_ which the red dyes iodine, Iz, cobalt nitrate, Co(N03)2, eosine,
55 C20H88r405 (a fluorescent dye), rhodamine 590 (a laser dye) and cresyl
f; violet perchlorate (a laser dye) were added (see Table I). Red dyes
{ were chosen to be highly absorbing at the pulse wavelength yet of low
:: absorption at the probe wavelength. Concentrations were adjusted to
1;: provide attenuation of the green pulses in the range of 0.1 to 10 cm'l
5:3 (see Appendix E). Some of the material parameters for these liquids are
E) provided in Table II. After passing through the sample, the transmitted
b radiation was filtered using a 632.8 nm spectral interference filter.
E?_. It was then detected by an RCA 8645 or 1P28 photomultiplier tube or by
{k an HP4203 Si PIN detector, all having response times on the order of 1
~
nsec.
"
o .
A As the dye laser pulse passes through the absorbing sample, some of
EQ: the radiation is absorbed by the dye molecules. This energy is rapidly
'. thermalized (~10'10 sec [14]) and appears as a deviation from
32, equilibrium. Since the laser intensity profile is Gaussian distributed
Y in the transverse direction, the transverse temperature profile and
ﬁE likewise the refractive index profile will have bell-shaped
‘: distributions. In the longitudinal direction, since the laser beam is
iﬁ attenuated as it propagates the change in temperature and therefore the
3
;ﬂf 9
L
.;E
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Table I
Solvents and Dyes Used in Beam Guiding Experiments

x

O

cs ccl, CH

s, 395 H,0 Acetone

12 96 70 45
Co(NO3)2 30 7 45
Eosine 20
R590 10
CvpP 35

LA Tl Wt N OB &

The numbers indicate the maximum efficiency (in percent) for beam

N 'A, 5t _': ” 1!

guiding using 10 gJ laser pulses at 510 nm.
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change in refractive index will decrease slowly with distance. Over the
fraction of a millimeter focal volume the variation should be only a few
percent and can be ignored.

2.2 RESULTS

When the pulse of green radiation and the red probe were focused
into air or into a clear 1liquid sample, the two beams did not interact
and simply crossed in the focal regions. A screen placed behind the
sample cell displayed the two beams of radiation as shown in Figure
2.2(a). When the two beams of radiation were focused into a liquid
sample containing sufficient absorber, the red probe radiation was
distributed into an annulus surrounding the transmitted green beam as
shown in Figure 2.2(b). Presumably the intense pulse of radiation
induces a cylindrically symmetric focal region whose refractive index
differs from the surrounding medium. The small angle between the
propagation of the green pulse and that of the red probe allows the
latter to be coupled into and guided by the real-time refractive index
perturbation. Multiple reflections within the cylindrical guide lead to
a redistribution of the red radiation into two dimensions while
maintaining the initial angle of entrance just as one encounters for an
optical fiber. This results in a cone of red light emerging from the
focal region and is recorded as a ring of red light surrounding the
cylindrical axis marked by the presence of the green radiation as shown
in Figure 2.2(b).

Once the green dye laser pulse, whose duration is only a few
nanoseconds, has passed through the sample and thermally excites the
refractive index guide, that gquide persists until thermal diffusion
effects cause the medium to return to thermal equilibrium. Due to the
cylindrical symmetry of the thermal perturbation, the diffusion process
fs radially outward leading to a bell-shaped temperature (and refractive
index) profile whose width increases and whose magnitude on-axis

12
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) decreases. Computations show that for a 10 pJ laser pulse focused to a
- waist radius of 15 pum, a distance of 3 mm into carbon disulfide
o containing a dye whose absorption is 3 cm'l, an average temperature
] increase of 0.64°K and a refractive index change of 4.3 x 10'4 is
- predicted (see Section 3.3).
>

- 2.2.1 Temporal Response
'é The experiment depicted in Figure 2.1 was wused to determine the
) temporal properties of the beam guide interaction. A fast detector (Si
,3; PIN or PM tube) was used to monitor the intensity of the HeNe probe
e radiation which passed through the experimental sample cell as shown.
;i Figure 2.3 shows the signal recorded from that detector, with HeNe
i radiation intensity represented in the vertical direction. The chopped
) square pulse of HeNe radiation was 10 msec in duration and the rise of
{ that pulse provided the trigger for the traces. Approximately 50 usec
13 after turn-on of the HeNe beam, the pulsed dye laser operating at a
N wavelength of 510 nm was fired. The top trace in Figure 2.3 represents
N the HeNe radiation signal in the presence of a low energy (about 1 uJ)
- green pulse. The other traces correspond to progressively higher energy
1: green pulses with increments of 1 gJ, up to a maximum of 10 uJ for the
e bottom trace. The presence of the green pulse is obvious since the
E_ amount of HeNe radiation drops abruptly. It should be emphasized that
L the time scale for the scope trace is 100 gsec per division and that the
X green pulse duration is only 5 nsec. It should also be noted that the
} high frequency modulation at 160 pusec is simply an artifact due to a
;% defect in the mechanical chopper used in the HeNe laser beam.

[

- Moving the detector to the diametrically opposite position on the
E: ring of light in Figure 2.1B showed that the risetime for generation of
' the beam guide was 20 nsec as can be seen in the top trace in Figure
9 2.4. This risetime also corresponds to the rapid fall-time in Figure
R 2.3. Although RFI noise due to the laser thyratron switch prevented an
2

A

e ey S A SO T e RN e Do ehaRe




a2 e e

{ 100
lI
I ™ o,
c -
3 @ e
. Q w
-' e C
: g x
. — 50 =
3 >
Q Q
£ =~ 4
) b w
4 © =
‘ -
. 4 ‘
d W |
: 1
g i
4
)
)
!
LY
L]
:
{
]
)
|
{
]
]
I
i Fig. 2.3 Thermo-optical beam guide efficiency vs. time for several

pump pulse energies (one to ten joules in one joule
increments). 100 usec per division.

15

oA N D D N A DN O O DO O OO OO AN S A AN R 00w u




' (b)

——— W »

Fig. 2.4 Temporal response for thermo-optical beam guide. 20 nsec
risetime is shown in (a). Detector is blocked in (b) and
shows RFI noise from pulsed laserelectronics. 100 nsec
per division.
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accurate determination of the risetime, the observed risetime is in
general agreement with the expected thermalization time of 10710 sec
[14]. As may be seen from Figure 2.3, the stronger laser pulses are
more efficient at deflecting the HeNe laser radiation. For the lowest
energy pulses, the efficiency is maximum immediately after passage of
the exciting green pulse, then decreases nearly exponentially with a
time constant of about 0.5 msec as the thermally excited refractive
index beam guide thermally diffuses toward equilibrium. The thermal
diffusion time td for a cylindrical excitation of radius W, can be
approximated using the equation developed in Appendix B

3w2

t, = =2

d D
where D is the thermal diffusivity and is on the order of 10'3 cm? sec'1
for liquids (D = xT/pcp (16]; see Table II). Using a value of 15 um for
W, Wwe calculate td to be 0.84 msec. This is almost twice the measured
decay time of 0.48 msec but shows reasonable agreement since the error
associated with the measurement of W, may be significant and the
adiabatic assumption in Appendix B may not be totally valid (loss of
energy would result in a larger calculated td). It also provides us with
additional verification that we are 1indeed observing an interaction of
thermal origin.

2.2.2 Deflection Efficiency

It is interesting to note that for the higher pulse energies, the
efficiency of the beam guide continues to increase slightly even after
the 5 nsec exciting pulse has passed, then falls in an exponential
fashion. This slight increase may be explained by the fact that high
energy pulses create beam guides possessing large An and large AT at the
center of the guide. As the cylindrical guide expands in its diameter,
An and AT drop in magnitude but since An started at a large value, it
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remains effective in gquiding the red beam (see Appendix D). In
addition, the larger guide diameter is able to support higher order
modes excited by the red beam and is therefore more efficient at guiding
the totality of the red beam. Low energy pulses on the other hand will
also create guides which increase in size as they diffuse thermally.
However, since An is smaller to begin with they are less efficient at
guiding the red beam, and as An drops due to diffusion they become even
less efficient at guiding, especially for the higher order modes.

The deflection efficiency as a function of time represented by
Figure 2.3 was used to determine quantitatively the maximum deflection
efficiency as a function of exciting pulse energy and is shown in Figure
2.5. The efficiency is seen to increase with pulse energy as expected
but it is interesting to note a plateau region between 3 and 5 uJ pulse
energy. To be sure that an experimental parameter had not changed
during the course of the measurements in Figure 2.3, the measurements
were repeated on another day. This data is also presented in Figure 2.5
and verifies the presence of a plateau at intermediate energies.

The data presented in Figures 2.3 and 2.5 are for carbon disulfide
with jodine as an absorber whose concentration was such that the

absorption coefficient at 510 nm was 1.0 cm L.

