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EFFECT OF LIGHT BEAM DEVIATION FROM
BRAGG ANGLE ON THE INTENSITY OF LIGHT
DIFFRACTED ON ACOUSTIC WAVE

The paper describes the influence of the effect of light beam
deviation from Bragg angle on the intensity of light diffracted on
acoustic wave. The analysis was based on the results of numerical
calculations. The calculations were made for several characteristic
Cases.
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1. INTRODUCTION

Acousto-optic interaction was predicted in 1922LbM. Brillouin less
than hundred year ago. Since then, thanks to th& efomany researchers the
interaction between light and acoustic wave isdbaihderstood [1]. That fact
enabled to construct a lot of devices which expsmbusto-optic effect [2].
Often, the acousto-optic cells are used for defigcthe beam of light. The
advantage of such approach is the lack of mechapdécts, so the deflector can
work more efficient and robust. However, in manges the deflected light
beam should not change its intensity when it chamgelirection. But when the
intensity of the sound wave is constant the intgnef deflected light can
change. It takes place because the direction ob#laen is changed due to the
change in frequency of sound. In turn, variationsotind wavelength causes
change of the value of Bragg angle. As a resudt,ltbam no longer meets the
Bragg condition in the medium. In this paper wel fatus on the influence of
such deviation from exact Bragg incidence on thergn exchange between
incident beam and diffracted beams.
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2. THEORETICAL BACKGROUND
OF THE ACUSTO-OPTIC EFFECT

It is commonly known that Maxwell's equations Egd-4) can be
employed to describe the light propagation in thealionm. Below, the equations
are used to analyze the interaction between ligitt altrasound waves in
acousto-optic cell. Presented theoretical appréaltdws the works [3,4,5].
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where E, D, B, H, j, p denote electric field intensity, electric flux cty,
magnetic flux density, magnetic field intensity,e@tic current density
and electric charge density, respectively. All theslantities can vary in time
and space. Because we will consider only linear mmgimagnetic media the
constitutive relations Egs. (5-6) are true.

D = ¢, (5)

E = .uoﬁ (6)
whereegy, [ are universal constants, called the permittivityfrele space and
permeability of free space, respectively ands relative permittivity of the
medium (material).

Substituting Egs. (5-6) to Eqgs. (1-4) and assurttiagj, p are equal to zero
Maxwell's equations can be written in the followifagm:

oF

VxH= eoera—i (1)

o oH
VXE=—p,— (8

X _)l"tO at
&V g E =0 9)
V-H=0 (10)

Thanks to Eqg. (9) which gives:

&V srﬁ =&,V - E + SOE Ve, =0 (11)

Taking into account that plane wave of sound ispagating in
z-directionand light represented by electric fieﬁix,z,t)zE(x,z,t)-ﬂs
polarized along y-direction, one can spottrﬁt Ve, = 0 because both vectors
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are mutually perpendicular. It is more clear whemleok at the typical layout
of acousto-optic cell which is sketched on Fig. 1.
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Fig. 1. The typical layout of the acousto-opticl.cdlhe angle of incidence,, for

clarity, is drawn outside the acousto-optic cell but in fact it is measured within the
medium inside the cell

Additionally, taking the curl of Eq. (8) and using both Eq. (7) and well
known vector calculus identity:

VXVE=V(V-E)—AE (12)
We aobtain the following equation:
AE = %%i(sr E) = pogo (E@+2%6—E+sraz—l§> (13)
ot? ot? ot at ot?
Because the sound frequency is several orders lower than light frequency,
so both first and second terms in the parenthesis can be omitted.

0%E
AE = uososrw (14)
It can be assumed that incident light waveform is harmonic against time
and distance:

Ei(x,z,t) = (Si(x, z)exp (iwgt) + € (x,z)exp (—imot))/Z (15)
wp — angular frequency of the incident light, asterisk denotes complex conjugate.
The relative permittivitye, of the substance in the of acousto-optic cell can
be divided on two parts, is constant andx,t) is varying in space and time.

e =¢.+e(xt) (16)
Variation of g(x,t) will be assumed in the similar form as above was
assumed #,z,t). Because relative permittivity of the substance in acousto-
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optic cell changes due to propagation of sound e2p(}i2t). Q stands
forangular frequency of the sound. In fact in soelts ultrasounds are used.

