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Tensor and its transformation by rotation of coordinate system

Ay |
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Tensor and its transformation by rotation of coordinate system - ||

Double scalar product: T :S = ZZZZ ; kl[ (x - X )] x?
_Tyyy‘ ij Kkl zl ]k :Z : CZ—;ijZ
i

i i . Arioi 0 0 O / /
Rotation of coordinates: original set  x{,x3,x3, Rotated: xV',xJ,x¥".
. . . : 0 L0
Matrix of directional cosines: o;; = x; - X; = COs xz,xj
Backward transformation: 6. = x-x¥ = cos(z.,z!) = cos(z!,z.) = 1=l
: g T g T Rt 197 z'j?a -«

Apparently X?/ :Z( ) Zalj X Zﬁj Zalj X
J
Transformation of a vector: a—Za’ 0/ Zajxj ZZ@ZJ a; Z, a —Z%’j%
J

AnalogOUSIV' — Zzazk ]l kl’ ij: Zzzazlajmoéknrlmn’
ijl - Z Z Z Z Qi Qi Xy Q1 Crnpg  €1C.

Summation symbol is often omitted; if so, summation over repeated subscript(s) is supposed
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Fundamentals of crystallo-optics

Optical wave propagation in an anisotropic medium

Harmonic time-dependent field in the medium without sources: p=0, J=0

| 1 | i 1 i
H(r,t) = Re {E(r)e"”t} — E{E(r)e_“"t T c.c.}, K (r,t)=Re {H(r)e t} = E{H(r)e g c.c.}
Propagation is subject to Maxwell equations V X E = iwB, VxH = —iwD,
D=¢e¢&-E, B =puH.
The divergence equations are the direct consequence: V-B = 0, V-D=0.
€ 5a;y €
Anisotropy is determined by the relation betweenEaD: D=¢¢-E=¢, € 4y -E
2T 2y €.

From general thermodynamics laws it follows that the relative permittivity tensor
. . . . — —% . . .
in a lossless medium is hermitean, g7 = £ : we will mostly consider real and symmetric .

UFE



Real symmetric tensor & can be diagonalized by suitable rotation of a coordinate system;
in the new coordinate system the relative permittivity tensor ¢ is diagonal

2
e 0 0 n, 0 0 From general properties of symmetric matrices it follows
e=|0 ¢ 0|=|0 n22 0 |. thatits three eigenvectors (permittivity axes) are
2 mutually orthogonal and the eigenvalues are real.
0 0 e 0 0 nj

Classification of anisotropic media:

Exx 7 Eyy T Eupy M = Ny = N3 optically biaxial medium (the most general; crystals)
Eor = Eyy T €y T = Ny = N3 optically uniaxial medium (crystals, polymers, ...)
Eow = Eyy = Eppy Ty = Ny = 103 isotropic medium (gases, most solids and liquids)

Optical plane wave propagation in an anisotropic medium
E=Epe™" =E; ™", H=Hpe"" =Hpe™", k= 27” 1= kk 1=nl°
0

: : : _ W .o €
l1... dimensionless normalized wave vector and phase velocity: V; ka Zml ; ‘l‘ =n.
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Relations among field vectors
Analogously with the symbolics 57 — —tw for plane waves e it holds V — ikl

Then ik 1 X E) = wu H,, kl1xH = —iwD, D,=¢g-E,

0’ 0 0 0
NI € _
From this H, = K, IXE, = Ho “IxE, =Y,IxE,, Y, = [, Z,=Y,'= /ﬂ
Wk Ho Ho €o
k 1 K, — _
D,=——"IxH,=——1xH,, E,=——"¢&"-(IxH))=-Zg"'-(1xH,).
w C WwE,

Conclusions: 1. The vector triad D, H,, | forms right-handed orthogonal set of vectors;

2. The vectors E, and H, are mutually orthogonal;
3. The vectors D, and E, are not generally mutually parallel;

4. The vectors E,, D,, H, are all in-phase;

5. The direction of the Poynting vector is not parallel with the wave vector:

1 a1 1 1
S = ~Re{B, xH} = “B xH, =~V x(IxE,) = 51/0[[1(130-EO)—EO(I-EO |

| 1| —n parallel not parallel
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,Dispersion” (Fresnel) equation for anisotropic media:

iky1 x Hy = iky 1 x (Y1 X Eg) = —iwe g - By, or 1x(IxEy)+&-E; =0.

This can be rewritten into the form
£ By +1(1-E,) - (1-1)E, =0, or|(&+11-PI)-E, =0,

a,b, a,b, a,b,

where ab=ab, a0, ab, is the dyadic product of vectors a, b.
ab. ab ab
o oY o €z — l; o lzz gxy + lxly €z + lxlz on
The explicit form 2 72
€y 1 1.1 Epy — b — L e, F0L | |Ey, |=
of the Fresnel equation is Y i v oy 0y
e, + 11 et e, =1 =1 |Eo

A non-trivial solution E, requires that the determinant of the system of equations is zero:

B(w,1) = det(Z+11 - I’} = 0.
In the permittivity axes (in which the permittivity is diagonal) it sounds

D(w ) = (g, — 12 =12 )(e,, — 12— 2)(e.. — 12 —12) + 212202

P2 (e, B - B) PR (e, — R - 2) - P2(e, -2 -22)=0.

T
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After some manipulations we get

xTT yy'y 22°2

2 72 2 2 2, 72
— €, 1) —ee (D +10)—¢e e (U +10)te,e,6

T Yy xroyy 22"

B(w]) = et + e, bt et + e 212+ 2) e, 22+ 12)+e 22+

®(w,1) is thus a polynomial of the 4-th degree in all variables l,, Iy, |, , symmetric with respect

to inversion. For any pair |, I, the solution gives 2 values of |, , and 2 values of | ; ;= —1,; ».

The surface ®(w,l) = 0 is thus of the 4-th degree. It is called a wave vector surface,
sometimes also a slowness surface (the phase velocity is proportional to 1/‘1‘)

We will show that the direction of power flow is orthogonal to the wave vector surface.

1 1 Jw
The direction of power flow is given by the group velocity v, = k_vl w, [vgx = k: oL J etc.
0

~1 ~1
Since a—(I)aluhLVICID-all =0, dw=— 8_@ V,®-dl, Viw=— 8_(1) V,®, and thus
w ow ow
0P L :
v, =7 8 V,®. The direction of power flow is thus parallel to the normal to
w the wave vector surface.

1 x
Since the power flow is given by the Poynting vector S = ERe{E x H },

both E and H are tangent to the surface, and H is also perpendicular to 1.
UFE
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Alternative approach to anisotropic medium: . 12 lyz 12
index-elipsoid I.e -1=1, ; + 5 + ; =1
Let us introduce a projector in the wave vector space — = =
into the plane perpendicular to I:
P =1-1°1° wherelIisa unit matrix. 1 — (l:‘g)2 _lglg —197
Explicitly, in components, P =| —0)I} 1—(}))* )i
—12L, L 1-(1)
Since D, is perpendicular to 1, the projection does not change D :
P-D,=(1-11)-D, = D,.
Then equation] x (l X EO) +¢&-E, =0 can be rewrittenas (1 = n107 E, ig—l . Do)
€
1 _ 1 0
nl°x|1x—g& ' D, |+—D, =0, or (I —~ 1010)-5—l ~ 1 .D, =0,
1 1 — 1
P.e&  ——I-P-D,=0, |P-&"-P—-—I|-D, =0.
2 2
n n
P-g'.

P is, infact, a 2D tensor in the plane perpendicular to 1, and the red-framed

equation is the equation of an ellipse in the plane of the components of D,,.

Hence the construction of the index-ellipsoid and the orientation of D,,.




The general dispersion equation

Dlwl)=e I +e I +e l+e P2 +1)+e (P +1)+e (2 +1)-
—c e (P+ lyz) —e e (P+0)- 5yyszz(ly2 +0)+e e e =0

T YY N T T Yy 22

can be specified for the following specific cases:

In an isotropic medium it is reduced to the equation of a doubly degenerate sphere:

2
B(w, 1) =gy (ex — I — Iy =17 =0.

N

UFE 10



. I . 2 12 12 2,12 2]
A uniaxial medium: ®(w,l) = (5XX o " v )[5)0(522 —eXX(IX + Iy)—azzlZ } = 0.
E . f h di . |2 |2 |2 —0
quation of a sphere (ordinary wave): ey, — I =1y =17 =0,
o | . I+ 12 IL+15 12
Ellipsoid of rotation (extraordinary wave): + Lt =1, or —+—5=1
€ZZ EXX ne r.IO
anZ

In the x-z plane it holds nN= ‘l‘ == ,
\/nf sin® @ + n; cos* 4
0 is a polar angle between the optic axis and L.

Z, optic axis
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Biaxial medium
Blw, 1) = e,lf +e, bt + e+l (10 + 1)+ e, 0 (B +12)+e (8 +1)
o 5$x8yy (la% + lgf) — EpCy (la% + lzz) o Eyyszz (lyz + lzz) + grr:acgyygzz

(cannot be simplified)

!

Wave vector surface
of a biaxial medium
with refractive indices
n=1n=2,n,=3

UFE
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The cuts of the wave vector surface of a biaxial medium by the
planes |.=0, |,=0, l,=0 can be expressed by the following forms:

l,=0: (5XX _ |§ — |22)[gyygzz —5yy|§ _gzzlf] —(, which is always the product
of the equation

2 2 2 L3 .
| €€z —Exxlx —€xl7|=0,  of a circle and an ellipse.

=0 (e =131

!

: 2 12 _
l,=0: (5ZZ—IX—|y>[5xxew—5xxx—5yyy}—0,

For n, < n, <mn, weget the following diagrams:

optic axis

<v

13
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An example: incidence of a plane wave from an isotropic medium
on a uniaxial medium

(A simple case — optic axis in the plane of incidence)

isotropic
Generalized Fresnel coefficients
of reflection and transmission
can be derived from

medium

uniaxial the continuity conditions
medium of tangential E and H field
components
optic axis

l'O(s,TE polarization)

14



Chiral (optically active) medium

Optical activity = rotation of a plane of polarization of a linearly polarized wave
while propagating in a medium.

Chiral medium has no translation symmetry.

Constitutional (material) relations for chiral media can be defined in several ways.

For plane waves they all reduce to . .
. / sign of a nonlocality

_ _ _ Y, _
D=cz-E—-g-H=¢cZ -E-Lg-VXE
 C W g is a dimensionless symmetric
B = u,H + Eg .E = pH - ﬁg g 1. VxH 2-nd rank tensor, called chiral tensor
C W \ ) .
sign of a nonlocality

Plane wave propagation in a chiral medium

Plane wave is described by E = ]5)06“”7 H = Hoeik'r, k =kl = w,/,uogol _ Yy 27 _
c

A
The application of V X resultsin Substitution into Maxwell equations gives
V XE = 1k x EOeZk'r — Zkol X EOeZkT7 1 x EO — £ H() +1g E07

VxH = ik X Hoeik']r = ikl % Hoeik'r; —1xH, =¢ /5_0]30 —ig- H,.
Ho

UFE
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£
We get from the first equation  H, = 0 (l XE,—1g K, )
Ho

Introducing this into the second equation we get
~1x(1xE, —ig-By) =€ By —ig-(I1xEy —ig - E)

We will again try to cast this equation into a set of three linear equations for E:

3
) . _ _
PI-T+i(Ixg+Ex1) -+ PR By =0, 1xg= > (xx))xlg,.
Since ‘gjk‘ < 1for all known chiral media, we can neglectg-g. "% '
gx1= Z x) (x x D)g .
m,n=1

In the coordinate system in which € is diagonal, the equation has the form

_lxlz/ - z[(gw + gyz/>lz = 9l — gzz/ly] lf + lzz Sy _lz/lz o i[(gyy 9. )lﬂ? o gx?/ly = 9.k EO?/ = 0.

This is the Fresnel dispersion formula for a plane wave in a chiral medium.

detH — 0 ... surface of the 4-th degree in the (ZI, ly, lz) space.

UFE 16
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Isotropic chiral medium
g =gI, €=cI; Lletuschoose 1=1z"=[x).
Then the dispersion formula is reduced into
The nontrivial solution of the first two

2 .
l; —e —2igl, 0 b, requires that
0 0 —€| | £, Since g < ¢,
we immediately get

|, = £\e+ g g~ e + g==+n =g, and for the field amplitudes we obtain

ﬂ Y gl _ The “eigenwaves” of the isotropic chiral medium

E 2 _ ¢ ' are thus circularly polarized waves which propagate

with the refractive index of n £ g.