Similar results were
obtained for other 1liquids and dyes although the efficiencies were
lower. Efficiencies at maximum energies of 10 uJ ranged from only a few
percent to a maximum of 96 percent. For all liquid-dye combinations,

the absorption was adjusted to values near 1.0 cm'1 (see Appendix E).
2.2.3 Guiding Mechanism
The observed behavior of the red probing beam passing through the
region excited by the passage of the green laser pulse appears to be
well-explained by the model of a real-time thermally induced graded

index guide (analogous to a GRIN fiber) created within the liquid

19
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‘:: sample. The annulus of red 1light about the green pulse supports this
‘:E model as does the rapid turn-on of the effect and its slow decay due to
‘éS thermal diffusion. However, a difficulty arises when one considers the
\ sign of the change in the refractive index.
.
:EZ For a given liquid, the refractive index and density are directly
::5 related. We know that the guiding process is thermally driven but it is

unlikely that the refractive index depends directly upon temperature.
:33 It is most likely that the temperature drives the density which in turn
)3 drives the refractive index. That is,

dn an on)] d

= af=[sf]p+[a—,:]Ta‘%
E where the first term on the right 1is negligible compared to the second
‘- term. Since dp/dT is proportional to the thermal expansion coefficient, X
AN (1/V) dv/dT, and since dV/dT is a negative quantity for most materials,
;\ if the second term is dominant in the above expression then dn/dT is
;f' also negative (see Appendix A). Absorption of the green laser pulse
« leads to an increase in temperature of the 1liquid which spatially
'Né follows the intensity profile of the 1laser pulse i.e. bell-shaped.
I:j However, since the Tlaser pulse is most intense at its center the
1:: temperature rise is greatest there and therefore the density and
‘; refractive index is expected to be lowest. The refraction index profile
- is therefore expected to be bell-shaped, but an inverted bell with the
; lowest index at the center of the beam. This is contrary to most
’j optical waveguides where the refractive index is greatest in the
' interior (or core) region and 1lower for the surrounding (or cladding)
323 region thereby relying upon total internal reflection to achieve wave
'jj guiding. Although a higher index core is the most efficient for
ﬁ3 guiding, a lower index core can also lead to guiding and is referred to

as a leaky waveguide [23,24] (see Apendix D).
3
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. Leaky waveguiding is possible when the refractive index of the
%fi: interior region of an optical waveguide has a Tlower value than the
. ;Z exteror region provided that the propagating radiation is near grazing.
P Upon reflection from the refractive index interface, some of the
ﬁf radiation is transmitted but since the angle of incidence is near 90°,
;: most is reflected at the specular angle, in the forward direction.1 If
Et the refractive index within our real-time thermally-generate guide is
indeed less then the surrounding liquid medium then we conclude that the
uﬁb guiding which we observe is of the leaky mode variety.
o
Qf\ To verify that optical heating of the dye-liquid sample leads to a
o lowering of the refractive index, we placed our sample cell in one of
l§j: the arms of a Mach-Zehnder interferometer and observed the direction of
-jf motion of the fringes when the dye-liquid was heated by a beam of green
?;, Ar-ion laser radiation. The Tlaser radiation used in the Mach Zehnder
{ : was from a HeNe laser just as the probe in our experiments was from a
1;5 HeNe laser. Instead of thermally exciting a micrometer sized
izﬁ cylindrical volume in nanoseconds, however, a millimeter sized volume
1l
::H was thermally excited in a second or two using the CW Ar laser beam.
D) The direction of motion of the fringes verified that the refractive
;:; index decreased as expected. We therefore conclude that the guiding
.:i which we observe is essentially leaky waveguiding.
o
R
.~
..
Y
O
~
>
::5 1/ We note that measurements of quiding efficiency as a function of
o. crossing angle 6 resulted 1in a gradual decrease in efficiency for
N larger angles. This is consistent with our leaky guide model.
-
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Eﬁ THERMAL PHASE GRATINGS

-

:‘ The interference of two coherent beams of laser radiation leads to a
>, sinusoidal intensity pattern which is routinely used to generate
_:f holographic diffraction gratings. Transient or real-time phase gratings

‘*:E may be similarly generated by allowing two interfering beams to pass

through a nonlinear optical medium whose index of refraction varies with

':: the radiation intensity. These real-time gratings may be used as an
j%j optical means of controlling another optical beam for all-optical
‘&: switching or control functions for optical computers, processors,

‘;: interconnects, or other applications. We wish to report about the
- writing of real-time thermal phase gratings in absorbing liquids which
E” were used to switch an optical pulse. The particular switching geometry

h- which was used corresponds to the implementation of an AND gate.

(\; 3.1 EXPERIMENTAL

;;E Figure 3.1 shows the experimental arrangement for observing the

‘/’ thermo-optical switching. A nitrogen 1laser pumped LSI Inc. dye laser
?3 whose output is 25 uJ at 0.51 um in a 5 nsec pulse was used as the
iﬁ radiation source [13]. The laser output was split into two beams of

.jﬁ equal intensity which were directed as shown to provide two parallel
ot propagating beams. A Baltar f/2 152 mm lens was used to focus and cross
:; the two beams in their focal volumes. Care was exercised to make the
:: optical path length for the two beams equal to well within the 3mm
:j coherence length of the laser pulse in order to assure a stationary
< interference pattern of the beams in the focal region. This intensity
: interference pattern is transformed through absorption of optical energy

ﬁﬁ; into a thermal phase grating which occupies the focal region. This

gi: process occurs rapidly since thermalization of the absorbed laser energy

i: occurs in times on the order of 10710 sec for liquids [14].
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Figure 3.1 Experimental arrangement for phase grating switch.

L: lens; V: variable attenuator/beam splitter;

It iris; M: mirror; D: detector; C: dye cell;
S: heam splitter; G: orating.
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Unabsorbed radiation from one beam which passes through the sample
cell is simply blocked while the other beam is reflected by mirror M2
back to the focal region where the phase grating was created. This
return geometry is particularly convenient since the Bragg condition is
assured when the returning beam is directed through the focal volume.

3.2 RESULTS

Figure 3.2 provides an oscilloscope trace of the signal from the
detector in Figure 3.1. The stronger pulse with the fast risetime
represents the incident laser pulse and was obtained by removing the
blocker in Figure 3.1 and placing it in front of the quarter wave
plate. The lower intensity, more rounded pulse is the radiation which
was switched by the thermal phase grating generated in the sample.
Using 10 xJ laser pulses and a sample of carbon disulfide with fodine as
the absorber (0.3 cm'1 absorption) the peak efficiency was measured to
be 15 percent. Carbon tetrachloride, ethanol and methanol with iodine,
eosine or cobalt chloride were also used with similar, although slightly
Tess efficient, results.

It should be noted from the oscilloscope traces of Figure 3.2 that
the onset of the switched radiation is delayed in time by about 2 nsec.
This time delay is in quantitative agreement with that expected for
equilibration of a thermally induced pressure disturbance propagating at
the speed of sound over a 3um distance corresponding to the grating

wavelength and is discussed in Appendix C.

Verification that the reflected probing radiation was Bragg
reflected by the phase grating created by interference of the two
incident beams was indicated by blocking one or the other of the
incident beams in Figure 3.1. When either beam was blocked, the signal
to the detector disappeared. This experimental geometry is functioning
as a three-port AND gate. If radiation is present in both input beams A

25




Fig. 3.2 Temporal response for thermo-optic phase grating. Strongest
pulse represents the incident dye laser pulse. The bell-
shaped pulse is the radiation diffraction from, or switched
by, the phase grating (note the 2 nsec delay). 5 nsec per
division.
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*:., AND B then radiation will be present in the output C to the detector.
:,. Implementations of other logic functions are discussed in Section 3.4
[ below.

v)

','S: 3.3 THERMO-OPTICAL INTERACTION

w2

-,'-..- A simple model may be used to quantitatively determine the switching
. efficiency as well as the temperature rise, refractive index change and
;‘_:Z: temporal relaxation of the observed thermo-optical interaction. If E is
f. the energy contained in each of two interfering pulses focused in an
*.”_E absorbing liquid, and LS is the l/e2 intensity waist radius of the focal
[ region, then the average rise in temperature due to a single beam is
%% (13]
,'\’ | T = p% Ee °f a:f (3.1)
.‘-'5.: P 2r W0

o

::, where a is the absorption coefficient of the material medium, Z¢ is the
' propagation distance to the focus, p and Cp are the density and specific
heat, respectively, for the medium, and r is the distance from the axis
,’ of the beam to any point in the focal volume. Interference of two equal
‘_: intensity beams leads to a spatially sinusoidal temperature profile
. where

