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NONLINEAR OPTICAL PROPERTIES OF BACTERIORHODOPSIN

STATEMENT OF THE PROBLEM

An optical limiter is a device that limits the transmission of laser light to a safe value.
For example, if a laser beam is incident on the optical limiting device, the device will switch
blocking or reducing the laser beam intensity to a safe value. The ideal optical limiter will not
only reduce the incident intensity, but it will do so over a broad spectral range, for a large field-
of-view, for both pulsed and continuous laser sources, for laser light incident from any direction,
and for both high and low intensity laser beams. Moreover, it will allow for continuous
observation of outside scenes without degradation while simultaneously rejecting the potentially
dangerous incident laser light.

While limiting the transmission of the incident laser light is the mission of the optical limiter,
how quickly it limits the transmission is crucial to its success. If an intense laser beam is
suddenly incident onto a sensor. the sensor can be protected by the addition of a neutral density
filter in front of the sensor. reducing the incident intensity to a safe value. However, if this is
done slowly, the sensor can be damaged before the neutral density filter is completely inserted.
Therefore, it is necessary for the optical limiter to switch-in the neutral density filter fast enough
to prevent damage. For example, one important sensor which has need for protection by an
optical limiting device is the eye."” In this case the limiting device must switch fast enough to
limit the energy density delivered on the cornea by a short laser pulse to less than 5pJ/cm2.

Many techniques have been explored as an optical limiter. The majority of these exploit
nonlinear optical effects, such as high intensity induced
self-focusing or defocusing, two-photon absorption, Beam Fanning Limiter
excited state absorption, reverse saturable absorption
and intensity-dependent scattering > Due to the type
of nonlinearity, these passive optical devices typically
exhibit high transmission for low-incident intensity and
low transmission for high incident intensity.

Consequently, these limiters can be considered high

intensity limiters. Complimenting these high intensity

limiters are low intensity schemes, such as, (shown in Photograph 1 above) the photorefractive




limiter ">, For this limiter, the incident laser light induces an index of refraction change that
effectively scatters low intensity light in all directions. Our work, described in this report, is a
new approach that can provide optical limiting at both low and high intensities, based on the

nonlinear optical properties of bacteriorhodopsin.

SUMMARY OF THE MOST IMPORTANT RESULTS

Bacteriorhodopsine (BR) has received much attention recently due to its potential for
real-time holographic recording, optical pattern recognition, and nonlinear optical effects. BR
is the light harvesting protein in the purple membrane of the microorganism called halobacterium
holbium, produced in salt marshes, and is closely related to the visual pigment rhodopsine. It
displays a characteristic broadband evisceration profile in the visible spectral region, and when
the molecule absorbs light it undergoes several structural transformations in a well-defined
photocycle. One of its long list of interesting attributes is its inherent photoinducible optical
anisotropy. It is this anisotropy which is explored in this letter.

The apparatus for our investigation is shown in Figure 1. The output beam from a linearly
polarized argon-ion laser at 514.5 nm is split into two beams. One beam is polarized as Py and
directed through the BR sample. The second beam is polarized at 45° relative to the first beam
and is directed through the BR sample at a small crossing angle (~2° ) relative to the first beam.
This second beam then passes through a second polarizer P, which is parallel to the first. When
the first (pump) ‘beam is blocked, the second (probe) beam passes through the BR without
polarization rotation, hence with minimal loss through the second polarizer (P;). When the pump
beam is unblocked the probe beam experiences a polarization rotation and is partially blocked by
the second polarizer. As the intensity of the pump beam is increased, the polarization rotation of
the probe beam is observed to increase and then saturate. Since the saturating effect is observed

to occur at low light intensities, the rotation is in practice quickly independent of the incident




intensity of either beam and the degree of rotation is “fixed”. Figure 2 shows a plot of the
observed rotation versus the'incident pump intenisty. For a thickness of 50 microns we observe a
saturating rotation angle of 23°. The thickness of the BR sample, therefore, can be easily selected
to produce a desired fixed amount of rotation for a large range of incident intensities. For a
rotation of 90° , for example, a thickness of about 0.3 mm is required for the samples we have '
examined. For a 0.3 mm sample, used in the apparatus shown in Fig. 1, a 90 polarization rotation
limits the intensity of the probe beam to at least 10" of the incident intensity depending on the
quality of the polarizers, Py and P;.