Since all directions in an isotropic medium are equivalent, we can choose z in any direction.

The wave vector surface consists of two concentric spheres with the radii n £ g.

The last equation has the solution E, = 0.

17
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Rotation of the plane of polarization in an isotropic chiral medium

Let the electric field intensity at z = 0 is linearly polarized along x°: E(z =0) = EOXO.

At z = 0 it can be decomposed into two circularly polarized waves

1 1
E = 2]538r el + 2E e’ %, where E; = E,(x" +iy"), " =n+y.
1 iklTz | ikl ik (I +17)z2 /2 Al
Then Ex(Z)ZEEo(e "7 4 e ):Eoe 0 cos k, 72 Al I —T
E (2) = g [kl _ ikl 2\ ik 422 sink, Hz 2 2

Y 27 0 2

: : : . . Al
Propagating by the distance L results in the polarization rotation by ¢ = £, 075 L=k,

Y

1
The chiral parameter g can be determined from the specific rotation power T g = k_

Specific rotation power and the chiral parameter of some materials at A = 632.8 nm

material /L g
a—quartz SiO, 22°/mm 3.85%107°
paratelurite TeO, 87°/mm 1.52 x10* Note that ¢ < 1, indeed.

Bi,,GeO,, 20°/mm 3.5 %103

g L.

NI‘G

18



The influence of chirality on the shape of wave vector surfaces

a) Isotropic medium b) (Linearly) uniaxial c) (Linearly) biaxial
medium medium

A7 z , optic axis optic axis

<V

In the presence of the (linear) birefringence — uniaxial or biaxial —
the chirality is manifested only “in the vicinity” of optical axes (a few degree angular offset)
otherwise it is overwhelmed by the (linear) birefringence.

UFE 19
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Fundamentals of propagation
of acoustic waves

in elastic media

20



Propagation of acoustic waves in elastic media

(B.A.Auld: Acoustic fields and waves in solids |, II, J. Wiley 1973)

§
“Deformation” of a solid body: r(ro,t) =1, + £<ro,t>
r, E(I‘O,L‘> (elastic) deviation of the point r, intime ¢
r
The distance between two closely spaced points dr, is changed
0 under deformation to r, + dr, + {(ro -+ dro,t) — I, — £<r0,t) = dr, + dﬁ(ro,t),

where d£<r0,t> = Z%dwn = Z z%xg% xg -xg dxp = V«S(ro,t> -dr,

n n m,n,p n
np

0
and VZ& x%xg is the gradient of the deviation vector (dyadic).

m,n 85571

If d§ - dr, = 0, the size of dr, is not changed. Then there is no deformation but only rotation:

o0& 1 o0& o0&
d€ - dr, = dr,.V& - dr, = — N dr dr, = — 4+ R de de, =0
$ - dny 0-VE -ty %8% meen 22[8x 8:L’m] men
The tensor of deformation is thus defined as a symmetric part of the tensor
of the gradient of deviation: |

= 1 Ty, _ P . O
S = E(V&+<V€) )a Sun = Spm = z[dg;n * da:m]

UFE 21




Force in solids

Force acting on a surface element dAis dF: dF = T-dA

Force acting on a volume element dV:

dF = fﬁdeA fVTdV Z Lt 04

_ OT A 0
T ... straln tensor g~ gk X,

Xy

Since no volume element of solid in a steady state is rotating, the force

momentum must be zero; as a result, the strain tensor is symmetric, 1, = 1},

For small (elastic) deformations, there is a linear dependence between T and S :

Generalized ,,Hook’s law*: T, = chklmslm
From symmetries of T and S it follows ¢,

—ka A.

= Ckimi = Cijkmi
Power density due to elastic deformation is

AU =T:dS =) T,dS, = > ¢, dS;S, =D cy,9,d8,, thus i = Cuy

Jk gkim jkim s
7
Symmetry allows to introduce the shortened C,3 = Cjpim» T, = Tjk, S, = 28 ik
(Voigt) notation of tensor components: gk

a=12..,6
UFE 22
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Dynamics of (continuous) elastic media: acoustic waves

2
The “Newton’s force equation” F =m- ZT for the volume element:
2

0* _ _ 8 ¢; oT,

= dV = T - dA = -Td or — Substituting for T

atzfp€V fﬁf fV £ 8t2 Z@x

Vv A Vv
_ 9% 5%¢
and considering the symmetry of S : p 0152] = %;Cjklm éhjké?xl ... Wwave equation for &.
Acoustic plane wave: £ = goei(K'r—m)7K _ Qn(), K — 2_7T The wave equation is then
v

a

Z[Zc T T — pviéjm]fom —= 0 ...system of 3 linear equations for 3 components of &,,.

m

. . . 2 . . .
Also: equation for eigenvalues pv: and eigenvectors &, of a real symmetric matrix

. . . . 2
with elements chklmnknl, there are 3 positive eigenvalues pv
Kl

and three real mutually orthogonal eigenvectors 50]. which define

the direction of vibration ("acoustic polarization") of the waves.

Since all components of £ arereal, the waves arelinearly polarized.

23
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Some properties of acoustic waves

It is possible to derive the following relation from energetic bilance of an acoustic wave:

II=-T- % IT is an acoustic Poynting vector (density of power flow, [W/m?]).

Group velocity v, is parallel to IT and it satisfies a very interesting relation

0 _
v,on =vu, = ‘VQ‘Z’UG (nn

In an isotropic medium it holds ¢, = ¢,, = ¢33, ¢, = ¢35 = Cy3,

|
Let's choose n° = z° for simplicity. We get Caq = Cs5 = Cgp = 5(011 - Cu)-
2
Cag — PY, 0 0 §; 0

2 _ _ % Sy
0 Cpy — PV, 0 16, 1=10 Ul Tl Yl T <Yy

i 0 \ » \ »

0 0 ¢, — P, &,

We introduce the normalized acoustic wave vector]l = K/ :

(1, -r—t)

Then e , and from the wave equation we get Z[chklmlkll — péjm

Kl
[Z Cittmlil = P Ojm ]
Kl

m

det — (0 is the acoustic wave vector surface (of the 6-th degree!)

Som = 0.

24



Cuts of acoustic wave vector surfaces of some crystals

BaTiO, Hg,Cl, (calomel)
‘::o ‘ ¥
1.5} . The outer shells
correspond to
shear (transverse)
acoustic waves
that are in these
crystal cuts
degenerate.

The inner shell
corresponds to
longitudinal acoustic
waves that are faster.
It is obvious that
the acoustic anisotropy
may be considerably larger

than optical anisotropy
of most materials

TeO, (paratellurite)



Theoretical background of acousto-optic interaction

Elastic deformation S modifies the optical properties of the material; historically, this effect

is expressed via the impermittivity tensorn = g :

AN =P : S, where P is a tensor of photoelastic constants (photoelastic tensor).

For small deviations, (7 + An) - (€ + Ag) = L-E + 7 Ae + Any - € + M — T;
I 0

thus AE =€ -Aj-e=—-€-pP:S-¢

Since both € and S are symmetric tensors of the 2-nd rank, f must be of rank 4,

symmetric with respect to the exchange of the first and second pair of subscripts:
Riji = Pjik = Pijik = Bijiik-

A plane acoustic wave propagating in a medium has a vector of acoustic deviation &(r, ):
E(r.t) = Refee™ 1§ = J[ve + (Vo) | = L(Ke, + £K)F)
2 2
Ag(r,t)y=—z¢-p: {%[(Kéo + €oK)e‘<K'r‘Qt) + c.c.” ‘€=

_ %g. P10, + &) -Esin(K-r —Qt) = AZsin (K -r — Qt).

Modulation of permitivity due to an acoustic wave has thus the form of a running plane wave.

UFE 26



Diffraction of optical plane wave by running acoustic wave in isotropic medium

7! T For weak intensities, the diffraction is a linear process.
The transition of a wave through an acoustic column
E,(z,L,t)  can be described by a generalized transfer functionF :

E,(z,2 = L,t) = f f F(z,2',t,t) - B (2,2 = 0,')dz'dt’

-0 =0

Since the acoustic wave is periodic both in space and time

/

/

/ with corelated periods A = 27rva/Q and T = 27r/Q,
L

respectively, F can be expanded in a Fourier series as follows:

F(z,2',t,t') ZFx—xt )Zq(Kw ),

g=——00

For the incident wave E (z/,z = 0,¢') = E ¢"*«*' =) the transmitted wave has the form

E (2,2 =L,t) = fof‘q(é-?T) E ¢t ey dge[(k +gK, Jo—(w; +Q)t]
9 0 —o0
_ i E 6i[<km—|—qKT)x (wz—i—qQ)t]’

The output consists of a superposition of plane waves with z-components of wave vectors

k, =k -+ qgK_ andfrequencies w, = w; + q€) — diffraction orders.

d,qx

UFE



Elasto-optic and photo-striction effects

In the previous slides we considered only the effect of an acoustic wave on the optical wave.
However, a more rigorous analysis should take into account also the inverse effect.

The total change of internal energy of a unit volume of a medium under contemporary
action of both electric field and elastic deformationis dU = E-dD + T : dS.

Obviously,D:50<5+A§)-E:50§-E— 50§-§:S-E-E.

elasto—optic contribution

Let us introduce a new thermodynamic potential V = U — E - D.
Then dV = —D - dE + T : dS. The independent variables of V are thus E and S.

oV 0D. 0T
The equality of mixed derivatives gives — = — L —lec. e E, = I
q y g aEaS ang [O Jr ksprslm k an]

J Im
here, the Einstein summation rules over j,k and s apply. Integrating the last equation

we obtain the contribution of E to T, so that

Trs = CrslmSlm + (1/2) CC':()gjlgkmplmrsE’jElﬁ )
— \ . )

elastic. photostriction
deformation (stimulated Brillouin
effect)

For typical values encountered in technical acousto-optics,
ex~2 pa~02 ¢c~10° -10'Nm2, S ~10° F ~ 10° v.m™1,

the second term is typically by 5 orders of magnitude smaller and can thus be neglected.
UFE 28



Wave vector diagram for the diffraction by an acoustic wave in an isotropic medium

UFE

Frequency shift of diffracted orders:
Wy, =w; + 90 = w,

Typically,

2
w-Z%szxu)lSS_l (A ~ 1 um)

Q=2nf ~2rx10° =6x10°s! < w,
(f, ~ 100 MHz)

Wave vectors of diffracted waves:

k

d,qx

@sz@—@fw@fmJ@#—@ﬁwa,

“q
k, = —tn(w,,) = kn.
c

Output angles of diffracted waves (grating equation):

A
= sinf, + ¢—.
o7 nA

n ... the refractive index of the medium

X

sin@q ~ sinf, + g

29



Efficiency of acousto-optic interaction: the coupled-wave approach

Wave equation for the electric field intensity

1 9?2

VV-E—-AE = ———|&(r,t) - E(r,t) |;
c? 8152[ ]
Let us choose for simplicity E(r,t) = y’E(x,2,t). Then (€ - E = n*E)
2 2 2
0—E(:U z,t) + 8—E(£B 2, t) — ia—{[frﬂ(x,t)]E(ac,z,t)} = 0 (n does not depend on 2).
o0z? 022 c? Ot?
Assumptions of the coupled-wave theory:
Zl? Zt Z E k +qK)x+/<: z— (wi—l—qQ)t]’ qu ~ \/kg 2 —<km —|—QK>2
g=—00
. . . 0°E,(2) ) OE ()
Eq(z) is a slowly varying complex amplitude, o < k ‘E K 8q , k= kyn.
z 2z
A 1
nz(x,t) ~ n? + 2nmn, sin(K:I; — Qt), n, ~ = ——n3pSO < n,
2n 2

n(z,t) = \/nz + Aesin(Kx — Qt) ~n+n SiH(KaZ — Qt).

UFE 30
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Let us introduce new parameters

k.n,L 27 A\L k. k. A
Ap =211 (0= W , a=—"2=——ginf = —n—smﬁi.

COS 9@ nA? cos 9@ K K A
We insert the expansion of E into diffraction orders in the wave equation and make use
of these parameters. Then we neglect all higher-order terms in n, and compare terms

with identical exponents. As a result we get the following set of first-order equations:

0z 2L

(B, ()= B, () + i2—(2a —QE(2),  q=0+L42,...