,.'.-5: BT = Thax = Tmin

e

Lo A

L

®.- _2a_ E e ¢

O = o0 > (3.2)
‘-J:\ p p T Ww

F. - o]

;:Z::: If the two beams are not equal then E should be replaced by JEAEB where
’v‘{ EA and EB are the energies in the two beams, respectively. The
% resulting refractive index change is (see Appendix A)

v
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; G 123n("2 + 1) 5 a1 (3.3)
2
N where g is the volume thermal expansion coefficient for the liquid and
where we have assumed the Lorentz-Lorentz 1law to be valid for relating
'Eg refractive index and density. The diffraction efficiency for such a
;Qi reflection phase grating or hologram is [21]
o2
O 5 [27 W, An
5% n = tanh [X;‘ETE‘]J (3.4)
0 ’
L,
':: where xo is the vacuum wavelength of the (read) radiation and ¢, the
i:- (internal) angle between the radiation propagation vector and the
;ii grating fringe planes, satisfies the Bragg condition. (If the read and
-l write wavelengths are equal then ¢=6/2.) Determination of the
‘3:t experimental parameters E, a, Ze, ¢ and W, as well as the material
f) parameters of the liquid medium Py: P Cp and n allows one to compute
. the diffraction efficiency.
The beam waist radius, Wor is the parameter with the most error
. associated with it. If the laser beam is a lowest order TEMOO, Gaussian
bt: beam, W, may be calculated using
3
) A f
Wy T (3.5)

where w is the l/e2 intensity radius of the beam before it is focused by
a lens of focal length f. The value of L used in our experiments was
measured by projecting the interfering beams onto a screen (see Figure

28
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3.3) using a Jlens positioned at the rear of the sample cell.
Calculating the spacing, A, of the interference fringes

A

h=53 sin ¢'

(3.6)

where ¢' is the measured exterior half-angle between the two interfering
beams, one may simply count fringes and multiply by A to determine Woo
This experimental technique is also valuable in providing verification
of interference of the two beams in tne focal volume, thereby assuring
equality of the path length to within a coherence length.

For incident beams having an energy E of 10uJ each, focused a
distance Ze = 0.5 cm 1in carbon disulfide containing iodine dye in a
concentration necessary to provide an absorption coefficient a of 0.3
cm'l, the beam waist radius W, was measured as 15 um and, using the
liquid parameters of Table II, a temperature rise T of 0.14°C was
calculated. The interference pattern should therefore lead to a thermal
grating with a peak-to-peak temperature difference AT of 0.55°C. This
corresponds to a phase grating with a peak-to-peak refractive index
difference An of 3.7 x 10'4 and, for an interior beam crossing angle §'
of 7°, an expected diffraction efficiency n of 26 percent is computed as
shown in Figure 3.4. This 1is 1in reasonable agreement with the 15

percent efficiency observed in Figure 3.2.
3.3.1 CW Probe

Additional experiments were performed which probed the phase grating
produced by the two interfering pulses using a continuous wave CW laser
beam. A constant CW probe should allow an accurate experimental
determination of the creation and decay times for the phase grating.
Analysis shows that the decay for a thermal grating is exponential with
a time constant equal to (Appendix B)

29




Figure 3.3 Interference pattern of two crossing laser beams in the
focal region of a 152 mm lens. The fringe spacing is 3um.
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Figure 3.4 Computed diffraction efficiency, n, for a thermally
induced thick reflective phase hologram.
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where A is the spatial periodicity of the grating and D is the thermal
diffusion coefficient for the host liquid. For the conditions of our
experiment of a 7° internal crossing angle (8 = 3.59), A is 1ox0/n, and
D is approximately 1073 cmlsec™! for liquids, so that we expect a decay
time of about a uwsec. This 1is several orders of magnitude faster than
for our beam guiding experiments but several orders of magnitude slower

than for STRS or where 8 is large (see Table III).

First attempts at using a cw probe were performed using radiation at
632.8 nm from a Spectra Physics model 125 HeNe laser. Since the pumping
wavelength for writing the grating was 510 nm, the red probe radiation
must follow a different path to the focal region where the phase grating
is created in order to satisfy the Bragg condition for the diffraction
process. This makes the alignment more difficult than when using the
pulsed probe derived from the pump radiation. These experiments were
unsuccessful and no diffracted red radiation was observed. Computations
showed that care must be exercised in assuming that the red probe be at
the Bragg angle to within + 3 mrad {in order that the diffraction
efficiency not be degraded (Appendix H).

The difficulties in this experiment were due to: (1) critical
alignment of the probe through the 30um diameter focal region, (2)
probing at the proper Bragg angle, (3) milliwatts of CW probe power vs
watts of pulsed probe power, and (4) thermal effects due to the probe
energy 2 pifficulties (1) and (2) can be effectively eliminated by
going to a CW probe at the same wavelengths as the pump radiation and

being sure that they follow the same path. This does however exacerbate

2/ (CW: mw x psec = nJ; pulse: w x nsec = nJ).
2




Table III
Characteristics for Thermally-Induced Optical Interactions

Dimension (d)

Beam Guiding* 100X; 30um
Phase Grating** 10X; 3um
STRS X/2; 0.15um

*Thermal Gaussian cylinder with 1/e2 diameter d

tg = 5 (%)

** Thermal sinusoidal grating of spacing d

I
d 32

D‘Q.

D is the diffusion coefficient which is, for liquids, approximately 10~

cmé sec'l.

Rise Decay
TiTg (t.) TiTg (ty)
10 s 10 7s
107% 1070
10710 10785
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(4) since the probe wavelength is now substantially absorbed.

An argon ion laser beam at 514.5 nm was used as a probe beam and the
dye laser pump was tuned to the same wavelength, Although care was
exercised to align the CW probe beam through the interaction region
where the grating was produced, no diffraction was observed. Any of the
aforementioned difficulties, except the Bragg angle, could be the cause.
At these low probe powers we may simply not have an adequate signal to
noise ratio to see the deflected radiation with our detection system.
Time constraints for the program did not allow us to pursue this
further.

3.3.2 Phase Conjugation

It should also be noted that the experimental geometry of Figure 3.2
is similar to that used for performing degenerate four-wave mixing,
DFWM, experiments [22]. In DFWM, beam A and beam B reflected from M2
are considered the pump beams, beam C 1is now the phase conjugation
probe, and beam D would correspond to the phase conjugate of C. DFWM
entails three interactions which result in a phase conjugate beam. Two
of these are holographic interactions occurring in real-time while the
third is a breathing-mode interaction [22]. A1l three interactions
require mutual coherence between the three input beams in the overlap
region. Our experiment satisfies the coherence requirement between
beams A and C but the additional path Tlength to the mirror M2 and back
for beam B makes it unacceptable for generating a grating or hologram

but acceptable as the reading beam for the hologram produced by the

e r v s s v % 6V,
Sl ) )
L8 et o

interference of beams A and B. In addition, the use of a double-passed
quarter-wave plate renders the beam C orthogonal to both beams A and C
- and precludes any interference effects with their fields. As such, we
Sz can expect to see manifestations of phase conjugation in our experiment
P but only those resulting from one of the two real-time holographic
8-+
2y
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terms. Time did not permit the experimental verification of the phase
conjugation.

3.4 OPTICAL CONTROL

The switching which was demonstrated using the thermo-optical phase
grating discussed in Section 3.2 is essentially an AND gate.
Implementation of other geometries allows for the other logic functions
of OR, and XOR. The XOR gate may be wused as an inverter which, in
conjunction with the AND and OR gates, results in NAND and NOR gates,
respectively. The AND gate geometry may also be used as an amplifier to
couple energy from one beam into that of another and may be used as an
optical clipper or limiter.

3.4.1 Logic Gates

Table IV summarizes the different logic functions

AND

Figure 3.5(a) shows schematically the thermo-optical phase grating
demonstrated in this program which functions as an AND gate. A and B
are the inputs and D is the output. If either A or B are zero, then no
phase grating can be formed and there is no output at C. If boch A and
B are "on" then a phase grating is formed in their crossing region and A
radiation which is reflected by the minor M is diffracted by the grating
to become the output at C. The throughput on efficiency of the gate is
improved by assuming the radiation 1in both inputs is polarized in the
plane of the figure and a quarter wave plate is used to rotate the plane
of polarization of beam D to be perpendicular to the plane of the figure
so that the reflection from the beam splitter (preferably a polarizing
beam splitter) is increased.
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'ﬁ Logic Gates

. A c
.:_ B e

AND OR XOR NAND* NOR**

—_— 0O = O
- - o O
- O O O
e =)
O - = O

O = e
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A+B A+B A0B
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+
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* NAND
** NOR
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(a) AND/limiter/

amplifier
W |
|
X/ 4
A B M
D

—-——_——— -—

! |

{ |

! |

I 1imiter j

| !

i {
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| !
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R S S s

{(b) OR (c) XOR/inverter

Fig. 3.5 Optical implementation of logical gates. A and B are the inputs,
C is the output and D is a constant pump source.