Ex = (S(X)exp (iQt) + S*(x)exp (—iQt))/Z an
S(x) can Cbe expressed as follows:
S(x) = A - exp(—iKx) (18)

where: K = 1A — wavenumber of the sound,
A — wavelength of the sound,
A — a complex constant depends orainfthase and intensity of the
sound and also depends on the properties of thestzoptic cell.
It is worth to predict the total field in the form:

[ee)

E(x,z,t) = % Z [€,(x,2) exp(i(wg + n)t) + €5 (%, 2) exp(—i(wy + nQ)t)]
T (19)

Introducing Eqg. (I) into Eq. (1§ and then together with Eq. (1®to
Eq. (13) we obtain infinite system of coupled difetial equations:

1 1
AE,(x,2) + K3E,(x,2) + Ek%,S(x)sn_l(x, z) + E1<gs*(x)£n+1(x) =0 (20)
where: nis a member of integers,
ko= 1/Ao — wavenumber of the light in the acousto-optit, cel
Lo — wavelength of the light in the acousto-optid.cel
The incident light wave can be described in thenfor
€in(x,2) = Yin - exp(—iko(z - cos@ipn + X - sing;p)) (21)
where {5;,, is the amplitude of the incident light ang, is angle of light
incidence and it is measured within the mediumdieshe acusto-optis cell.
The solution to Egs.20) we anticipate (by analogy to Egs. (21)) in the
following form:
En(x,2) = Y, - exp(—iky(z - cose, + x - sing,)) (22)
whereq, satisfies the grating equation:
nK
Ko
where A = 1/K corresponds to the distance between slitgshi classical
diffraction grating. After considerable calculatime can obtain:

sine, = sing;, + (23)
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d, _ i-Kkg . .
= " eome (A Une - exp(—ikoz(cosgn s —singn) o
+ AU - exp(—ikoz(cos@piq — Sin(Pn))]
where: n —is integer,
y, — is amplitude of diffracted light in n-th order.
The boundary condition for Eq. (24) can be writhsrfollows:
U, = iy at z<0 for n=0 (25)

y,=0 at z<0 for n#0
The relative permittivitys, can be expressed by the refractive index n of the
medium in acousto-optic cell.
2-An(x,t
2t ) 8)
No
where: g — the constant part of the refractive index,
An — the part of refractive index which is varyimgtime due to the sound
wave.
Because the variations of the refractive indexare caused by the sound,
as mentioned above, we can write.
2-An(x,t
S(x) = % (27)
0
Denoting the maximum of that variation By, We can determine the
maximum of phase shift due to the passage of the light through the cell.

g (xt) = (ng + An(x,1))? = n? (1 +

=L'k0’AnmaX=L’|A|'ko (28)
ng 2

(04

L is shown in Fig. 1.
Expanding the terms in Eq. (24) which containdrigmetric functions in
Taylor series and employing Eg. (23) we obtainfiha form of Eq. (24)[6].

Ypy_q - €Xp —iQ—Z<ﬁ+(2n+1)> +

. 2L
dy,  i-a-L P8 (29)
dz 2 iQz [ @;
1n
+41  €xp oL (CPB + (2n+ 1))

where: ¢;,— angle of ihcidence is shown in Fig. 1,

¢ — Bragg angle which satisfies following equaticim@g = %
0

n — diffraction order.
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Q is called Klein-Cook parameter and equals:

_KZ-L

We can introduce paramet@mwhich describes the deviation of the incident
light beam away from the Bragg angle.

¢in=—(1+8)¢p (31)
A = 0 means that light reaches acousto-optic celtiyxat Bragg angle.

(30)

3. RESULTS OF NUMERICAL CALCULATIONS
AND CONCLUSIONS

Numerical calculations were made based on Egs). (E®urteen
amplitudes y, of diffracted light beam was taken into account
(n = {-6,-5,...,0...,6,7}). It was assumed that theneening orders of Bragg
diffraction are negligible. To assess the efficimfcenergy exchangebetween

[Wnl

2
diffracted beams the following expression was datemi(NJ—_l) .