In @ matrix form it sounds

E E
E_z —% —i(2a + I)Q % 0 .
1
Ey | = 0 A pa Y =12 0 E
i 2L 2L 2L -
1 A A
. 0 U i s
> 21 21 2L
0 _Ay Li2a —2) 2
2L 2L

Note that in this approximation, only neighbouring orders are mutually coupled.
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Raman-Nath and Bragg diffraction regimes

The observation that only neighbouring terms are mutually coupled is a consequence
of a purely sinusoidal refractive index modulation.

The set of differential equations can be solved analytically in the two limit cases:

ifQ <lor@ > 1.

1. Q< 1-Raman—Nath regime

2. Q> 1-—Braggregime.

1. @ < 1: Raman - Nathregime. In this case, the diagonal terms can be neglected:
0z 2L
The initial condition is £, (0) = Ey6,, (only E, is nonzero at the input z = 0).

(Eqﬂ(z) — Eq_l(z)), g =0+1+2, ...

In this case, the analytic solution gives E (L) = EyJ (Ap), ¢ = 0,£1,+2,...

This effect has a very simple physical interpretation as a phase modulation of the incident
wave by a column of acoustic wave (phase grating):

E(x,L,t) = E0€i<kixa:_Wt> ZAQOSln K:E OZJ k +QK)$ Z(w +(]Q> ]
sin(Qa/2) .

A more accurate solution for 0 < Q < 1, ¢ << a is Eq(L) = EJ, 02

Ay
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Raman-Nath regime:

Diffraction goes into many diffraction orders;
the diffraction efficiency of individual orders is given
by squares of Bessel functions J;(Agp)

The diffraction is strongly analogous to the diffraction
by a thin phase (holographic) sinusoidal grating.

1,0-

0,8 -
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Bragg regime
Bragg regime takes place in theory for () > 1, in reality for () > 10.

Then it is possible to neglect the coupling with other orders except for ¢ =~ +2a,

typically the coupling is between orders ¢ = Oandlor —1.Forq =1

2L A KL
9(1—204) = mA (1—|—2n—sm(9) —(K—|—2ksin9i>.
2 2nA? cos 0, A 2k cos 0,
koA But % = sinf,, K + 2ksin0, = Ak_, and %(1 — 2a) = LAk, tan0. = Ak _L.
AL The set of coupled equations then reduces to two coupled equations
k. § 1Ak, by = Ang
d dz 2L
dE Ak
B _%Edo +i—=2F;
> dz 2L & 2L
K For the initial conditions E,( E,, E,(0) = 0thesolutionis
Z A _ARL 2 2
ky = Kon E\(L) = Eo—gpe 2 sino, where 0 = B¢
~ k 20 2
’ 2
‘EI(L)‘z = Eg[%} sin” o, and for Ak, = 0, EI(L)‘ = Ej sin’ %J
o
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Diffraction efficiency in the Bragg regime

Diffraction efficiency Phase synchronism
2 2
p = [Ad)] _ [%] 2, AEL~O iek K=k,
Ey(0) 20 (conservation of (quasi)-momentum).
211
itholds 22 — 2™y o T 3,6 [ . S,can be expressed as S, = 3
2 2\ cos . 2\ pv;
where II = lvaSg [W.m_z] is the acoustic power density (Poynting vector).
A 6,2 272 17 2 2, 6
_szi,n}psol-/: np m JY;L: _a7 UO: 2\ 7 Mzzp'n/
2 2)\ pv;’ % 11, 7T2L2M2 p v’
M, is an acousto - optic figure of merit of a material
A II
At phase synchronism, Ak L = 0, the diffraction efficiency isn = sinz% — sin® H—a
0
2
sin( Ak,L/2)
Forn < 0.7, the efficiency can be aproximated withn ~ —
Iy|  AkL/2

This allows to separate the effects of phase synchronism and acoustic power density.
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Diffraction efficiency in the Bragg regime

1,007 ---------== : 1,09
i =
= i ! > 0,8
> 0,80 | o
c 0,71 g---- i 9
L | | 9
1 1 S n
&g 0,60 ! E S 0,6
() | I C
c I : o
2 0404 | ! | S 04-
= '. | o
© | | =
&= : ! =)
0O 0,204 : i 0,2
0100 ': T i T T T T T T T 1 010 I ! I T I T I ' I
0 225 4 6 8 10 -4 -2 0 2 4
Relative acoustic power density IT, /11, Detuning from phase synchronism Ak,L/2

For for 11, = II,, the efficiency reaches the value of about 71% .

However, to reach the efficiency of 100% requires II_ = 2.4711,.

Typical diffraction efficiency of acousto-optic devices is therefore usually only in the range
of 80-90%, higher efficiency is quite rare.
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Technical applications of acousto-optic devices

Classification according to purpose:

1.

4.

Deflectors of laser beam; the diffraction angle is the function of
acoustic frequency

Intensity modulators of laser beam: diffraction efficiency is
~proportional to the acoustic power

Acousto-optic tunable filters: the phase synchronism is
wavelength-dependent

Acousto-optic devices for processing of electronic signals

Classification according to interaction type

1.

3.

Devices utilizing isotropic diffraction (in an optically isotropic medium)
a) with a uniphase acoustic transducer

b) with a phased-array of acoustic transducers (flat, stepwise)

Devices utilizing anisotropic diffraction (in an optically anisotropic
and chiral media)

Devices utilizing diffraction on a standing acoustic wave

Classification according to construction

1.
2.

Bulk devices
Waveguide devices (integrated-optic)
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Acousto-optic interaction in the Bragg regime in an isotropic medium

0 = —HZ. = arcsin

— — arcsin

— arcsin

fa,max

fa,max - A\

_ 2un

The Bragg condition (i.e., the angle of incidence) is adjusted for each frequency

kA
kd
0, K»
0 0, k,
ki
k| = |k,]|
Q< w)

UFE

Input and diffracted angles o, 6,4 (deg)

®
o
1

(o]
o

W <
o o o
R U I R
\

&
o
A

©
S

o
o

0.2

0.4

Acoustic frequency f_/f

0.6

0.8 1.0

a,max
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Acousto-optic deflectors of laser beams:
the angle of diffraction changes with acoustic frequency f,

AO deflection in an isotropic medium Divergence angle of acoustic beam: Af, ~

~ | >

/e
RUTT RS

. . K . )‘fa . —= ) - — 3
sin6, = sin; + 5 0~ 0425 Ak L 27Af,  LAf,  2mw,
For small angles, the angle of diffracted beam  Total scanning angle A8, = iAfa
is linearly dependent on acoustic frequency Y

UFE 39
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Number of “resolvable points” (angular positions of a deflected beam):

A0, MLD D
d 2202 EAr 7 A
TS Jo = T Afs, thus

N = N =1-Af,

Number of resolvable points is given by the product of the time constant
and the frequency bandwidth.

Frequency bandwidth is limited by the allowable deviation from the Bragg condition:

2nv2

~ ML

But: the deflector should operate in the Bragg régime, to ensure high diffraction efficiency:

Af, < >—> AO interaction length L should be small

2AL2'
Q = 2 AL " f >4ws—>» L must be large enough!

nA? cos 0@ nv 2 .

A compromise for the interaction length L:

2 2
2nva - Lmin S L é Lmax — 2nva )
Af? LA,

Thus, Af < f, whichisreasonable.
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Acoustic power of a deflector

H
2\? H For small acoustic power, the ratio — must be small.

P = LHII, =

2 J
T M, L Hence the application of elliptical laser beam.

In any AO material, the acoustic wave propagates with attenuation, o ~ Ffaz.
AO diffraction by attenuated acoustic wave — approximate analysis
1. Reduction of the diffraction efficiency: E,(z) ~ S(z) = §Oe—<m, thus

2. Divergence of diffracted optical beam E (z)~ E,,e ",
is increased due to acoustic attenuation

e 200 — 10701, () = 20a:D/In10 [dB], 2aD = bIn10/10; attenuation in dB per D)

D

1___6—2aD
I, = Id,o{ezaxdx = ]d,O ;. ...reduction of diffraction efficiency
D 2 —2aD
‘F(@)‘z ~ fe_af”'e_ik“ined:c = e — 20 1 cos (kDSm0> ...radiation pattern

0 (aD>2 +<szin9)

(for & = 0 we get \F(@)\z ~ 2Dsinc?(kDsin 6) )
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Reduction of diffraction efficiency Change of divergence of a diffracted

due to acoustic attentuation beam due to acoustic attenuation

1.0

0.8 o

0,722}------> ; §

: LL

— 0.4- !

0.2 i

2.0 H——t 17—

0 3 5 10 15 20

b (dB) kDsin(6)/2
Technical solutions how to reach large number of resolvable points:
1. Strongly elliptical optical beam with large D/H ratio (requires complex optical
with cylindrical lenses or prisms )
Application of a material with low acoustic velocity but small attenuation (???)
Ensuring generation of acoustic wave in a broad frequency range (requires high
center frequency f,)
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Broadening of the AO bandwidth: deflectors with acoustic beam steering

Principle: automatic “tuning” of phase synchronism while changing acoustic frequency

Basic approach (borrowed from microwave antennas):
max,  f, phased array of acoustic radiators (transducers)

":f 1. Plane phased array 2. Staircase phased array
' Ja,min

UFE
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Difraction efficiency in the linear approximation (Gordon-Dixon method)

2 2
2 sin| KOL/2 sin|t N (K0s — ¢
n%W—ZMzﬂaLz ( / ) 1[2 m< ” ’

2 | KHL/Z N, (K6s — )
radiation chvaracteristics radiation chvaracteristics
of one transducer segment of an array of transducers

Afa A N .

=0 + = (fu — f,,) angle of diffraction (for small angles, sin 6 ~6)

Y 2nv,  2nv,

@ is a relative phase shift between neighbouring segments, 2t
[0

for plane array usually ¢ =, for staircase array ¢ = ¢, + (h is the step height)

a

o : : Cw v
Direction of ,diffraction maxima “ + = +—% for the plane array,
S a
Staircase array has a single maximumat ¢ = E — % (Sis the step length)
S S
a
Only a half of acoustic power is utilized in a plane array, full in the staircase array.

| _ 16nv?
Maximum allowabe total transducer length isnow L, .. = N;s < Y A;‘ ;
a a

The total transducer length can be extended up to 8 times.

The acoustic power can be reduced up to 4 times with the plane array and
up to 8 times with the staircase array.
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Acousto-optic interaction in anisotropic media

Interaction with a transverse acoustic wave in a (positive) uniaxial medium
in the plane perpendicular to the optic axis — the simple case

Condition of phase synchronism

]{jx 90 i
60—. éfa,minMVa ///
S 304 o /
;_; O+t----1------ ) -;/-,-*‘{"‘ 1:a, maXM Va
G Sy -30 | v

10

()

_ a

(%
_ — _a — _a 2 2
fa,min T n, n, | fa,max o A (ne + no)’ fa,O o n, n,

A
Disadvantage: Frequency f, ;is too high in all suitable AO materials
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Acousto-optic

interaction in a uniaxial chiral anisotropic medium

K .1
lx,d = lx’i + ? = (no -+ g)Siﬂed, 92 — arctanl_vl
| y
12 2
Z,? + 2,1 - 17
n;  (n, +9)°
K A
k v, '
k()lz %
= optic axis °
(n, £ 9) S
&
kOZa:
6
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AO deflection in a chiral anisotropic medium

Advantages: reduction of angular selectivity = increase of interaction length = power reduction

Diffraction by transverse acoustic wave = lower acoustic speed
= increase of number of resolvable points, diffracted wave differs in polarization

) )
Ky Ky
; S, k) K
K
0, %d
P NG ) M B O K
transverse | © |
acoustic ~ | 'H i, fn
wave kn, kn,
I < 16nv?
B LAS, Degenerate AO Suppression of the diffraction
interaction of the 2" order into the 214 order
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Frequency dependence of the diffraction efficiency in the “optimum” configuration

of anisotropic AO diffraction

Af,
A g
2.2
ﬂ _'_ 2,1
k,
0, kons
ki 91. = arctan
Koy
o (biaxial medium)

T,

[

2,0

n,sinf;

Relative diffraction efficiency n/nmax

Ak, =

o
AN
]

o
N
]

2
A
T 1)

o
o

0,1 0,2

-0,2 -0,1 0,0

A JF,

The shape of the curve can be modified by adjusting the angle of incidence

of the input optical beam
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Acousto-optic modulation

Acousto-optic modulation is, in fact, complementary to acousto-optic deflection

k., Light intensity modulation of an optical beam takes place only
z
if the waves diffracted by different frequencies overlap in space

focused
beam

_ ]

Optimum:
Ab, ~ A0,
| Y A ’L%nvaD.
f L nD AL
2nv? ‘\ :
L =~ > [ = 4 .. condition for Bragg regime, so that[Afa < I /2]

)\ fa A fa min )\ faz

v, _ 3x10°
Af, T 50x10°

UFE 49

For Af, = 50 MHz, 7 ~ 20ns weget D =




Acousto-optic modulators for Q-switching and mode-locking of lasers

Both Raman-Nath and Bragg regimes are applicable; suppression of the 0t order is sufficient.