37

T L R St 5
S it

......................



W = N AN TETEN TR NSINE " RNaTLNURLELY "Wl'e \“WW“W‘WW“

DERIM

A 50:50 beam splitter by itself as shown in the top portion of
Figure 3.5(b) is very close to being an OR-gate. A zero for both A and
B results in zero output from the beam splitter. If either or both of A
or B is "on" then there is an output. The difficulty lies in the fact
that the output for both inputs "on" 1is twice that for only one input

on". This can be remedied with the use of an optical limiter as shown

S

in the bottom of Figure 3.5(b). If beam D is of adequate intensity,
. (and temporally coherent with both A and B), then a reflection grating
can be produced by the nonlinear optical interference between the output
from S, and beam D. Radiation from beam D which is folded back by
mirror M is reflected by the phase grating whose transfer

, . "- .,. {.

'y
-"".‘,'f ”

characteristics are that of a hyperbolic tangent squared as discussed in
Section 3.3. If An, which is proportional to the product of their

l‘, " ".

fx

intensities), is large enough so that the diffraction efficiency of the
grating is near unity, then the output C is the same whether the beam
from S1 is single or double leveled.

XOR

The exclusive-OR gate, or XOR, is implemented in a similar fashion
to the OR gate using a beam splitter but replacing the limiter with a
carry as shown in Figure 3.5(c). The nonlinear optically induced phase
grating due to interference between the 1input beam to the inverter and
beam D, has a periodicity on the order of \/2 since § is nearly 180°,
and behaves as a reflection grating for radiation reflected by mirror M.

)
ot et

o Since the transfer function of a reflection grating (hologram) is a
aii sine-squared function, as shown in Figure 3.6(b), if beam D is set for
;ﬁj the proper intensity, the presence of beam A or B alone produces a
k:; reflectivity of near unity whereas the presence of both A and B doubles
[ X the An to produce a reflectivity of near zero.
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.t NAND
7
- -
o The Not-AND, or NAND, gate can be implemented using an AND gate
- followed by an inverter.
-".:
» NOR
f‘ —
Jl
1.
1o The Not-OR, or NOR, gate can be implemented using an OR gate
53 followed by an inverter.
N
% 3.4.2 Inverter/NOT
L
';é The XOR gate with the B port always "on" results in an inverter, or
:? NOT gate, with A as the input and C as the output.
\ 3.4.3 Clipper/Limiter
L
NG
‘:; The thermo-optical switch which was demonstrated during this program
<
h:f and whose structure is shown in Figures 3.1 and 3.5(a) can also serve as
J an optical clipper or limiter. Since the transfer function for such a
-f_‘ . . . .
AN switch is a hyperbolic tangent (Figure 3.6(a)), and since the argument
ff- is proportional to the square root of the product of the two input
Q;: intensities (see Equation (3.9)) if the input to the B-port is strong
Q7 enough, then inputs to the A-port above a certain value results in a
:2 near-unity reflectivity phase grating. The output of the device is
‘tﬁ linear with respect to the input (and is amplified - see below) for
B
‘%i small inputs. For larger inputs, the output slowly saturates and for
<J" still Targer inputs the output energy is fixed or limited.
o
) 4
. 3.4.4 Amplifier
s

Two techniques for achieving gain or amplification can be

,-x;'.:‘. 0

implemented using the phase grating approach.
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3.4.4.1 Stationary Phase Grating

The thermo-optic phase grating shown 1in Figure 3.1 can serve not
only as an optically controlled on-off switch, AND gate, and optical
limiter, but also as an optical amplifier. If the input to the A-port
in Figure 3.5(a) is of adequate intensity then an input signal in the B-
port leads to the creation of a phase grating in the region where they
cross.

For crossing angles which are small (c.f. Figure 3.5(a)), the
grating spacing is large and the grating behaves as a reflection
hologram whose diffraction efficiency is [21]

2 eroAn
7 = tanh [xo S @TD)) (3.8)
-az
f
An = dn 2a_ EAEBe (3.9)
dT pr "’g

where EA and EB represent the energy in the optical beams serving as
input beams to posts A and B, respectively, and where the other

parameters in the equations are defined in Section 3.3. E, can be

A
considered as a function of time

e () = md 1, [ g(t)dt

where IA is the peak intensity of beam A and ¢(t') is the pulse-shape
function. EB(t) may be expressed similarly. For crossing angles which
are large, approaching 180° (6 in Figure 3.5(c)), the grating spacing is
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small and on the order of \/2. Here, the grating behaves as a
reflection hologram whose diffraction efficiency is [21]

0

271w _An
x0c056/2]'

n = sinz[

wWhen the argument for the diffraction efficiency is small compared to

one, both tanh2 and sin2 functions become

2xw_An |2 ‘
7t sy)

where 9 is equal to 8/2 for the transmission hologram and equal to
(r - 8)/2 for the reflection hologram case.

If » is the grating diffraction efficiency and KAIA (where KAZ 1 s

a proportionality constant) is the radiation reflected by the mirror in
Figure 3.5(a), then the diffracted radiation is equal to

»

Ie n(KyIp)

where Ié is the intensity of the output radiation in beam C before it is
reflected by the beam splitter. (We assume I = KeIc! where Ke 2 1).
The output, IC, may therefore be written as

I, = pI5 Iy,
where
21w 12 -az 2
p = KAKc[xosiﬁy] & %E; ' j ar')
42
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a0
':E: if we assume that the pulse shape factors are the same for both A and B.
‘E; If Ig is large enough such that plﬁ is greater than unity, then Ic is an
:*' amplified version of Ig.
iiﬁ' The integral of the pulse shape factor in g 1is a result of the
f;l assumption that the time history of the pulse shape is fast compared to
- the decay time for the nonlinear medium and is proportional to the pulse
‘\- energy up to time t. For rapid time decays which are less than the
;3@ temporal structure in the laser pulse, the integral can be replaced by
j§§ g(t)td where t; is the decay time. The amplification process (and also
s the limiting action) therefore acts upon the instantaneous laser
intensity or power rather than upon the energy, but more total energy is
o required to accomplish this action.
o 3.4.4.2 Moving Phase Grating - Two Wave Mixing
-
&ji Throughout the bulk of this report, it 1is assumed that the
}2; interfering beams which create the phase gratings are coherent with
o respect to each other and possess the same optical frequency. This is
:?_ easily accomplished by deriving the beams from the same source and being
iif sure that the optical path lengths from the source to the interference
:EIE region are the same to within a coherence length. If this is done
,j; properly the interference fringes will have good contrast and will be
'zf stationary in space.
. ’:.
:% If however, the two interfering beams are coherent with respect to
' one another but one has a frequency offset (for example due to the
,gg Doppler shift from an acousto-optic beam deflector), then the
favi interference fringes will again have good contrast but will move in
:%: space in a direction perpendicular to the fringe planes. If Av is the
55: optical frequency difference and A is the fringe spacing, then the time
,’! ’ required to move one complete fringe is (c.f. heterodyne detection)
"
o
) 43
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and the fringe velocity is

V = A As
A Ay

© 2sin(672)

If td is the time for a thermal disturbance to decay and if ty is
greater than tA then the phase grating lags behind the fringes and the
phase grating is washed out for laser pulses whose duration exceeds ty-
I[f however ty is less than ty then the phase grating follows the fringes
as they move. If tA happens to equal ty then the phase grating will lag
behind the moving fringes but 1is not totally washed out. The phase
grating is retarded by approximately one-half wave compared to the

thermally exciting fringe pattern.

Consider for a moment a stationary phase grating formed by two
interfering beams A and B as shown in Figure 3.5(a). Once the phase
grating is formed, it is reasonable to expect that a fraction (5) could
be diffracted from one beam into the other beam. If A is much greater
than B, one might reason that B should increase at the expense of A.
Closer examination of the interaction however shows that the diffracted
waves are 180° out of phase with respect to the waves in the straight-
through beam. If the phase grating was shifted by one-half of a period,
or A/2, compared to the fringe pattern then the diffracted wave is in
phase with the straight-through beam and coupling can occur from one
beam to the other, This shift 1is built in to the space charge
distribution for optically induced gratings in photofractive crystals,
and is the basis for beam coupling or energy transfer using these
crystals and is referred to as two-wave mixing [30].
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Two wave mixing may also be facilitated using thermo optical phase
gratings by properiy matching the decay time of the thermal grating with
the motion of the grating. If the experiment is designed to match tA to
tD, by choosing the appropriate Av and A, so that

tA = td'

then the phase grating is retarded or shifted in space by one-half wave
or by A/2. This results in the desired 180° phase shift of the
diffracted radiation so that both the straight-through and diffracted
waves are in-phase. Two-wave mixing whereby energy from one (strong)
beam is coupled to that of another (weak) beam can be achieved by
crossing the two beams and providing the appropriate frequency off-set.
Table III and Figure 4.1 show that for small crossing angles, td is on
the order of milliseconds such that Ay needs to be on the order of kHz.
This is such a small frequency offset as to be much smaller than the
laser radiation linewidth. As such, there will be as many positive
frequency offsets as negative frequency offsets such that energy is
equally coupled from beam A to B as from beam B to A.