While performing all the calculations necessaryplot Fig. 2 it was
assumed that parameter Q = 100. That means, thastacoptic cell operates in
Bragg regime.

Fig. 29 presents what part of energy of incident beam is transferred to 0-th
[Wol

NJinl
aandd. In turn Fig. 2b) presents what part of energynafdent light beam is

transferred to 1-st order of Bragg diffraction. Aduhally, since parameter
depends inter alia on sound intensity it is woatméte that fora = n/2, the light
can be efficiently modulated in both 0-th and bister of diffraction.

Comparing the two graphs shows that a strong iserda 6 reduces
the intensity of light diffracted to 1-th order.gFi2c) shows cross section|
of Figs. (2a-2b) ir® direction ate = st. Fig. 2¢) confirms the observation that
the increase i@ causes the loss of energy in the light diffradted-th order.
Similar information are obtained from the analysfisFig. 2d).

2
order of Bragg diffraction. S(é ) is plotted as a function of parameters
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Fig. 23 shows what part of incident light energy is received by light in 0-th order of
diffraction versus two parameteésanda, b) shows what part of incident light
energy is received by light in 1-st order of difftian versus two parametess
anda. The Klein-Cook parameter Q = 100, c) shows a pldhe cross section of
the pictures a) and b) in directiérato = x, d) shows a plot of the cross section
of the pictures a) and b) in directiérata = n/2s

Fig. 3 and Fig. 4 show that for smaller Q much more energy is transferred
into higher orders of diffraction (2-nd order isd#tbnally shown). If Q

parameter slightly exceeds 1 it can be said thatisio-optic cell operates in
near Bragg regime.
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Fig.

R [ 0=5<1¢g

33 shows what part of incident light energy is received by light in 0-th order of
diffraction versus two parametesanda, b) shows what part of incident light
energy is received by light in 1-st order of difftian versus two parametess
ando. The Klein-Cook parameter Q = 10, c) shows a pfahe cross section of
the pictures a) and b) in directiérat o = nr, d) shows a plot of the cross section
of the pictures a) and b) in directiérato = n/2
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Fig. 4a) shows what part of incident light energy is received by light in 0-th order of
diffraction versus two parameteésanda, b) shows what part of incident light
energy is received by light in 1-st order of difftian versus two parametess
and a. The Klein-Cook parameter Q = 7, c) shows a plothe cross section
of the pictures a) and b) in directi@nat o = x, d) shows a plot of the cross
section of the pictures a) and b) in directiosit o = /2

Analysis of all the graphs discussed so far shawat for small values
of Q cell becomes less sensitive to changeds 1o describe above observation
quantitatively paramete&irwnm IS introduced. This parameter is defined by the
deviation 5 at which diffracted light in n-th order receivealtof its peak

available energy. The change the parant&ighy as a function of Q is shown in
Fig. 5
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Fig. 5. The change of the parameigfyy as a function of Q. Right graph starts with a
larger value of Q, since the beginning of the cuhas a different shape. It is
caused by the fact that higher diffracted ordecgir@ energy from incident light
beam. This is clearly visible in Fig 4

Since the change ofhe parametedryyv is nonlinear theFig. 6 presents
reciprocal oforwm as a function of Q.
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Fig. 6. The change of thedtynw as a function of Q

The linearity of the graphs in Fig. éhdicates thaBrwum IS inversely
proportional to Q. The above analysis may be usefuthe design of light
deflectors. It should be noted, however, that #ngation of the incident beat
was measured, for convenience, in multiples theg®rangle rather than
sin radians.
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WPLYW ODCHYLENIA WI AZKI SWIATLA’\ OD K ATA
BRAGGA NA NAT EZENIE UGI ETEGO SWIATLA
NA FALI AKUSTYCZNEJ

Streszczenie

W pracy opisano wplyw odchylenia agki swiatta od lgta Bragga na
nakzenie ugetego swiatta na fali akustycznej. Analizy dokonano w apar
o wyniki obliczen numerycznych. Oblicze dokonano dla kilku charakte-
rystycznych przypadkdow.