Q-switching: diffraction by running acoustic wave (with a moderate efficiency) is required.

Mode locking: diffraction by standing acoustic wave

f _ Q’Ua . Af _ C . f . Afopt
________ ] a ? opt » Ja
““““ - 2La anlaser 2
T | acoustic resonator
~~~~~~~~~ \\‘ -ik_ .
L, PR . _
""" . Intensity of the transmitted

Acoustic absorber

UFE

wave is modulated by a
doubled acoustic frequency

AZ(X,t) = AF |sin (Kx — Qt) + sin (—Kx — Ot
= AZ|sin(Kx — Qt) —sin(Kx + Qt )]

N———

]:

lo = 1o|(A2)? | = f[sin® (21)] = F[(1— cos200)/2) = g (201).

—2A¢ cos(Kx)sin{2t.
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Acousto-optic tunable filters

Basic configuration: collinear AO interaction

Ya
A

fa,O — no o ne ;

Ak

optically transparent

O transducer acoustic wedge

.

T e T N o o ot R B o S AN —o—>
____________ Ke 1) e it
: ’ AR coatings! L " acoustic
ki ‘ ) " absorber
2T 2T
Ak L = A —L‘no—ne %—L‘no—ne AN
A )2
)\2
AkL/2<7m/2 = A= 0
Z‘no —n,|L
,UCL /UCL
A =2[n,(\) = n,(\)| = 2[n,(N) — n,()]
. Ja
Advantages of the collinear interaction Disadvantages:

e narrow optical bandwidth
e relatively large optical aperture

UFE

e high average acoustic frequency
e complicated design
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Acousto-optic filters with non-collinear interaction

\
K, General design:
L) _- =311, a?forber_ diffracted
kd/,?\( B> input & el "')Y beam
g o beam O - D Tad
- k, | ; — ‘ non-
0 k, — 7 s TR > diffracted
beam
Properties of AO filters \ \
I with non-collinear L
" interaction 4/
fn, Advantages:

e relatively large angular aperture

e directions of propagation of incident and diffracted beams are identical
so that the interaction is efficient

e “filtered” (diffracted) beam has different polarization

e high flexibility of design by configuration change

Disadvantages:

e lower spectral selectivity,

ebandwidth inreases with the square of the optical wavelength
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Optimum configuration of a non-collinear AO tuneable filter with minimum frequency

Acoustic frequency of the filter

is close to the minimum frequency
for the non-collinear AO
interaction

6, 6y (deg)

Typical parameters of AO filters
based on TeO, crystals:

AX~10=100 nm

°  f,,~40+200 MHz
NA~ 10"+ 20°
P,<0,2+2W

A~x~0,4-+10 um
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Selected AO materials

optical n M,x10"3 v, Z, Type of
Material | window | (ng, n,) (km/s) | (kg/m?s) | acoustic
(um) wave
quartz 4,5 ’ 0,47 L 3,76 ’
SESD 0,46 1,95 19,1 3.26 20,5 L
glass 2,5
LiNbO, 0,5 2,202 7 6.57 30.6 L
4,5 2,286 ’ ’
5,5 2,386 | 36,11 ’ ’
TeO, 0,35 2,26 345 1 4.2 25,2 L
para- 5 2,412 25,6||
tellurite opt. akt. 1200 0.616 3,7 S
Hg,Cl, 0,4 1,97 506 1,62 11,6 L
calomel 30 2,65 640 0.34 2,4 S
GaP (i»g 3,31 44.6 6,32 26,1 L

54



UFE

Acousto-optic tuneable filters for confocal microscopy (OLYMPUS)

Non-collinear filter based on TeO,

%:fdrianc.atrﬁ Undiffracted

Wave Zeroth
Acoustic Optical 5\ - Order
Extraordinary Absorber [—Axis > o Beam

Wave

Walkoff /\..f‘-’fo
Diffracted
Extraordinary
¢ d Wave
ocuse
Non-Polarized TeQ, Crystal
Input Light Acousto-Optic
el 'Luna;ble Fi F.:jr
Piezoelectric natomy an
Acoustic Transducer Diffraction
gl Process
Aﬂg'e Radio
(K) Frequency

Input Figure 1
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Acousto-optic tuneable filters for confocal microscopy (OLYMPUS)

Collinear filter based on the S10, single-crystal

Piezoelectric

Transducer\
Variable =Undiffracted
RF Input =@ Acoustic Zero-Order
d Wave Light
EURNEEY s " | Diffracted
e First-Order
Light == : TEEN s | Light Beams
Input
Analyzer
Beamsplitter
Quartz Acoustic Figure 2

Crystal Absorber
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AO tuneable filter based on KDP for UV-VIS region
Parameters of KDP Crystal

Parameter
At Wavelength
Index of Refraction

Density

633 nm 480 nm 350 nm 220 nm 200 nm

N 1.507
n, 1.467

1.515 1.532
1.470 1.487

1.622
1.562
p =2.34 g/lcm?3

Effective photoelastic coefficient at 12° relative to Z axis in XZ plane, ps = 0.067

Acoustic phase velocity at 6° relative to X axis in XZ plane,
AO figure of merit

[100]

2zn, /A

27n, (A

v =1.66%x10% cm/s
M, =4.6x10"® s3g

[1a0]

Diffracted light

ey

Incident light

A

Spectral range: 220-650 nm

Spectral passband at 350 nm: 2 nm; at 633 nm: 67 nm
Rf range, 60—-164 MHz

Linear aperture: 1.5x1.5 cm?

Angular aperture: 1.2°

Applied power: 2.0 W

Transmission coefficient: 60%

N. Gupta, V. Voloshinov, APPLIED OPTICS, Vol. 43, No. 13, pp. 2752-2759, 2004

UFE
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Transmission (dB)

Acousto-optic ,, notch“filter in an optical fibre

(Photonics Technol. Lett., Sept. 2000)

Shear mode
PZT transducer
Buffered fiber Transverse acoustic wave creates
Acoustic ﬂﬂxur&l wave _ perlodic microbends’
4 L > . W \which cause coupling from the core
Tapered fiber waist into cladding modes
Glass horn
Spectral transfer function Tuning curve
5 r lm LI LI LI LI LA T T 1 7 T 1 1
0 e : :
: - i = 1600
-3 ‘\ E : -
= - .
-10 g ® 1550 i
2 - .
15 |- % - .
20 ........................... . 3 .m - ]
 HEp - :
=25 i i X ]
1500 1520 1540 1560 1580 1600 1450 5% 5
Wavelength (nm) Frequency (MHz)
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AO control of dispersion of ultrashort optical pulses
acousto-optic programmable dispersive filter (AOPDF)

([ Amplitude/Frequency )
Modulated R.F. pulses

(200 MI l; carrier, 100MHz Acousto-optic
bandwidth, 1W peak Modulator (TeO2)

\~=+10.6 us (4.3 cm crystal) »

<100 fs
laser pulse in Acoustic wave:

s
™ &
S
X &
&'\\
\ &
\ &
ravels 4.2 mm/us) &
\ &
\ §
&
&
. §

&

M. A. Dugan, J. X. Tull, W. S. Warren
JOSA B 14,2348-2358, 1997

Input optical field {w, 5:)
Ultrashort pulse

P. Tournois: Optics Communications @
140, 245-249, 1997 —_—

UFE

100fs EDFA 500fs
—) A AV
' APM color
center laser
L - -
Adjustable [ntensity
delay e ”"f 1‘* cross-correlation
measurement
setup

M. E. Fermann, V. da Silva, D. A. Smith,
Y. Silberberg, A. M. Weiner
Optics Letters 18, 1505-1507, 1993

%aelt) A0 Transducer

Output optical field
(wa, Bs)

- Stretched pulse
Brewster angle



Acousto-optic dispersion control of ultrashort optical pulses
(“Dazzler” fundamentals)

M. E. Fermann, V. da Silva, D. A. Smith, Y. Silberberg, A. M. Weiner: Shaping of ultrashort optical pulses by using

an integrated acousto-optic tunable filter. Optics Letters 18, 1505-1507, 1993

M. A. Dugan, J. X. Tull, W. S. Warren: High-resolution acousto-optic shaping of unamplified and amplified femtosecond
laser pulses. JOSA B 14,2348-2358, 1997

P. Tournois: Acousto-optic programmable dispersive filter for adaptive compensation of group delay time dispersion in
laser systems. Optics Communications 140, 245-249, 1997

F. Verluise, V. Laude, J.-P. Huignard, P. Tournois: Arbitrary dispersion control of ultrashort optical pulses with acoustic
waves. JOSA B, 17, 138-145, 2000.

F. Verluise, V. Laude, Z. Cheng, Ch. Spielmann, P. Tournois: Amplitude and phase control of ultrashort pulses by use of an
acousto-optic programmable dispersive filter: pulse compression and shaping. Optics Letters 25, 8, 575-577, 2000.

V. Ya. Molchanoy, S. I. Chizhikov, O. Yu. Makarov: Interaction between femtosecond radiation and sound in a light
dispersive delay lines using effect of strong elastic anisotropy. J. Phys.: Conf. Ser. 278, 012016, 2011.

Optical scheme of light
[Z] [110 dispersive delay line:

N L

incoming beam;
diffracted beam;
non-diffracted beam;
TeO2 crystal;

input optical facet;
output facet;
transducer;

acoustic absorber.

© NP VA WN R

UFE



UFE

Mostly used physical principle: (quasi)collinead acousto-optic interaction

Approximation used for an elementary description:
1. sufficiently strong acoustic wave

2. “non-depleted” incident beam approximation
3. (“negligibly” small acoustic velocity)

Optical radiation:

©. 9] o0
E(z,t) = ez.f a,(z,w)e “dw + edfad(z, w)e “dw, e -e;, = 0.
0 0

a, complex amplitude of incident wave,
a,; complex amplitude of diffracted wave, (polarized orthogonallly)

Acoustic wave (excited by an electric signal of a general form)
modulates the permittivity tensor

Ae ~ Ag(z)ea?)?

Optical transit time through a device is much shorter than the period
of an acoustic wave, so that we can neglect the acoustic wave motion.



Coupled equations for complex amplitudes of optical waves:

da,(2 w) ~ ik (w)a, (z,w) + ik :;D%ﬁ?t ) FG( 4

dz _ iAE ez'Ka(z)z
Mzikd(w)ad(z,w)—I—fm(z,w)ai(z,w>. 4 "

dz

Neglecting the backward effect of the diffracted wave on the incident wave, we get

a;,(z,w) ~ a,(0,w) exp[z’ki(w)z];
Let us write the diffracted wave in the following form:

a,(z,w) = A, (z,w)explik,(w)z];

d : dA .
day(2,w) = ik, (w)a,(z,w) + glta(w)? a4, (z,w) ~ ik, (w)a,(z,w) + ik(z,w)a,(0, w)e'hi (W)
dz ‘ v / dz \ . ,
Then —dAdcgz,w) ~ m(z,w)e[ i( )—kd(w)]zai((),w) or
2
Ay(Lw) = i [ 5z da (0,0); 0 (Liw) = A (Lw)e™

UFE



The spectrum of a diffracted signal at the output of the acousto-optic
element can be approximated by a product of the spectrum of an input signal
with a transfer function:
a,(L,w) ~ H(w)a,(0,w),
L
Hw) = i f k(z,w)expl i (k,(w)z + k(W) (L — 2))]dz.
0 f f

Inserting expression for Ag(z), incident wave diffracted wave
dispersion dispersion

L
H(w) ~ iiGXp(z’kd(w)L) [ Ay () @b E O
significat con rlbu ion only if
O E@wtk(3+§( )%

incident beam

ﬂ ﬂ ﬂ diffracted beam

ﬂﬂ“ﬂﬂﬂﬂﬂﬂnn%ﬁ%vmﬁv -
i

U\M region of phase synchronism

Ada (1) /\MM
comenen ][] W