If the angle 8 is large, approaching 180°, td is on the order of
10 © such that Av is on the order of 100 MHz. This is a reasonable
frequency shift for conventional acousto-optic beam deflectors and
should be achievable in the laboratory. It is worth noting that it is
precisely this same mechanism that 1is responsible for the amplification

-8

observed in stimulated thermal Rayleigh scattering which is observed in
backscattering where @ = 180°.

3.5 PARALLEL ARRAYS

Although the implementation of a single switching element is an
important first step, in order to take advantage of the parallelism
available for optical systems, the switching method must be amenable to
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incorporation into a two dimensional array. Figure 3.7 provides an
architecture for obtaining amplification, clipping, and logical AND for
a 3 x 3 element array. Coherent laser radiation is incident from the
left where it encounters two equivalent holograms which angularly
multiplex the beam. The output from each hologram is several collimated
beams whose propagation vectors differ from each other (in two-
dimensions) by a fraction of a milliradian. When focused by the first
lenses a 3 x 3 array of foci separated by a few tens of microns are
located in the focal plane. Input information may be placed in the A
and B arrays using fixed masks or dynamic spatial light modulators
(SLM's). Each beam is recollimated and focused with a single focusing
lens. Since each element in one beam has a matched propagation angle in
the other beam they will cross in the focal plane at spatially separated
positions. For each element of the array, if both the A and B
contribution are in the "on" state (i.e. finite transmission at the
mask), then the two beams interfere to create, in the presence of a
nonlinear medium, a spatial phase grating. The A-radiation is folded
back to probe the focal volume using the retroreflector. For a given
element, if both A and B are "“on" then the grating diffracts radiation
to the output beam splitter and focusing lens. The resulting 3 x 3
array represents A AND B for the case of a mask at both A and B. The
output represents an amplified B array if A has no mask but is a fixed
intense beam and B is a weak signal array. The output is a clipped or
limited array if A has no mask and 1is a fixed intense beam and B is

strong enough to lead to saturation of the generated phase grating.
Mixtures of all three optical function could be incorporated in a single
mask structure.

A 3 x 3 array size was chosen for ease of discussion but larger n x
n arrays would function similarly. Average optical power becomes a
consideration for large arrays and high repetition rates. If switching
is performed at a MHz rate and 10uJ is required for a thermo-optical
switch, then 10 watts of average optical power 1is needed and
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approximately one watt is absorbed by the medium as heat. For a modest
10 x 10 array, a 1lKw average power pulsed laser is needed and 100 watts
of heat is generated. Although the phase grating is amenable to a
parallel architecture, the 10uJ which may be necessary for a single
thermo-optic switch appears to be excessive and needs to be reduced by
orders of magnitude. '
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4
DISCUSSION AND CONCLUSIONS

The primary thrust of this research effort has been to investigate
and explore thermo-optical interactions as a means for achieving all
optical control functions. To this end, we have demonstrated laser beam
control by (1) beam guiding and (2) thermal phase gratings.

The beam guidira e-tails the creation of an optical beam guide or
real-time “"fiber" {, the passage of a focused pulse of laser radiation
through an absorbing medium. Radiation from a second laser beam can be
coupled into and guided by the thermally induced refractive index guide
in switching times on the order of nanoseconds. The guide persists for
durations which are determined by the thermal diffusion times of the
absorbing medium. For the liquids used in the reported experiments, and
for the dimensions involved, the persistence is on the order of a
millisecond and is shown to be in reasonable quantitative agreement with
the thermal model presented. Since the switch-on time to create the
guide is on the order of nanoseconds, it is reasonable to expect that
another laser pulse could be used to destroy the guide in a comparable
time to produce a rapid switch-off time. This was not demonstrated in
the program however.

The energy required to produce the beam guiding is modest and is on
the order of microjoules. The experimental parameters are found in
Table V. The laser induced guide could function as an on-off switch for
a second beam of radiation or as an optical means for redirecting the
radiation in a second laser beam. Although the switched laser radiation
is distributed into an annular cone of light, a simple lens is able to
focus the radiation down to a single spot.
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Although the results of the beam guiding experiments are well
: explained by the thermal model, a difficulty is encounted with the sign
of the thermally-induced refractive index change. Absorption of the

laser energy in the cylindrical focal region leads to an increased

Nl s -
P

temperature there. A rise 1in temperature is expected to produce a

decrease in the density and therefore a decrease in the refractive index

4

in the cylindrical focal region. Guiding by total internal reflection
requires that the guide possess a higher refractive index than for the

:E surrounding medium. If the thermally-induced guide region has a lower
o refraction index than its surroundings, as was verified by
': interferometer experiments, then the beam guiding must be attributed to
i a leaky mode.
3 Optical-optical laser beam control using a thermo-optically
generated phase grating was also investigated and demonstrated. The
{ interference of two laser pulses at a crossing angle of 7° was used to
o create a phase grating having a 3 ym spatial period in a time of 2 nsec
i and is in agreement with the thermal model. The experimental parameters
E{ are found in Table V. The thermal model predicts a decay time of 4 usec
for the grating but was not measured due to experimental difficulties.
iﬂ For 10 uJ laser pulses, the diffraction efficiency for the grating was
o measured as 15 percent and was in reasonable quantitative agreement with
A the model which specified a thermo-optic grating having a 0.55%K thermal
i- amplitude, a 3.7 x 10°4 refractive index amplitude, and a predicted
- diffraction efficiency of 26 percent.
.
:5 The two switching techniques which were experimentally demonstrated
(] during this program, utilizing real-time generation of beam guides and
;; phase gratings, are very different in principle yet have many features
:5 in common. They both are thermal in origin and appear in absorbing
}& media where the absorption coefficient is approximately equal to the
; reciprocal of the Jlength of the optical path through the absorbing
: medium. Their turn-on times are proportional to the characteristic
TG4
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‘j:: Table V
Lt
Experimental Parameters for Thermo-Optical Beam Guide and Phase Grating

2 Guide Grating
Fi: Pulse energy, E 10pJ 104J
! Pulse duration, tp 5nsec 5nsec
. Wavelength, A 510nm 510nm
ﬁiﬂ Crossing angle (internal), 6 7° 4°
:f: Grating spacing, A - 3um
Distance to focus, Z¢ 0.3cm 0.5cm
Focus diameter, d 30um 30pm
= Absorption coefficient, a 3em™! 0.3cm !
T Temperature difference, AT 0.64°C 0.55°¢C
v Index difference, An 4.3x107% 3.7x107%
v meas.  calc. meas. calc.
- Deflection efficiency, 96% — 15% 26%
Risetime, trise 20ns 15ns 2ns 1.5ns
Decay time, tdecay 0.5ms 0.84ms - dus
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transverse dimension of the excitation divided by the acoustic velocity
of the medium. For a beam guide this characteristic dimension is the

laser beam diameter itself while for the phase grating it is the grating
spacing. For micrometer dimensions, the switch-on times are on the
order of 1077 sec.

The persistence of these thermo-optical switches 1is limited by
thermal diffusion. The decay time is proportional to the square of the
characteristic dimension and inversely proportional to tne diffusion
constant. If long times, or memory, is desired, the beam guide persists
for times on the order of a millisecond. For shorter times, on the
order of a microsecond, the grating approach may be used. By changing
the angle of interference which produces the grating, several orders of
magnitude of decay times can be covered as shown in Figure 4.1. The
thermal-optical switching can be fast, can have memory associated with
it, and can be achieved at microjoule levels of optical energy.

It is commonly felt in the scientific community that thermo-optic
effects possess strong optical monlinearities but are slow. Indeed,
they cannot compare with optical nonlinearities whose origins lie in the
electronic polarizabilities of molecules whose response times are nearly
instantaneous and are on the order of femtoseconds. Thermal effects are
however, not as slow as is commonly depicted in the literature [31,22]
where typical response times for thermal effects are presented as being
in the range of 0.1 to 1.0 sec. We have observed thermo-optic response
times to be in the nanosecond range and for other geometries should go
into the sub-nanosecond range also.

On-off switching and the redirection of an optical beam by optical
means was demonstrared in this program using thermo-optical beam guiding
and phase grating approaches. An AND gate was also demonstrated
experimentally using the phase grating approach. Extension to the other
logical gates as well as the implementation of optical inverters,




time (sec)

0.1 0.3 1.0 3.0 10 30 100

Fig. 4.1 Thermo-optical response times in liquids as a function of
characteristic dimension d. For beam guiding, d represents
the beam diameter; for the phase grating, d represents the
grating period., 6 represents the (external) angle necessary

to achieve a grating period d; X = 0.5 um,

................ .