We have used a simple three level picture, depicted in Figure 3, to model the induced
birefringence in bacteriorhodopsin. The incident light excites the trans molecular state, It) , to
state |1) which immediately decays non-radiatively to the cis molecular state Ic). The long lived
cis state then rapidly accumulates a population and before long most of the molecules which are
capable of absorbing the incident polarized light are in the cis molecular state. As a result, the
sample becomes anisotropic. Quantitatively, N = Ny + N, where N is the total density of
molecules per unit volume and N, and N, are the concentrations of molecules in the trans and cis
states respectively. The rate of change of molecules in the cis state is then given by the rate

equation:

ch o'qI Nc
o = (o) NN == @

where I is the incident pump intensity, T is the lifetime of the cis state, q is the quantum yield, and

o is the absorption cross-section from trans to cis states. The solution to equation (1) is:

N (O = Nﬁ[l—exp[(—%) (”I'Ii)ﬂ @

where I is equal to haw/qot and is the saturation intensity or the intensity for which the population

of the cis state saturates. For T — oo the stationary population of the cis state therefore becomes:




I
Ne = Npp 3

Using the Lorentz local field model where the molecule radius is much less than an optical

wavelength, the susceptibility tensor can be written as the sum of an isotropic part and an

anisotropic part,
XO + Xan (4)
s 0 .. .. Ncao . . . .
The isotropic part of the susceptibility, x~ , is given by B while the anisotropic part is given
cOL:m . . 41t(x0Nc 0. .
by 5—- In these expressions B is definedas B = 1 - 3 and o is the isotropic part of
B

the polarizability tensor while a®" is the anisotropic part. The dielectric permittivity tensor:

€ = l+4mny &)

can also be written in terms of an isotropic and anisotropic part:

g = gl 4gn )

From the definition of isotropic and anisotropic parts of the polarizability tensor we can write

4nN_of
el = 1+ BC (7a)
4nN_o?"
et = 57 (7b)
Using expressions (3) and (7b) we can write
4nNIo2"
gan — 7 8)

© (1+1,)B?




In the laboratory coordinate system, the dielectric permittivity tensor can be found from

g, =D"'eD ©)

where D is the Eulerian matrix transformation in three dimensional space, D = f(©, B, ¥) in terms
of Eulerian angles ©, B, . For simplicity we take the Eulerian angles ©=0, y=0, and p =0 to n/2.

In this case the permittivity tensor becomes

g, +tkcos2p  ksin2f 0 |

g, = | ksin2B g;—kcos2p 0 (10)
0 0 g, -k
where
(0 + o)
0y = 3

Using the tensor-vector evolution algorithim described in reference [5], we can write the

electric field along the propagation direction z as:

(1

E(z) = Me'TE(0)




where
Ko cos¢+—j§sin¢ 2iksin¢sin2 O
17(n1+n3)
M=e 2iksingsin2B coso i.¢0 (12)
iksin¢sin2p cos¢ — —sin
J2
0 0 0
(n, —n,)k,z N 1
o= ——%——0—, k, = e A, is the vacuum wavelength, ¥ = (&) Zk,z is the isotropic
0

1
phase, and (g;) 2 js the isotropic index ny. Meanwhile, ny and n; are given by

Ir ok,
n , = (80)2[“”?’0‘} (13)

Using the expression for ny and n,, ¢ can be written as

2
_ 2n°nNzl (o, — ay,)

o =
Agng (1, + 1) B?
For the case of saturation, I » I, , the expression for ¢ becomes
T
¢ = 25—z (An) (15)
0
where
nN(o,, —a,,)]1
An = 11" 2 (16)

B%ny (I+1))

For the apparatus shown in Fig. 1, with polarizers P, and P3, the electric field seen by the

detector is given by

(14




=

B, = P;Me' P,E;, (17)

where Me'® is the transformation matrix given in equation (12) and P, and P are the matrices

for the linear polarizers, given by

Moo
P, =Py = 000k, (18)
000

In the expression for P, and P53 the constant ky; is the transmission coefficient for incident light
polarized along the polarizer axis.
Using equations (17) and (18) the electric field and incident intensity on the detector

become

I:iout = kl] (coso) eiW}_—éin 19

I, = k3 (cos’0) L (20)

out

For the experiment in Figure 1, the measured ratio of Iy,/Ij, was 0.846. Using (20), this
gives a value of 23° for ¢. The thickness of the bacteriorhodopsine film was 50 microns. From
equation (15) we calculate An to be 6.6 x 10% at Ao =515 nm. Using this value of An, we then
calculate Z =390 nm as the thickness required to produce a ¢ of 90°. We used a variation in
incident intensity which ranged from 0.014 to 1.7 W/cm? . Our results were independent of
intensity. That is, we found a 18% decrease in the transmission of I for I, = 1.7 W/cm?. Figure 4
shows a typical response time curve for the induced rotation. The response time was observed to
vary inverselly with pump intensity and was 62 ms for an incident intensity of 0.454 Wicm?,

In addition to our observations with P; parallel to P, we also observed the transmission
behavior when P, is at some angle B to Py. In this case the induced birefringence causes the

transmission to rise from zero and reach a value depending on . In particular the transmitted




intensity is given by

I = 2k25in22Bsin2¢ . (1)

As shown in Figure 5 the experimental results are in good agreement with the predictions from the

three-level model.
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