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Ultrafast pulse shaper

Dazzlers (or AOPDF) products are turn-key ultrafast pulse shaping systems,
performing simultaneous and independent spectral phase and amplitude
programming of ultrafast laser pulses.

With over 500 systems installed worldwide, the Dazzler is the reference tool for
your pulse shaping applications.

Attention: there is Dazzler and Dazzler...!

Dazzler <

Weapon

A dazzler is a non-lethal weapon which uses intense directed radiation to
temporarily disable its target with flash blindness. Targets can include
sensors or human vision. Initially developed for military use, non-military
products are becoming available for use in law enforcement and security.
Wikipedia



Acousto-optic dispersion control of ultrashort optical pulses (Dazzler)

Kvazikolinearni interakce v TeO,

(mode 1)

Chirped pulse
v

Acoustiy wave

Compressed pulse

&ih

AN
AN
AR\

Y 1 H-
b, / | eae
5 i o
. ) :

LN
N

Slow Extraordinary Axis AT | 000 ' a.coust_-i__g___wa-;}'é ‘
(mode 2) Y (J o 7 -
! incident 15-fs pulse I B
- ....... dispersed pulse i _
g compressed pulse [y! ------------------------------ Edif (a)) - Einc (a)) ) S (a)An Va_ /C)
Hy (1) ~H;(1)*V (ct/(Anvy))
P
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ovladat ¢asovy prubéh difraktovaného zareni
10-#% :
F. Verluise, V. Laude, J.-P. Huignard, P. Tournois, A. Migus,
of J. Opt. Soc. Am. B, Vol. 17, 138-145, 2000
10~ | ' | | ] | ! 1 . . .
a0 o000 0 5000 4000 F. Verluise, V. Lal_Jde, Z. Cheng, Ch. Spielmann, P. Tournois,
T () Optics Letters Vol. 25, 575-577, 2000
UFE
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Excitation of acoustic waves by a piezoelectric transducer (1)

Transducer as an acoustic resonator Relations in a piezoelectric medium:

T=¢”:S—h-D,
yA ~ —_ _
JE=-h:S+ n® - D,
— — f s (=57 i =S
TI =\ €& ) - T]
faD
Cjk’lm o ]k’lm + nprep]kerlm’
— ¢’ =¢f +&.7° ¢ isa ,piezoelectrically stiffened”
AT/ :
2o 1 d tensor of elastic constants,
u é is a piezoelectric tensor (of the 3™ rank).

If the tensor 77° is g;lliagonal, both E and D are oriented in the z-direction.

Let us introduce the "acoustic velocity" u = —. Then —&~ = —| —L +

The time derivative of the above equations can be supplemented with
the Newton’s force equation; we thus obtain the following set of equations:
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Excitation of acoustic waves by a piezoelectric transducer (2)

% = cfa % — Ny, %, [ determines the direction
ot dx ot 1=(11) forl =1, , L

OF ou 5 0D, of elastic deviation
—1:_h1 —l 7711 a=46=~12)forl =2, L

ot ot (13 for [ — 3 ("polarization

01, _ 8% = (3 forl=3. of the acoustic wave)

0z 815

In case of harmonic time dependence ¢’ st of all quantities, the equations can be integrated
from z = 0 to x = d with boundary conditions
T.(0) =1, T (d) =1, w0)=1u, w(d) = u,.

(87

After some derivations we arrive to the set of equations

Zy Mo
— jtan 6 B a— ]sm@ Uy + zﬁj’ 4, = \/cfap = pv, ... acoustic impedance,

Z, N 7 h’la J J = jQD, ... density of an induction electric current,
= u

jsin 6 : jtan@ E ]Q 0=Qd/v, =Kd=7Q/Q,
= jQel B, — hyeluy — b elty,  f, = Q, /21 = v/ 2d...half-wave acoustic frequency
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Excitation of acoustic waves by a piezoelectric transducer (3)

The last equations can be physically represented as an electric circuit —>
Mason’s equivalent electric circuit of a piezoelectric transducer

jZ, tan 9/2 jZ, tan 9/2 Equivalent circuit of a section
o——1 ] . [ <o of a transmission line
'le uz . .
Z.tanBl/2 17, tan Bl/2
U I G = s =
jsin 6 i i,
o : ® 9] h . ul ZO u2
mechanic \AANAAN ¢ mec TJIC ] sin ﬂl
»port” 1 vPOr 0 o
" 0 Uy, U, ... acoustic velocity at port 1, 2
i T, T, ... stress component at port 1, 2
—» O . .
U 0 = QL/va ...phase shift of acoustic wave
electric ,port C, = 5{91A/d, A... transducer area,
1= AJ ... electric current / density,
u = Fd ... electric voltage on the transducer,

O = k\/ZaQOOO/wA ...transformer conversion ratio

k = hl&/ nflcol?a ...electro-mechanical coupling coefficient
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Excitation of acoustic waves by a piezoelectric transducer (4)

(Frequency) transfer function of a piezoelectric transducer bonded to an acousto-optic medium
can be analyzed and designed with the help of standard methods of the electric circuit theory

transducer

ECKERRRAX. ~ DN
SR 7 I
SSREERIRES 7 I
SRSRLERERES 7 I
SR 7 I
SRR 7 I
SRSRLRRERES 7 IR
s ~

SMSRLERRES 7 I
SRCRLRRERES 7 IR
SRSRLEREKER 7 1B
s # IR :
Py i K /

Acousto-optic
medium

Acoustic absorber
/

electrodes
acoustic impedance

matching layers

Resulting frequency characteristics
of and AO device
2
F10(Q)

()] D (o)

‘77A0<Q)

electric transducer acousto-optic
matching +matching diffraction
circuit layers efficiency

‘ 2

UFE

Equivalent electric circuit

Zopba 20 Zipi0, Zligl Z2_7‘92 Z10:940 Za
trans- - #
ducer 8
o— 1o —o— oo 1° _
back — — acoustic
ac % % forward acoustic AO  gbsorber
electrode electrode impedance medium
é matching layers
el. matching
circuit
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Selected piezoelectric and acoustic impedance matching materials

Material p ac. |orientation K Er vy (km/s) | Z,=p . v,
(g/cm*) | Mode

a-Si0, 265 L X 0.098 4.58 5.75 15.2
32 S Y 0.137 4.58 3.85 10.2
LiNbO, 4.64 L 36°Y 0.49 38.6 7.4 33.9
3m S 163°Y 0.62 42.9 4.56 20.8
LiTaO, 7 45 L 47°Y 0.29 42.7 7.2 55.2
3m S X 0.44 42.6 4.22 31.4
ZnO 568 L Z 0.282 8.84 6.40 36.4
6mm S 43°Y 0.322 8.63 3.21 18.4
In 73 L 2.3 16.8
S 1.44 10.5
Au 19 L 3.24 62.5
S 1.20 22.8
Ag 10.5 L 3.65 38.0
S 1.61 16.7
Sn 79 L 3.32 23.9
S 1.67 12.0
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Integrated-optic acousto-optic devices

Collinear interaction

Polarization filted

& acoustic absorber Ak,
g
oK
BTM

Ti:LINbO, waveguide

Efficiency of acousto-optic interaction

K 2 2 2
= sin“(,/k~ + (Ak, /2)“L),
T (Ak, [2)? W+ (Bk /2PL)
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Polarization-independent acousto-optic tuneable
add-drop demultiplexor on LINbO,

Principle: collinear AO TE-TM conversion

optical waveguide acoustic waveguide

Average wavelength A_= 1,55 ym,
channel spacing < 1 nm, tuneability AL =~ 70 nm
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Frequency shift compensation

(Uni Paderborn, Germany, ECOC 1997)

freq.-shifter 2" switch

1% switch freq.-shifter
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Integrated-optical acousto-optic spectrum analyzer of RF signals
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Theoretical fundamentals of electro-optic effect

U

= I =

J_(”tra nsverse” EO effect)

D = ¢ - E, E:iﬁ.D, n==¢ !
=)
ﬁ<Eext> — ﬁ<0> + ,f Eerzrt, —I_? : EéxtEextl

guadratic effect
(Kerr)

linear effect
(Pockels)

(74 A7) (F+AF) =T
n-e+n-Ag+An-g+ An - Ag
H_K_J

I small term of 2"¢ order

Electric field applied to a material may change
its optical properties (impermittivity).

If the magnitude of this change is linearly
dependent on the applied field intensity, it is
called linear (Pockels) electro-optic effect.

If the material response is quadratically
dependent on the applied field intensity, it is
called quadratic (Kerr) electro-optic effect.
Linear (Pockels) effect can take place only

" in materials, the physical properties of which

are sensitive to the inversion of coordinates
(non-centrosymmetric materials).
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Theoretical fundamentals of electro-optic effect
Since the tensor € is symmetric, 7 = € ! is also symmetric. The tensor 7 is thus invariant
with respect to the interchange of the first two subscripts ("belonging to" 7}):

T, = ..
gkl kjl
Similarly, the tensor s is invariant with respect to the interchange of the first two and

the second two subscripts:
Sittm = Skitm = Sjtml = Skjmi-
We can thus apply the shortened Voight notation
Tih = Tars Sjkim = Sap

a,3 =1, 2, 3for (11),(22),(33), and
a,3 =4,5 6for (23) = (32),(13) = (31),(12) = (21).

||

Since A =7-E 4+s:E E t,the physical units of these tensors are

ext ext ex

[f] = m/V (in reality often pm/V) , [?] = mz/Vz.
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Properties of some important electro-optic materials (1)

Dielectric crystals of the group ADP
Grown from water solution; large but hygroscopic
Point symmetry group 42m, uniaxial anisotropic crystals

ADP: 7,, = 23.11pm/V, n = 1522

r, = 85pm/V, n, = 1.4773 g 8 8

0O 0 O

KDP: 1, = 8 pm/V, n = 1.5074 (Taj) — ) 0 0

_ _ 41
r, = 1ll1pm/V, n_ = 1.4661 0 - 0
41
0O 0 r
DKDP: 7,, = 26 pm/V, n = 1.502 63

r, = 24.1pm/V, n, =1.462
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Properties of some important electro-optic materials (2)

Semiconductor crystals of the group A"'BY (GaAs, InP) O 0 0
Point symmetry group 43m, isotropic materials! 0O 0 0
GaAs: A =1.15um ( 0O 0 O
)=
r,, = 143 pm/V, n = 3.43 aj T 0 O
0 r 0
41
0O 0 r
Ferroelectric crystals LiNbO, and LiTaO, H
Point symmetry group 3m, uniaxial crystals; high LF permittivity
LiNbO: r, = 6.8 pm/V, no= 2.286 0 —
r = 10 pm/V, n = 2.202 2213
13 e 0 T, T,
T, = 30 pm/V, 0 0 .
Ty = 32 pmV (rozj) ) r, 0
LiTaOj: ~ " n = 2.176 51 0 0
— 0 0

.
n = 2.180 2
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Optical wave propagation in a electrooptic material under external field (1)

Change of optical permittivity due to an applied field E_,: Az = —¢ - (f . E t) L
ex