N T N e D R 0 S LY ~ N WG
AR WL S WA e AT AT (A AN oty

Tt L G LT Wy
AT N :\(A.‘} >




W W WM A A T R T T s IR e A L -l I eI T T ¥ WM T Taaraa T ETE I ElTT T WYY W W WY ST WS TN WY W T WYY W W e e e -,y

“~

N

7 SERIM

7
B, v

-
K- clippers and amplifiers appears to be straight forward. Extension of
‘2: these single optical elements into arrays of elements to fully take
o advantage of the parallelism offered by optics is also straight forward.
v However, the microjoule levels required to switch a single element leads |
It to high power requirements and significant heat dissipation when |
,f multiple elements and rapid switching rates are projected. Clearly
> there must be improvements in reducing the energy required for switching
. a single element.
o
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. RECOMMENDATIONS

| Based upon the knowledge gained from the analysis and experiments
conducted during the course of this program, the following
recommendations are provided.

An important area for further study addresses the issue of achieving

o

optical control with lower energy requirements. This is necessary in
order to achieve reasonabie operation of many parallel channels, and

Palulnls

switching at useful repetition rates. Although innovative changes in
g the experimental geometry may lead to improvements 1in these energy
‘ requirements, the greatest improvements can be expected in alternate
materials and/or operating points which possess greater efficiency. For
example, a single fluid or a binary mixture exists near a critical
point such that a minor perturbation in temperature leads to a phase
transition, extremely high scattering can result and is referred to as
critical opalescence. It may be possible to write thermally-induced

-

gratings in such media using modest energy while obtaining high

| e e A

diffracting efficiency. Also, semiconductor filter glasses possess

-

sharp band edges which are shifted by small changes in temperature and

may similarly be used as a medium for writing the thermally induced

grating. Methods other than thermal should also be considered and
tested experimentally including materials such as organic crystals,

LR LI N

quantum well structures, and sol gels which can possess high third order
nonlinear susceptibilities.

s

- aa e e

Actual experimental implementation of the switching and control
elements described in this report is also recommended for further work.
Whether the ultimate goal 1{s an all-optical digital computer, optical
processor, or optical communication system, certain logic and control
functions must be implemented. As discussed in Section 3.4, OR, XOR,

v AL

limiting, inversion and amplification should be readily achievable using
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the phase grating approach. The good agreement between the experimental
data and the thermal model, plus the ease with which the AND-gate was
implemented instills confidence in the ability to successfully implement
these additional functions. That these optical control functions were
not demonstrated in this program was primarily due to the time
Timitations and limitations in the power output and spectral purity of
the laser source. During the latter stages of the program, an ERIM-
funded injection-seeded Q-switched frequency-doubled Nd:YAG laser was
ordered from Quantel. Due to significant fabrication delays, the laser
was not delivered until after the completion of the program. The
injection-seeded Nd:YAG laser possesses transform-limited spectral
purity, and high powers are available if needed, making it an ideal
source for such experiments and should be used for any extensions of the
work of this program.

Thermo-optical two-wave mixing for achieving amplification by
coupling the energy from the stronger of two crossing beams of radiation
into the energy of the weaker beam should also be pursued with the
injection seeded Nd:YAG laser. Although efficient beam coupling or two-
wave mixing has been demonstrated in photorefractive crystals [32], the
time response is slow, on the order of a fraction of a second. Thermo-
optic two-wave mixing, as discussed in Section 3.4.4.2, offers speeds on
the order of a nanosecond and may be of particular value for optical
implementations of associative memory or optical architectures employing
iterative feedback loops.

The last area for further study is the implementation of multiple
parallel channels. The AND-gate which was experimentally demonstrated
in this program was a single element device. Since the real potential
for optics lies in the parallelism of its operations, the experimental
demonstration of a 2-D array 1is important. The single AND-gate
structure appears to be well suited for extension to a 2-D array as
discussed in Section 3.5. Such a 2-D structure should be implemented in
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the laboratory and characterized for speed, efficiency, power and cross-
talk.

The application of optical control concepts considered in this
program is potentially quite extensive. The recommendations noted above
are of course component oriented. It is also recommended that system
oriented applications be pursued as a logical extension to the component
development. Examples include switches, nonlinear operators,
amplification and beam positioning for neural network optical computing,
agile beam steering for sensor systems, and more generally, use in a
wide range of analog or digital optical processing systems and in
optical control devices.
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Appendix A
THE THERMO-OPTIC COEFFICIENT FOR FLUIDS

The refractive index of a medium depends upon temperature, T, and
density, p

n = n(T,p)
such that

o - (3) o (3) o

The density in turn depends upon temperature, T, and pressure, p

p = p(T,p)

&), 6 ) o 5

such that

o (@) - 3] o

T

In our experiments the refractive index grating 1is produced after
pressure equilibrates such that the thermo-optic coefficient, dn/dT, at
constant pressure is of interest

@, - &), 69, B9

P

This equation may be further simplified since the first term is usually
much smaller than the second such that

[%%]p : [%%]r [%%]p . (A.1)
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Since density, p, and volume, V, are inversely related by the mass, m

BROR AR, Y

p = m/V
we have
1dv _ _1dp
Var T T pdr (A.2)
Gases

The refractive index of a material medium is related to the amount
of matter affecting the beam propagation. The refractive index of a
vacuum is of course 1.0. For a gas, the increase in refractive index as
matter is added to the vacuum can be described with good accuracy
through the Dale-Gladstone relation [27]

(n-1) = Kp (A.3)
where p is the gas density and the proportionality constant K cepends
upon the polarizability or susceptibility of the molecules of gas. The
density can be modeled to first order using the ideal gas law

pv = NKT

where N is the number of molecules in volume V and k is the Boltzmann
constant. Therefore, using £q. (A.2)

8 - o

|

Differentiating Eq. (A.3) and substituting along with Eq. (A.4) into Eq.
(A.1), we have




DERIM

ﬂ
3\: The thermo-optic coefficient for an ideal gas is therefore inversely
'?‘ porportional to temperature.
[n >,
‘:.J'
o Liquids
.‘.’
“ For high density gases and liquids, the refractive index and density
xS are more accurately related by the Lorentz-Lorentz law [27,28] (cf. the
*iﬁ Claussius-Mossotti law [29])
)
_(:3
e [n2 ]
Sugh - = K'p (A.5)
e nl + 2
o
1;5 where again the proportionality constant, here K', is determined by the
{ nature of the material medium. Differentiating, we have
SRy
O
o 2
el do _ 1 [ 2n___ _ (n® - 1)2n
P []
R¥s dn K n2 + 2 (n2 + 2)2
®)
o - 1L __6n
o K" (2 + 2)2
ny,
>
o Using (A.5) we can eliminate the K' to obtain
24
S
-::: dn = (nz - 1)(“2 + 2) (A.6)
" dp 6np )
yo
. :
- Substituting Eq. (A.6) into Eq. (A.1) and using Eq. (A.2), we have
R4
{j for the thermo-optic coefficient for fluids
. dn (0% - 1)(n% + 2)
st dt B 6n Ay (A.7)
¢ o
v
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where g is the volume coefficient of thermal expansion

1 dv
Py = vadr

© |-
e

Using tabulated values of pv [30], the computed values of dn/dT are in
good agreement with measured values of dn/dT [31]. This is particularly
valuable since g is readily available for many liquids but dn/dT is
more difficult to find.

We note in closing that although the relation in Equation (A.6) is
quite accurate for liquids, it remains to be determined how accurate it
is for plastics, glasses or crystals where the accuracy of Eq. (A.5) may
be questionable and where the smallness of (an/aT)p assumed in Eq. (A.1)
may not be valid.
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' Appendix B

e,

\, THERMAL DIFFUSION

) Transient heat conduction or thermal diffusion is described by [19]
e

< dl _ g2

:: qt - Ov'T (B.1)

L4

‘{Q where T is the deviation of the temperature from its equilibrium value.
;fb The thermal diffusivity of the material medium is
f::
X K

C D = % (8.2)
Pp
.:Ej where £, is the thermal conductivity, p 1is the mass density and Cp is
( the specific heat at constant pressure.

o

._:)

T Thermal Grating Diffusicn

::':.':

®) For a thermal phase grating, T is a sinusoidal function which can be
. expressed as

e

'_'.fji T(x, t) = AT(t) cos Kx (8.3)
.iL

:;Z where AT is the temperature half-amplitude and K is a spatial frequency
o
X" _ 2x
“r',: K - —A- '

L )
e
‘:ﬁ- A being the spatial wavelength of the sinusoid. Applying the V2
70 operator we have
I:\:d

9.