Fresnel dispersion equation is then ’T —1l—2 +=- (f . E t) . g} : Eo — 0.
Example 1: Amplitude modulator in KDP, Z-cut .
polarization
Ta l; .
> filter
I'= ZZZO; Eemt - Eextzo;
E
r-E =r (Xoyo—l—yOXO)E ; m/ E2 E
ext 63 ext . S \ out
Ae =Ae = -n*r F . /
12 21 o 63 ext O 2 . AN
Eigenwave equation is
d
2 2 4 o [J o
lz B no n0r63Ev. 0 Ex 0
nYr B 12— p2 AE =10 (“longitudinal” electro-optic effect)
0 637 v. z 0 Y )
0 0 —n?| | £, 0
€
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Amplitude modulator on the Z-cut KDP

2 2
Dispersion equation: (lz — nz) — <n4r E ) = 0. The solution is
z 0 o 63 ext

1 1
—\/n +tn*r E ~n +£-n’r F =n + An, An = —n’r E

o 63 ext 0 2 o 63 ext 2 o 63 ext

“E: ; .y > —n? n4r63E t Ex 0 or

igenwave” equation z 0 0 ext | . =

n*r E > —n? E 0/
E n4'r E o 63 ext z 0 Yy
L = —% = FI; Eigenwaves are thus linearly polarized waves, polarized
Ex lz - n under angle of 45° with respect to the coordinate axes.
The input wave Em = EOXO can be decomposed into two waves with polarizations
1

0 :—(Xoiyo) asfollows: E = Ex’= eo+eg).

1
e —F
1,2 /2 m 0 /2 0( 1

Its propagation by the distance z can then be described as

ikynyz . .
E ( Z) _ € EO (e?ezk Anz i ege—ZkOAnZ ) _ ezkonoZEO (w i Zyo sin kOAnz)
V2 o

At the output z = L after the polarizer blocking the Xx-component we detect the intensity
I(L) = \Ey(z;)\2 = E2sin?(k,AnL) = I(0)sin?(k,AnL).
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Amplitude modulator on the Z-cut KDP - continuation

1,0
“Half-wave” voltage:

0,8
!
EARL = & e ‘kndr E LT
0 2 2 0 o063 ext 2
0,6
U —pp——"~ A <
T “r k nir 2n’r 0,4
0 o 63 o 63

For KDPat633nm, U_=9.3kV 027

In case of the “longitudinal” 0 90 180 270 360
EO effect, the half-wave voltage k,AnL (deg)

is fully determined by the parameters
of the EO material and on the wavelength.
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Example 2: Phase modulator in LiNbO,

(“transverse” EO effect)

. L
1 = lyyo, Em = EUZO, 2 [/
AE=-c-(7F-2°0 ) € = E{ 4 7 Font
ext inl KZ= ‘
4
_nolrl3Eext 0 0 d Y Ev ,
— 0 —n*r E 0 L7 57/
o 13 ext 2o Y AL »
0 0 —n'r E
e 33 ext
:,E —
2 2 4
ly - no ™ nOTIBEext 0 0 Ex 0
0 —n? +n'r E 0 E |=|0].E =0
0 o 13 ext Y Y
0 0 > —n?>+n*r E E 0
Y € e 33 ext z

In dependence on the input polarization (El, or Ez)

1 1
An =——n’r E , or An =—=n’r E .
0 2 o 13 ext e 2 e 33 ext
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Example 2: Phase modulator in LiNbO, - continuation

Phase change after passing the length L due to the applied voltage is

1
, —i—kn’r.E L 1
. Zko”oL 12 0" 13 ext = 3
E (L) = Ege e , Ap = ZkonOrBLEext,
1
: —i—k,n’rE L 1
. ZkoneL Z2 0"% "33 ext _ 3
E (L) = Epe™""e , Ap, = 2k0n6r33LEe$t.

Contrary to the case of a “longitudual” effect, E@ = U / d, where d is the electrode separation.

The “half-wave voltage” 1s now defined as a voltage needed for the phase change by m:

A d
U, =E,d=——— forE, =FE, ForliNbO, U = s34 [kV] pro E |
n07nl3 L " L !
A d N d
U =E,_d= — forE. =E. U =22— [kV] pro E .
T er n3 L m z L
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EO modulation speed (modulation bandwidth)

Intrinsic reaction time of an EO effect is very short, of the order of 10714 +1071>s.
Limitation is due to the charging/discharging time of the electrode capacitance:

Exception: complex representation e/**(electronic signals)

o — o Capacitance of electrodes
: 7 _—
U et 0 transmission U g A .
" line Z, Zo ==Cm m Cm——d ~ 2+ 35pF
Typical characteristic impedance
o ° o of the feeding line is Zy, =50 Q
Circuit transfer function: 10
U 1 1 1 1 |
H(Q)=-2 = e
() = U, 2 1+yQCZ/2 2 1+ Q7 0'8‘__'
Cm / 0,61+
1 | 3 dB decrease takes place q N
HQP =—————. for ~ l,i.e., =7
0,2+
Qle—B—l 3 GH 00—+
max ' Jmax T T T o0 7, ~ “ 00 05 10 15 20
m Qr
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Extending modulation bandwidth by using travelling-wave electrodes

. & 177

0 () char. impedance Z, Z,

0

Optical wave: Eopt — EO exp[j<wt — kOneffy)]7
Modulationwave: £, = E_ exp[j(Qt — konmyﬂ.
sin(nm —n

. . . 2c eff) )
It can be shown that the modulation efficiency is Nod ™~ 0 ;

zc(”m _”eff>L

Q
4-dB bandwidth-length productisnow B. ] ~ —maxy — € ~ 10 GHz.cm
2 Z(nm =N
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Elektro-optically controlled Mach-Zehnder interferometric modulator

External modulator for optical communication systems with modulation bandwidth > 10 Gb/s

optical travelling-wave electrodes

fibers

integrated-
optic chip

LINbO,
input of modulation

signal Z,
(7 V, 50 Q, 10 Gb/s)

Probably the most used electro-optic components
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dE (electrical)

| 1 1 1
] -2 — — 1
n L n L n L
T T

|
L]
L=

Electro-optic MZ modulator

YELOCITY MATCHED MODULATOR
SWEPT FREQUENCY RESPONSE

%Mm

0 o 13 20 253 30 35 40
Frequency in Ghe
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100 GHz LiNbO; modulator with half-wave voltage of 5.1V

CPW electrode

N

Ti diffused waveguide

RESPONSE (dB, optical)

(NTT, 1998)

[==]
i 5

Y

S

| S—

7,
Ny

LiNbO5 substrate

L=2em

—— caleculated

» measured

20 40 60
FREQUENCY (GHz)

SiO5 buffer layer
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Polarization-independent ,,digital” optic switch (DOS) in LINbO;

optic axis

Symmetric Y-junction
with electrooptically induced
asymmetry

Switching characteristics

Properties of DOS switch:

+ polarization independence,
step-like shape of the
switching characteristics;

Power (a.u.)

- high switching voltage (+ 60 V) e > P T o 3
Switching voltage (a.u.)
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»Space” 16x16 switching matrix in Ti:LiNbO; (2x20x5 mm)

,Non-blocking“ architecture, 480 DOS switches. U=+ 45V, IL <15 dB,
T 25 ns, PMD <1 ps, PMD compensation by quartz A/4 plate

(Lucent, 2000)
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Layout of optical waveguides and of electrode structure of the switching matrix

T i a i : A b G Al [l AT L A el b e ar
S . o e i I L i e -
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Examples of electro-optic and acousto-optic devices

Linear modulator for cable TV: MZ modulator + directional coupler

GENERAL SPECIFICATIONS -
Material LiNbO4 |
Crystal orientation X-cut, y-propagating |
Electrical connectors (package) | SMA connectors
Operating wavelength 1535 - 1550nm
Fiber Options 1. Fujikura SM 15-P-8/125-UV/UV-400
(1 meter fiber pigtails) 2. 3M FS-PM-7621

3. Corning SMF 28

4. Custom Fiber? (Customer supplied) '

ABSOLUTE SPECIFICATIONS

Input optical power 200 mW maximum

Operating temperature -25°C minimum, 75°C maximum

Storage temperature -45°C minimum, 30°C maximum

Bias Port "
Applied DC Voltage +15 V maximum

RF Port
Apphed DC Voltage ¢ V maximum

+ 27 dBm maximum

__Applied RF Power

UFE



Overview of commerial acousto-optic and electro-optic devices

Electro-optic amplitude modulators (Newport)

4102NF 4104NF 4101NF 4103
Type (1) Broadband &AM Broadband AM Resonant AM Resonant AM
Operating Frequency DC-200 MHz DC-200 MHz 0.01-250 MHz 0.01-250 MH=z
Wawvelength Range 500-200 nm 900-1600 nm 500-200 nm 900-1600 nm
Material LiNI:rlZZI3 LiNI:rEZJ3 LiNI:rlZZI3 LiNI:rlZJ3
16 W @ 532 nm 30 @ 1000 nm

: =y
Maximum Yn

160 W @ 532 nm

300V @ 1000 nm

50:1

On:Off Extinction Ratio (2

50:1

50:1

50:1

1 W/mm= @ 1300 nm

0.5 W/mm> @ 532 nm

1 W/mm> @ 1300 nm

Maximum Optical Intensity (4) 0.5 'l.l".l',"rnn'l2 @ 532 nm
Aperture Diameter 2 mm 2mm 2 mm 2mm
Insertion Loss =) 0.3 dB 0.3 dB 0.3 dB 0.3 dB

RF Bandwidth 200 MHz 200 MHz 2-4% freq. 2-4% freq.
RF Connector SMA SMA SMA SMA
Input Impedance 10 pF 10 pF 500 a0 0
Maximum RF Power 10 W 10 W 1w 1W
VSWER A, MA, <1.5 <1.5
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Electro-optic phase modulators (Newport)

4006 4002 4004 4005 4001NF 4003NF
Type (1) Broadband Broadband Broadband Rezonant Rezonant Reszonant
Cperating
Frequency D-100 DC-100 MHz DC-100 MHz 0.01-250 0.01-250 MH=z 0.01-250 MH=z
Wawvelength Range 360-500 nm 500-900 nm 900-1600 nm 360-500 nm 500-900 nm 900-1600 nm
Material MgO:LiNbO, MgO:LiNbO, MgO:LiNbO,, MgO:LiNbO,, MgO:LiNbO, MgO:LiNbO,
. 40 mrad/Vv @ 30 mrad/Vv @ 15 mrad/Vv 0.27 - 0.8 rad/Vv @ 0.2 - 0.6 rad/v @ 0.1 - 0.3 rad/Vv @
Medulation Depth 364 nm 532 nm @1000 nm 364 nm 532 nm 1000 nm
. (2} 105 W @ 532 210 % @ 1000 3.8 - 11.7 v @ 5-16V @ 532 10-31v @ 1000
Maximum Vn ™ 73V @ 3684 nm nm nm 364 nm nm nm
Maximum Optical 0.1 W/mm® @ 2 W/mm® @ 4 Wimm? @ 0.1 W/mm> @364 | 2W/mm- @532 | 4W/mm®@ 1064
Intensity i 364 nm 5332 nm 1064 nm nm nm nm
Aperture Diameter 2 mm 2 mm 2mm 2 mm 2 mm 2 mm
RF Bandwidth 100 MHz 100 MHz 100 MH=z 2-4% freq. 2-4% freq. 2-4% freq.
RF Connector SMA SMA SMA SMA SMA SMA
Input Impedance 20 pF 20 pF 20 pF 50 Q 50 Q S0
Maximum RF Power 10 10w 10 W 1 1w 1w
VSWR MA A A A <1.5 =1.5

94



Electro-optic modulators

LEADER IN
A ELECTRO-OPTIC
LASERMETRICS’ INNOVATIONS

DvISION OF FASTPULSE TECHNOLDGY, INC,

Q-Switches / Electro-Optic Modulators / Pockels Cells

KD*P Pockels Cells

“‘{ 1040 SERIES POCKELS CELL ELECTRO-0OPTIC LIGHT MODULATORS

"\‘{ 1058 SERIES ELECTRO-OPTIC Q-5WITCHES

‘\{ 1059 SERIES ELECTRO-OPTIC Q-5WITCHES

’\‘{ 1070 SERIES 50 OHM IMPEDANCE ELECTRO-OPTIC MODULATORS

‘\‘{ MODELS 1111 / 1112 PICOSECOND POCKELS CELLS

"'{_ 1145 SERIES POCKELS CELL ELECTRO-0OPTIC Q-5WITCHES

"{ 1148 SERIES 1" DIAMETER DKDP POCKELS CELL ELECTRO-OFTIC Q-SWITCHES

New Products

Pulse Shaping / Regen Switching /
Pulse Exiraction / Pulse Picking

0-Switches / Electro-Optic
Modulators / Pockels Cells

0Q-Switch Drivers & Systems
HV Pulsers / Amplifiers

Optical Isolators & Faraday Effect

Devices
RTP Cells

"’{ 1147 SERIES RTP ELECTRO-OPTIC MODULATORS AND Q-SWITCHES

Mechanical Gimbals and
Accessories

BBO Cells
1150 SERIES BBO POCKELS CELL Q-5WITCHES

Technical Notes / Publications /
Instrument Manuals

Map and Directions
Transverse Field KD*P Modulator

Contact Us *\‘{ 3079 SERIES LOW VOLTAGE LIGHT MODULATORS

International Representatives
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Isomet Corporation, Springfield, USA — traditional producer of acousto-optic devices

http://www.isomet.com

AO modulators

for UV and VIS

spectral domains

Operating Crystal Active Typical |Modulation| Center

Model Wavelength Material Aperture |Risetime|Bandwidth | Freq.

Range (mm) (ns) (MHz) (MHz)
M1134-FS80L v Fused Silica 3 b 10 a0
1211-5-UW Uv Quartz 5 113 5 110
M1088-FS110L Uv Fused Silica 3 55 10 110
1211-UW Uv Quartz 2 57 20 150
1212-2-849 v Quartz 2 25 20 150
1212 Uv Quartz 1 10 30 175
1212-248 Uv Quartz 1 10 30 200
1201E-1 WIS Glass 1.7 46 7 40
1201E-964 WIS Glass 3 93 10 70
DAM1060 VIS Te02 (S) 2 1000 0.2 80
M1115-FSE0L-3 WIS Fused Silica | 3({H}x14(W) 170 10 80
1205C-x WIS PbMo04 172713 25 15 a0
M1133-a280L WIS Quartz 156/2 114 10 a0
DAM1020 VIS Te02 (S) 3 1000 0.2 110
1211 WIS Quartz 2 57 10 110
1211-3-985 WIS Quartz 2.7 a7 20 110
1206C WIS PbMo04 1 15 25 110
1206C-833 NUV, VIS Te(2 1 15 25 110
1206C-2-1002 NUV, VIS Te(2 2 30 25 110
1250C-529A NUV, VIS TeD2 0.45 9 50 260
1250C WIS PbMo04 0.75 10 50 200
1250C-848 VIS TeD2 0.5 7 50 200
1250C-974 WIS TeD2 0.4 7 50 200
M1067-T200L WIS TeD2 0.2 7 50 200
1260-1044 WIS TeD2 0.2 B 100 340

96



UFE

AO modulators
for IR domain

Multichannel
AO modulators

Operating Crystal Active Typical |Modulation| Center
Model Wavelength Material Aperture |Risetime|Bandwidth | Freq.
Range (mm) (ns) (MHz) (MHz)
1201E-2 MIR Glass 1.7 93 3.8 40
12024 MIR Glass A{HpA4 W) 350 10 40
M1137-SF400L MIR. Glass 1.5 19 10 40
1205C-x-MNIR MIR PbMo04 172 25 15 &0
1205C-1023 MIR PbMo04 0.5 25 15 80
1205C-843 MIR PbMo04 0.5 25 15 80
M1142-5F80L MIR. Glass 0.5 40 15 a0
M1080-TEOL MIR TeD2 1.5 [ 15 &0
MM1135-T80L MIR TeD2 3 245 15 80
1206C-MIR MIR PbMo04 1 15 25 110
12560C-868 MIR. TeD2 0.5 7 25 150
1250C-MIR MIR PbMo04 0.75 10 50 200
1207B-3 IR Ge 3 70 8 40
1210 mid-IF. Ge 4 500 10 g1/105
1208-6-4(M) mid-IR. Ge B(Hp14(W) 500 10 50
1207B-6 IR Ge B 700 10 40
1208-6-955M IR Ge B(H<14(WV) 700 10 40
1209-7-993M IR Ge T(Hp14(W) 630 10 40
1209-7-10641 IR Ge T(HE14W) 630 10 40
1209-7-1112M IR Ge T(HE14(W) 830 10 40
1209-9-1010M IR Ge S{H=20{WV) 830 25 40
ADMEx0-H IR Ge T(H}x30W) 630 10 407 50
Active Typical | Information
Model | Channels R:E::T;L} Material| Aperture Rizgtime Bandwidth Fr;:cfnﬂtﬁlr-lz}
{mm) (ns) (MHz) )
1140 4 0.45-0.67 |PbMoO4 0.7 25 15 110
8080 g 0.45-0.67 |PbMoO4 0.7 36 9 80
ME080C 8 0.488-0.633 | PbMoO4 0.5 55 B 80
M3080C | 8,collinear | 0.45-0.67 |PbMoD4 0.7 36 g a0
G060 B 2.5-11.0 Ge 0.8 70 5 70

97



UFE

AO deflectors

Operating _ _ Time Swegp Center

Model Wavelengths Material Resolution | Aperture | Bandwidth | Freq.

{us) {MHz) (MHz)
1211-6B5-1045 LIV Quartz 35 0.87 40 110
D1155-TT5S 405nm TeO2 (S) 140 14.5 10 75
1205C-2 VIS PbMoO4 16 0.55 30 80
LSh5-V VIS TeO2 (S) 450 11.3 40 80
LS110-VIS VIS TeO2 (S) 1100 227 50 100
LS T10A-VIS-KY VIS TeO2 (S) 750x750 15 50 100
0ADS48 488nm TeO2 (S) 600 123 50 100
oAD1020 532nm TeO2 (S) 600 123 50 100
1206C-1002 NUV, VIS TeD2 35 0.7 50 110
COPP334 VIS PbMoO4 520 b2 100 200
1260C-BS-9604 VIS PbMoO4 192 1.6 120 190
CADT550-XY 1550nm TeO2 (S) 200200 10 20 40
LE10-MIE MIF. TeO2 (S) 1100 227 25 50
LST10A-MIR-XY MIR TeO2 (S) 375%375 15 25 50
1205C-x-8048 MIR PbMoO4 66 1.6 40 80
OAD1121-XY 810nm TeO2 (S) 500x500 13 40 80
LS55-MIR MIF. TeO2 (S) 450 11.3 40 80
D1135-T110L MIR Te(O?2 35 0.7 50 110
1260-B5-926 MIR PbMoO4 70 1 70 144
1260C-B5-9434 MIR PbMoO4 190 1.6 120 185
1208-6B85-955M IR Ge 50 2.5 20 40
1209-TBS-986 IR Ge A0 2.5 20 40

AOMBx0-H IR Ge 100 55 20 40/ 50
LSE0XY IR Ge B0x50 127 40 70
LS600-1011 IR Ge 436 10.9 40 70
LS600-4 IR Ge h4h 13.6 40 70
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AO frequency shifters

Operating _ Active Center Frequency
Model Wavelengths Material | Aperture | Frequency | Range
{mm) {MHz) {MHz)
DAM1059-V31 633nm TeO2 (S) 1.5 10 +- 0.5
DAM1059A 633nm TeO2 (S) 1.5 15 +-1.0
1201E-1 WIS Glass 1.7 40 +-7.0
1201E-2 MIR Glass 1.7 40 +-7.0
DAM1141-T40-2 633nm TeO2 (S) 2 40 +-1.0
DAM1141-T80-2 633nm TeO2 (S) 2 80 +-1.0
1205-1054 WIS PbMo04 1 80 +- 5
1205-1069 WIS PbMo04 1 160 +- 5
M1141-P80-1 WIS PbMo04 1 80 +- 5
1205-1118 WIS PbMo04 2 80 +- 5
1205C-1-869 VIS, MIF. PbMoD4 172 a0 +/- 20
1206C VIS, MIF. PbMoD4 1 110 +/- 25
1250C VIS, MIF. FPbMoD4 0.75 200 +/- &0
1250C-829A, NUV VIS TeD?2 0.45 260 +/- 50
OPP-1 WIS PbMoO4 1.5 300 +/- 100
1210 mid-IR. Ge 4 81/105 +/- 10
1207B-6 IR Ge B 40 +/- 10
12078-3-80 IR Ge 3 80 +-25
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AO Q-switches

Centre . Damage

Model Cooling Frequency Material ﬂpeﬁudr::?mm} F::-ul:r:rl}:l:"ﬂ Threshgld

{MHz) (MWicm2)
Q1072-5F24L Conduction 24 SF10 14 g =300
Q1058C-5Fxxl -H | Conduction 24127 SF10 1.0/1.5 g =300
Q1025-Twxl -H Conduction 27780 TeD2 1.0 3 =250
Q1025-SFxxl -H | Conduction 41/80 SF10 1.0 3 =300
@1080C-Txxl-H | Conduction | 41/ 63/ 80 TeD2 14 4 =260
Q21087-a80L Conduction a0 Quartz 1.0 G =500
Q1137-5Fxxl -H | Conduction 41780 SFAT 10/15 G =300
Q1162-SFxxl-H | Conduction 41/80 SF10 1.0 G =300
21119-aQxxl-H | Conduction 417 80 Quartz 10715 10 =500
21119-FSxl -H | Conduction 41/ &0 Fused Silica 10/15 10 =600
21133-axl -H | Conduction 41/ 68 / 80 Quartz 10to 2.0 10 =500
@1133-FSxxl-H | Conduction | 41/ 63/ 80 Fused Silica 10/14 10 =600
Q1062-FSxxl -H Water 24/ 27 Fused Silica 15t0 6.0 G0 =600
Q21062-FSxx5-H Water 24/ 27 F.Silica (Shear)] 15to55 G0 =600
Q21083-FSxxl -H Water 244 27 1 41 Fused Silica 1.51t0 6.0 G0 =600
21083-FSxx5-H Water 24/ 27 /41 |F.Silica (Shear)] 1.5to5.5 G0 =600
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AO tuneable filters

Spectral Active Acceptance Optical Drive

Model Range Aperture (sq. Angle Bandwidth Frequency
(um) mm) (Deg.) (nm) (MHz)
AOLF-615-1049 VIS 252 5 35-44 1.0-6.0 109 - 65
AOLF-615-1082 VIS 25x25 356-45 1.0-6.0 109 - 65
AODTFE14-08 VIS NIR 5xb 35-610 1.0-220 140 - 35
AOTFE14-16 VIS, MNIR 5xh 25-472 06-1.0 140 - 35
AOTFE14-24 VIS, NIR 5xh J5-6.0 04-7.0 140 - 35
AODTFI20-14 MIR 5xb J4-61 20-2710 85 - 26
AOTF920-20 MIR Bxh 26-419 1.5-18.5 95 - 26
AOTF920-24 MNIR Bk 28-510 1.0-155 95 - 26
AOTE1331 mid-IR 4 5 30 - 50 24 -39
AOTF1550-SLS 1550nm 33 - 2 81 -84
AOTF1110-VEB VIS, NIR 10x10 5.7 (nominal) \fariable 80 - 50
OSTE WVIS-MIR bxh 4 (nominal) 1.0-12 110 - 45
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ELECTRO-OPTICAL PRODUCTS CORPORATION

G2-40 Faorest Avenve, 2nd Floor - Ridgewood, NY 11385, USA - Tel: T18-455-5000 - Fao T18-456-5050 - www eops. com

™

AO tuneable filters

LIGHT AOD
SOURCE EFF. SPECTRAL
OPTICAL [1/N]:Laser OPTICAL (%) RES.
AOTF RANGE flines TRANS APERTURE FIELD OF linear (nm) MAX RF
MODEL (nm) [2]:Lamp &) (mmlj WIEW pol. -3dB POWER
AOTFRC-UV 350-430 [1] 70-90 2x2 1° 85 1-2 2
AOTF-1 360-530 2] 70-90 2x2 1.5° 85 1.5-5 0.2xN
AOTF-2 360-530 [1/4] or [2] 80-90 2x2 1.5° 85 1.5-5 0.2xN
AOTF-3 400-700 2] =50 5x5 5o 80 5-30 2
AOTF-5 430-620 2] =05 5x5 ge 80 3-10 2
AOTF-6 500-850 [1/1] or [2] =05 5x5 3° 80-60 1-3 1
AOTF-7 £00-900 [1/1] or [2] =05 5x5 40 70 =4 1.5
AOTF-7A £00-900 [1/1] or [2] =05 10x10 40 70 7-10 2
AOTF-8 800-1800 [1/1] or [2] =05 5x5 40 &0 2-15 2

SPECTROSCOPIC IMAGING MICROSCOPE |

Cooled CCD |77

Lirnder

TOIDED CAMERA,
i

PN
|

L]
S

COLLIMATION OFTICS SOAMILE o

Bl ;Ill [y L — I
e ACITF CRISTAL

REFERENCE DETECTOR
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Fundamentals of magneto-optics
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Drude model of a magneto-optic medium

,Free” electron gas in an electromagnetic field in presence of a static
external magnetic field

Newton’s equation of motion for a charge g with an effective mass m:

ext H . . .
QXO o B —mr—mfyr—i—q(E—i—prm):()

® OU <~ For time-harmonic elmg. field E = E, exp(—z’wt)
©  inasteady state,r = r, exp(—iwt), it holds:

mw2r0 + imrywr, + q(E0 — 1Wwr, X Bm) = 0.

Let us choose the direction of an external DC magnetic field as z-axis, B, = Bextzo.

The equation then sounds

m(w? + iw) wqbB, 0 z, E
—iwgB,,  m(w® + iw) 0 Y | = —4q| E, |
0 0 m(w® + iw) | | % E,

where z,,v,,2, are components of r, and El,,Ey,Ez are components of E,.
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Susceptibility of a medium in a magnetic field

Minor formal modification gives

w? + 1YW ww, 0
—1WWw,, w? + W 0 1y, =M1, = —iEO7
m
0 0 w® + iw
¢B.., .
where w, = —< isacyclotron frequency.
m
Obviously,
9 np-1
g°n
P, = qnr, = ——M! E, = ¢ x - Ey,
v ¢’n 1 2n-1 n
X == M =-wM’, v = ‘q‘ — ... plasma frequency.
me, P P me,

Explicit calculation of an inverse matrix and generalization to materials with a permittivity

lim e(w) = ¢, gives e = ¢ (I+¥X),

w—00
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Susceptibility of a medium in a magnetic field

T xy wZ W g
g = | —1e € 0 , e =c¢c_|1— p( 7) )
0 0 =, w[(wﬂv) —wc]
2 2
Wi w w
pc p
Ery = Eoo , €, =& 1— — |
w[(w—i—m ’ —w w(w—l—w)

If the collision frequency v < w and w, < w, ¢, ~ ¢

T 227

the medium can be considered lossless, with Hermitean permittivity,

3

~ Eooan

TR 2 370
gy w