50 v2T = -K2AT cos Kx (8.4)
A
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: : Equation (B.1) may therefore be rewritten as
.:
gy & = -0k
; Integrating, we obtain
y AT o t
3 [ F = ar
«
¥ In AT - Tn AT = -DK%t
b~ AT 2
._ In Tm; = -DK"t
DK%t
- AT = (AT) e (B.5)
.-

using Eq. (B.3). The amplitude of the stationary thermal wave can be
. seen to decay exponentially with a time constant of
‘e t. = L
: d K2
b 2,2
eyl = _1. A
¢ B [21] D * (B.6)
..?.
lé We may use Table II in conjunction with Egs. (B.2) and (B.4) to
fj calculate the thermal decay time. Using the physical parameters
_' provided in Table II, the thermal diffusivity for 1liquid media is
e calculated to be on the order of 107> cm® sec™?. For counter-
)
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(see Figure 3.1), A is a minimum (and

so is td), equal to \/2. The thermal decay time in a liquid for such a

propagating beams where § = 180°

grating is approximately 2.5 nsec and is typical for STRS. For small
angle (~0.1 rad) diffraction where A 1is about 10 X\, decay times are
approximately 5 psec and correspond to thermal diffusion in forced

Rayleigh scattering (FRS) as shown in Table III.

Rayleigh Linewidth

It is interesting to note that the reciprocal of the lifetime of the

thermal grating is equal to the half-width for Rayleigh scattering. The
full linewidth (full-width at half height) is
-2 . opK2
FR = t, = 20K (B.7)

where FR has frequency units of radians per second. Expressed in units

of Hz we have

The validity of Eq. (B.7) can be seen by taking the Fourier transform of
the temporal exponential decay in Eq. (B.5)

FE - e
%— + iw
d
1.
g
= (8.8)
Z
[5) ¥
't— W
d
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- Such a bell-shaped frequency profile is referred to as a Lorentzian
\ lineshape. The real part has a frequency half-width at

(8.9)

and the imaginary part is an “"s-shaped" dispersion curve. For Rayleigh
scattering of laser light, this Lorentzian profile is convolved with the
laser line profile of full-width FL to produce a scattered line profile
of full-width

Al ey

»
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n
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—
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=3
el

Thermal Gaussian Diffusion

Ay

SURU I R

Instead of two interfering beams creating a thermal grating, if a

- e >
]

single Gaussian shaped beam traverses an absorbing liquid a cylindrical
volume is raised in temperature due to the absorption of radiation
energy, and the temperature distribution in the traverse or radial
direction is

¢

2 2
-2X /w0

- - e
[0 P Sl

T(x) = T(0) e (B.10)

-_-
7

where W, is the waist radius of the laser beam. It should be emphasized

that T is not the temperature of the 1liquid but the temperature

P

difference between the radiation-heated region and the surrounding
liquid. Since the heated volume is cylindrically symmetric, and since
the thermal distribution in the Jlongitudinal or z-dimension is nearly
constant, the V2 operator 1in Eq. (B.1) becomes one-dimensional. Since

the temperature distribution in the transverse or x direction seeks
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X equilibrium through diffusion as time increases, Eq. (B.1) may be
rewritten as

- BT(x, t) _  8%T(x, t
: -0 T (8.11)
x ox

If we assume that the temperature distribution remains Gaussian as it
diffuses then Eq. (B.10) may be rewritten as

2 2

T(x, t) = T(0, t) e 2X /w(t) (8.12)
4
> and Eq. (B.11) becomes
z
o4
" 2 2

dr(o, t) _-
{ L t) . 2x /w(t) - DT(0, t) e -2X /w(t) [[ ] _ 4 2] (B.13)
w(t) w(t)

5 Since we have assumed T to be a Gaussian function of x for all t, we
» need only to determine T as a function of t for x = 0. We may therefore
F. rewrite Eq. (B.13) as
.
.
P Tt - o1 [-— . (B.14)
’, dt 2
a w(t)
q
5 If we assume the diffusion process to be adiabatic, then the energy
'2 contained in the thermalized region remains the same for all t. That
’ is,
(
W
!
- 2 2 2,2
: rT(O,t)e'Zx MW gy - rT(O,O)e_ZX /o dx.
; - e
[
¥
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‘:;: Solving these definite integrals [34] gives

:ﬁt

o T(0,t) w(t) = T(0,0) w,
')

e . T1(0,0

5 W(t) = W, Tlort

&

s A

. Equation (B.14) may therefore be rewritten as

=

L 410.t) . pr(o,t) [- & L
g dt w2 1(0,0)2
°

o2

T Separating variables and integrating

.,
{ jT(O't) dr(o,t) _ _ -4D ft it
A 2 2 2
b T0,0) TO) w5 T(0,00%
o

1 _ 1 . __8t
o) 1(0,t)2  T1(0,002  w? 1(0,0)?
; 0

oA

o

::};‘_’. Rearranging and solving for T(0,t) provides

J"s‘:
k> -1/2
o T0,t) = T(0,0) [8E 1] T,
7 o
o
.;a, If we call td the time it takes T to fall to one-half of its initial
O .

value due to diffusion, then
RS
Y
3 w(z)
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Comparing Eq. (B.15) and (B.6) we see that the characteristic diffusion
time is proportional to the square of the important transverse dimension
of the temperature distribution and inversely proportional to the
diffusion constant. A more equal comparison might compare the time
required for T to fall to 1/e of its initial value as was done for Eq.
(B.6). In this case Eq. (B.15) becomes

2
t& = [ez - 1] Yo
d 8 D
(B.16)
"
= 0.80 57

more than twice as long as in Eq. (B.15).

SRR 1

69

O AT T A R A A L T G NG |



.......

:"‘

)

N A

b:;:r DERIM

S Appendix C

::5 TIME HISTORY FOR THERMO-OPTIC DISTURBANCES

-

') In this appendix we 1look at the phenomenology associated with the
;ﬁ passage of the laser pulse through an absorbing medium, and the transfer
ig of radiation energy to that of the medium. We wish to look at the
h.: various transfer mechanisms 1in chronology and make estimates of the
. times involved in these transfer and relaxation mechanisms which
‘:; ultimately lead to changes in refractive index and eventually to the
:f decay or relaxation of the refractive index disturbance.

o

.. Absorption of the laser radiation by a liquid medium to which a dye
;3 has been added follows Beer's law and leads to an exponential decrease
i:' of the light intensity

.

73
L 1(2) = 1(0)e”%

where a is the absorption coefficient, 2z is the distance of propagation
-~ into the absorbing medium, and I(0) and I(z) are the light intensities
at the entrance to the sample and at position z, respectively. At any

iﬁf particular position Zg the amount of energy absorbed from the beam is
&
N
’\1"“
1o t t -az
O [ 1zee = [ 100,e
o
o where 1(0,t) is the temporal shape of the incident laser pulse.
.
'ﬁs The radiation energy absorbed leads to electronic excitation of the
T-
'f; dye molecules in the liquid. These excited dye molecules undergo
) r,
o radiationless transitions back down to the ground state due to
!L collisions with the solvent molecules. The energy of excitation is
.:: transferred to kinetic energy for the solvent molecules and occurs in a
L -
\j: time on the order of 10 10 sec [14] for liquids [20]; see Table II.
"GAN :
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The increased kinetic energy of the liquid molecules is manifest as
an increased temperature in the spatial region of excitation. For these
rapid thermalization times, the liquid volume or mass density does not
have time to respond and so, along with the temperature increase, there
is a pressure increase also. The laser beam has produced a bell-shaped
cylindrical region of disequilibrium in both temperature and pressure.

Since there is no rigid confinement of the liquid, the increased
pressure due to the laser heating 1is quickly dissipated. The rate at
which the volume expands to relieve the 1local pressure increase is
proportional to the acoustic velocity in the liquid divided by the size
of the region of high pressure. In liquids, the velocity of sound is
about 1 Km/sec (see Table II) and our volume of interest is about 30um
in diameter. The time for the pressure disturbance to go to equilibrium
is therefore approximately 15 nsec. This represents the time in which
the cylindrical volume excited by the laser expands due to the increased
pressure. It therefore represents the time in which the liquid density
increases or the time it takes for the refractive index guide to be
created. This is roughly in quantitative agreement with the measured
20nsec time response for the onset of beam guiding as discussed in
conjunction with Figure 2.3.

For our experiments involving two interfering beams in the focal
region, the total diameter 1is again 30um but interference fringes are
produced such that a temperature and pressure grating are produced with
a grating spacing of about 3um. The pressure relaxation should take
approximately 1.5 nsec and therefore about 1.5 nsec time delay before
the refractive index grating 1is produced. This 1is in quantitative
agreement with Figure 3.2 where we observe a 2 nsec delay between the
passage of the exciting laser pulse and the onset of diffraction of our
probe radiation.
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It is interesting to note that if the two interfering beams are
‘ slightly different in wavelength, the interference fringes are moving.
L. If this difference frequency is much larger than the reciprocal of this
v delay time then the fringes are washed out and no phase grating is
- generated. This places a coherence requirement upon the two beams and
requires that the two beams be aligned to within a coherence length for
- the radiation. Also, if the frequency mismatch is equal to the
' reciprocal of the delay time for phase grating formation, then both the
optical interference fringes and the density or phase grating move

.y 8 ".- -

together at the same velocity in a direction perpendicular to the
fringes, but the density grating lags behind the optical fringes by one
half the grating spacing A, i.e. it 1is retarded by 90%. This should

¢ 'H“ 55 %

allow coupling of one beam to the other via two wave mixing [30]

(el

- especially if one beam is much stronger.

Once the pressure has come to equilibrium and is constant throughout
the liquid, the temperature and density (or refractive index) profiles
are bell-shaped (Gaussian) and match each other, except for the fact
that the temperature 1{is highest at the center and the density and
refractive index are lowest at the center. These bell-shaped profiles

-

- widen and decrease at their central peak value as thermal diffusion
leads to equilibrium (Appendix B). For the thermally generated beam
guiding experiments where the transverse dimension 1is about 30um, the
diffusion time is about a millisecond. This is in quantitative

g e .

agreement with our experimental observations as shown in Figure 2.3.
For the thermal phase grating experiments where the important transverse

N & A

dimension is not the beam width but the grating spacing, A (3um in our
i experiments), the diffusion time is expected to be about 2 usec. (See
Table III.)
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Appendix D
FIBER OPTICS

Since the beam guiding which we have observed experimentally during
the course of this program is analogous to the creation of a real-time
optical fiber, this appendix is used to provide some of the expressions
which are useful in the study of optical fibers. It should be kept in
mind that the thermally induced refractive index beam guide which we
observed (1) does not have a constant diameter but decreases slowly as
the radiation is focused to a waist, then increases slowly beyond the
focus following a hyperbolic “"ray-path*, (2) the probing beam is
similarly focused to a waist, and its dimensions are closely matched to
the guide dimensions, (3) the graded index is a Gaussian function in the
transverse dimension and, most importantly, (4) the sign of the
Gaussian distribution is such that the refractive index in the guide
region appears (based upon thermal analysis and interferometric
measurements as discussed in Section 2.2.3) to be lower than in the
surrounding liquid. This later attribute of our beam gquide is
particularly troublesome in explaining the observed guiding behavior but
does appear to be compatible if we assume that the guiding action is the
leaky wave type. None-the-less we assemble below some of the standard
fiber optical properties keeping in mind the above caveats.

Mode Number

The numerical aperture for a fiber is equal to the sine of the

acceptance half-angle, 6_, for that fiber,

g a'
Q.
4'. L]
oo N.A. = sin g,
5
-~
v
[}
7
”.
3
I":
,"}‘ - -
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For a fiber immersed in a medium of refractive index n

‘-, 0
7
N
i 2 2
! 1n1 ~ n2
A N.A, = = -
. 0

> o

13 where n is the maximum refractive index of the core, n, is the

refractive index of the cladding, and An = ny-n, (n1 is assumed greater

E{ than "2)'

::'

,.

. The V-number normalized frequency, or normalized distance for a
a fiber is [23,24] )
P~

-~
‘S
4N _ 2 _ 2
s V = kr ny - Ny
' (D.1)

L)

n
>

o Ix

r IEE;KE

The number of modes which can be supported by a fiber is

N o= V2 (D.2)
where ¢ = 1/2 for a step index fiber, ¢ = 1/4 for a quadratic graded

oy index fiber, and ¢ has comparable values for other forms of graded

K fibers.
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iﬁ: Combining (D.1) and (D.2) shows that the number of modes which can
j‘: be supported by a fiber is proportional to the square of its radius and
:i: proportional to the maximum refractive index difference between the core
v and cladding.

.r:‘

t (..~'
s Reflection Coefficient

{ The amplitude reflection coefficient for an s-polarized or TE wave
N at a refractive index boundary is

!‘.-

D ,

:s o s1n(01 - 02)

s sin 91 + 62

7

i} _ n, cos 6, - n, cos 6,

LT ny cos 61 *+n, cos 02
(

'.'_‘;: 1-¢

o s ¥

N T+¢

hY

where the subscripts 1 and 2 refer to the incident and transmitted
media, respectively, as shown in Figure D.1, and

’.S.' '_II'U.
L .

»
[

AN
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2n1An + An2
2 2
n1 cos 61
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v
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X
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An = n2 - nl.

.l

5
AA

B
a

Optical wavequiding wusually involves An < n

5
Uy

1 and 61 approaching
90*(i.e. grazing incidence). Similar equations for the TM or p-

n
a

5

L@,

polarization are
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Reflection and refraction at a refractive index interface

Fig. D.2 Leaky wave beam quiding. The guide index, n_, is assumed

to be less than the cover or cladding index,gnC
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n2 cos 91 + n1 cos 92

-};. Note that the negativity of r represents a 180° phase change upon
o reflection.

. Rearranging terms, we can solve for £ in terms of r

N 1 -
i ¢ - [1 + :z]

or
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5 - 81%) and n = 1.5, a An of
1 0.66° or for a An of 10'4,
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2tatata’a

Assuming a high reflectivity of re = 0.9 (r
1073 requires a grazing angle of 90* - @
90° - 6, = 0.21°. For 90° - 6, = 4° and n = 1.5, a An of 107>
rd = .037% (¢ = 1.129).
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Leaky Guiding

If one considers a slab waveguide whose thickness is h, which is
clad on both sides by material whose refractive index is lower, then
waveguiding can occur in the slab for radiation modes which are confined
by total internal reflection (TIR) at the interface. If the cladding
material has a higher index of refraction than the slab, then some
radiation in the slab is partially transmitted by the interface and is
lost from the slab. However, since the radiation is at near grazing
angles, the amount reflected can be quite high resulting in only a small
amount of radiation leaving the slab. The radiation propagates down the
slab and is guided by it with the lost radiation serving as an
attenuation factor. This 1is referred to as a leaky guide. A slab
waveguide of thickness h, and refractive indices of the guide, ng, and
cladding, Ner AS shown in Figure D.2, has an exponential loss
coefficient [24]

2
A
a )
SanAn h3
where An = Ne = Nge In a symmetric slab leaky guide, radiation is lost
at the upper and lower interfaces. In a rectangular leaky guide, or a

leaky fiber, radiation can be lost in the other two directions also so
that a must be doubled. The transmission of a leaky fiber of length L
is therefore

e-ZaL

Choosing parameters analogous to our real-time beam guiding experiments
of h = 2w, = 30 ym, &n = 10'3, n. = 1.5, X\, = 0.51um, one computes a =

0.2 cm'l. For a guide Tength of 1 mm, T is 98%. The efficiency of a
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S step index leaky fiber is computed to be high, and the guiding

-'.:::I; efficiency observed in our thermally induced beam guide experiments is
A0 also high.

.c

¥

:::-j It is worth noting that a depends on the third power of the guide
'*'.:::Z thickness h. For our example above however, if h was halved, a would
LAl

'.:-f:‘,- increase by 8-fold. However, T would only drop to 85 percent.
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Appendix E
OPTIMIZING THE ABSORPTION COEFFICIENT

In the Appendix of the first semi-annual report for this program
[10], we discussed the optimization of the absorption coefficient to
maximize the gain for an injected signal in stimulated thermal Rayleigh
scattering (STRS). We saw that the best choice of a, the absorption
coefficient, is predicted to be equal to the reciprocal of the length of
the sample in the direction of propagation. In this section we wish to
make similar arguments to show that for STRS in generator experiments or
for forced Rayleigh scattering, the best choice of a has a value equal
to the reciprocal of the length from the entrance window of the sample
to the focal region of focused radiation.

Equation (4.5) shows that the refractive index change, An, in the
focal volume located a distance Z¢ from the entrance face of the sample
depends upon a in a non-monotonic way. Qualitatively, a large value of
a is desired for efficient conversion of laser radiation to thermal
energy but too high a value of a leads to attenuation of the laser
energy before it can work effectively in the focal volume. This is
shown quantitatively by combining Eqs. (3.2) and (3.3) keeping only the
functional dependence upon a

—azf (
An(r) = x(r)a e

where x(r) is a proportionality factor which depends upon the transverse
dimension r. To find the best choice for a where An is a peak value, we
differentiate An with respect to a and equate to zero,

~ ~

-az -az
‘ Qé%ﬂl = g(r) e Fy k(r)a e f(-zf) = 0
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We see that a, the optimum choice for a, is equal to the reciprocal of
the distance of the focus

Further examination of the dependence of An upon a shows that a
variation of a of + 30 percent about a results in An dropping by less
than 10 percent.
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