£ is linearly dependent on the external magnetic field.

For the sake of simplicity, we will consider only such media.
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Plane wave propagation in an isotropic magneto optic medium

“Rigorous” analysis based on the Fresnel dispersion equation
for a general anisotropic medium

Ee — b =1 iy, + 11 L1, E, | [0
. 2 2 —
—ig,, + 11, e, — 17 =1 Ll | By, | =10
L1 L, e, — 12 =1 ] | Bo, 0

The problem is rotationally symmetric with the axis given by the direction
of the magnetic field; it is thus sufficient to analzye propagation
in the xz plane, ly =0:

2 .
gxx o lz Zga:y lxlz E Oz 0
: 2 2
—ig,, Ep — lx — lz 0 : EOy =10].

For real media and magneticfield B, < 1T, v, < w, ¢ ~ ¢, and

T 22 E:L‘y

L €,
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Wave vector surfaces of an isotropic medium
under external magnetic field

The dispersion equation (the determinant of the matrix) is then

e — B~ P)le, —B)— <2

Y (gzz o l:l%) o (gm - lx2 o lzz)lilzz — 07

which for €., = € isreduced to

2 2 2\2 2 2\
gm’(ga:x o Z:I: o lz) o ga:y(grm o lx) = 0.

This is a bi-quadratic equation for [, with solutions

— 2
[ —:I:\/s 1?4+« gm—x.
z T x xy c

Tr

The wave vector surfaces are then close
to ellipsoids of rotation (or even spheres).
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Eigenwaves of the isotropic medium under external magnetic field

Propagation in the direction of the magnetic field, [, = 0, lz2 =g, €y

T 1€, 0 E,, 0
—I€,, €~ Eax T €y 0| EOy =101,
0 0 £,, E,, 0

Solution gives £y, = 0, E,, = Fils, = circularly polarized waves.

Chiral medium: Magneto-optic medium:
e—1I2 2gl. 0| (E,_| [0 e — 1 ig, O] (B, | [0
—2’&9[2 € — lz 0]- EOy =10]. _ngy Epp — lz2 0 |- EOy =10/
0 0 el | By, 0 0 0 £, E,, 0

In both media the polarization is rotated, but the chiral medium is reciprocal

while the magneto-optic medium is not reciprocal: in the magneto-optic medium
polarization is rotated in the same direction for both forward and backward

directions of propagation — Faraday effect. (The only effect suitable for the construction

of simple and efficient optical isolators.)
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Eigenwaves of the isotropic medium under external magnetic field

Propagation perpendicularly to the direction of magnetic field,

‘ 0 L=0 ="
R 0 A E, |=]0] zr wy/ Tax
Ty TT T Y
0 0 e —1? E, 0 Voigt (Cotton-Mouton) effect
zZZ Wi z
The wave polarized in the direction of magnetic field propagates with [ = /e

The wave polarized perpendicularly to the magnetic field propagates with

2 2
6;[;y ggjy . g n
[, = \/em —— =g, § = ¢, —— ... Voigt permittivity

T T

X

< 1.

Y

The propagation constant of this wave, [/, , depends on the square of the magnetic induction,
so that it is the same (up to the sign) for both directions of propagation.
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The principle of the optic isolator

45° Faraday rotator

polarizer at a + 45°

polarizer at o

=

A M

sy 4 B - K

) - '&.'-.!.n PR
v U 4 . y// g
— > LLLLLELTY
blocked mode Forward propagation

Backward propagation

Only non-reciprocal effects can be used for the construction of true optical isolators!
Paper of a fundamental importance on optical isolators:

D. Jalas, A. Petrov, M. Eich, W. Freude, S. Fan, Z. Yu, R. Baets, M. Popovié, A. Melloni, J. D. Joannopoulos,
M. Vanwolleghem, C. R. Doerr, and H. Renner, “What is—and what is not—an optical isolator,”
Nature Photonics 7(8), 579-582 (2013).
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Fiber-optic polarization-independent optical isolator

M2 plate

Faraday Rotator TEC Fiber
SWP

f/ Faradaﬁ * *

SWP Rotaor M2plate SWP
N\ N\ \ /

U S
TEC fib ]‘?: »- >
- er —
: D} |.-~

—— b

( side view )

v\

(D"®"’CD ~a
S |- |~ |~

TEC fioer | —- @

FORWARD (end view ).

SWP: Spatial Walk-oft

Polarizer

---- [ TEC fiber

— I TEC fiber

f
&
f

- | || D |~
= || |0 -2 Hel-|e

e I TEC fiber

-0

BACKWARD ( end view )
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Fiber-optic polarization-independent optical circulator

Port 2

/N

Port 1 Port 3

i S’

Circulator

| > Port 2
Port1 >
? . (1) beam splitting polarizer
2) reflection prism
2 3 4 5 6 (2) reflection p
(3,6) birefringent crystals
Y 4) Faraday rotat
Port 3 (4) Faraday rotator
1 (5) half-wave plate
] - 0
: Port 2
e e
3 J 4 s 6
(b)
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Waveguide isolators(?)

Faraday effect cannot be effectively utilized — short path, polarization birefringence.
Possible solution — transverse (Voigt) effect in an asymmetric waveguide (weak isolation)
Idea: MO splitting of dispersion characteristics of THz surface plasmons

y [ :
r o2 gold X_iz InSb

® B
o e b e v
©oB ©B oB
InSb InSb InSb
Dispersion diagram Dispersion diagram Dispersion diagram
1 . ‘ . . ‘ ‘ ‘ ‘ . :

0.8r

one-way region

one-way region
06 yregion|

w/o

E E
0.4r 0.4}
0.2r 4 021 _
—PB-0T —B=0T
—B=1T I B=1 T
2 S 0 2 ° 2 0 ‘ s T 4 0 i 2
real(k /k, ) real(k / kop} real(kxfkop)
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Optical isolators based on no-reciprocity due to time-dependent medium

Co-directional phase matching between backward propagating acoustic wave and two optical
modes; acoustic frequency is f, = 3 GHz

(a) Electro-Mechanical Photonic (EMP) Isolator
Forward Operation
Mode Filter - . Mode Filter
Transducers AOMM Active Section :
(Single Mode Taper) [Electronic] (Single Mode Taper)
Output Drhfer ) ‘ | H ‘ ”m """""" ; Input
._ h

= 151 Opt. Mode )
Backward Operation
== Acoustic Mode

Outpu # S E'E?@T“L T \H
A nn\u......

1
[ModeLegendj w | | ||| || |H

(b) Circulator Configuration
Port 3 Elac_tronic —

- omer | ][]

= LI

Port 4

UFE
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Travelling-wave Mach-Zehnder electro-optic modulator as an optical isolator

Square-wave =+ U_ modulation at 2.75 GHz
Terminator | l ’ | & | &
* (a) 3 -
#H—« > @
€
® ol
MZM =
1 &
>
-1 , , , !
0.8 1 0 1 2 3 4
Time (x T)
+ 0.6
g 1
& il & (d) —— backward
. g —— forward
8 0.5
0-27 | A A A l
(b) A | , |
0 ' 0 1 2 3 4
-2 -1 0 1 2 .
Voltage (x V) Time (x T)
’ T\ i
g - /| —1533.86nm -6/ g
§-100 N f| —1552500m ~ 8 '
£ 15 [ | 1565500 Sl =
% o0t '% 12 12.5dB . |——RF on, backward
= = : —— RF on, forward
% é —
= (=
E
2

" (a) , : -20} (b)
-4 -2 0 2 4 1500 1520 1540 1560 1580
Voltage (V) Wavelength (nm)
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Introduction to the theory

of hyperbolic materials
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Elementary effective medium theory (EMT)

Let us consider a layered medium ¢, d, ande,, d,, d), d, < A

For E parallel with interfaces, E = Exxo, E , ~ E_, = E_due to continuity conditions.

— d d
The value of D, averaged over the period d; + d, is D & S Tyt E, = ¢E,;
d 7 N
let us define the filling factor f = —L—; then g = fe + 1= fe,.
dl + dz \ V),

ForE = Ezzo, D, ~ D, = D, while the averaged value of E_ is

tz 7 B dy + E,d, d1/51 + d2/52 D L,
z ~ — z ~ 2
r T 1 €€
: i thus — = f /e, + (1—f)/e, | e, = L2 .
r dp & €J_ / / fi€2 + (1 — fi)€1
dy, &
4 O)
L Effective medium is thus uniaxially g 0 0
anisotropic, with the permittivity tensor §6ff =10 g 0
J. C. Maxwell Garnett, "Colours in metal glasses and in metallic films,” 0 0 1>
Philosophical Transaction of the Royal Society London 203, 385-420 (1904), \_ 1 ’

S. Rytov, J. Exp. Theor. Phys.2, 466 (1956) (in Russian)

UFE
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“Dual” (“nanowire”) effective medium

Layered medium

e, O
Apparently, & = f2€1 + (11— f2)€2, Eeff =10 ¢
0O O
a feg,
==, £ + (1= f)e
=0 T ra-s :
Effective uniaxial anisotropic medium
i
Ideal (loss-less) metal-dielectric effective medium:
Example: Ag/SiO, @ X\ = 700 nm: g, = —22+10.67, ¢, = 2.12

Metal nanowire medium

0.5
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Fresnel dispersion formula for a uniaxial medium

O e e L

X

For a loss-less layered medium

Th
+ P42 =g,

///l:ﬂﬂq

“Ordinary” evanescent wave —
bulk plasmon (non-propagating wave)

For a loss-less “nanowire” medium

2 2 2
PP+ =c,

L= e,

“Ordinary” propagating wave —
polariton mode

&)

2 2 2
€ = § < 0, e, =¢, >0.
D+ P 12+ 12 12
Y4+ 2 =10 —=FL=1+-2,
ﬂ\\% ///SL 4
One-sheet hyperboloid of rotation
€, € >0,¢e, =~ g < 0.
R P+12 P
+2% =10 —*%L= 1,
21 €, 5”‘ €,

\

Two-sheet hyperboloid of rotation
(radius is positive for |I,| > /¢, ).
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Hyperbolic wave vector surfaces

polariton mode (spherical surface)

Ion

Two-sheet hyperboloid of rotat

id of rotation

-sheet hyperbolo

One

121

0 O
1 0
—1.1

1
0

Eetf

—1.1 0

—1.1
0
0

Eeff

UFE



UFE

Hyperbolic wave vector surfaces — cut by xz plane

One-sheet hyperboloid of rotation
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Hyperbolic surfaces of complex wave vectors

One-sheet hyperboloid of rotation Two-sheet hyperboloid of rotation
—1.1 0 0 1 0 0
gy=| 0 —110 Ey;=10 1 0
0 0 1 00 —1.1
4 : : 4
3r 3
2 2
1 1
0 1 Re{l,}, Re{l,} 0
1 1
2 2
3 =37

Im{l,}, Im{l,}

UFE 123



Complex wave vector surfaces in lossy hyperbolic medium
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Potential application:
Imaging by a planar lens made of a metallic “nanowire” hyperbolic material

&
= _1lo

i\

UFE

0
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power flow
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rays

“ordinary” rays
(polariton mode)

... ahd some others...
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