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Linear dichroism, dichroic ratio, contrast ratio and order parameters of Sudan III/PMMA guesthost thin
lms have been investigated with visible polarized laser light. Dichroism increased in an exponential fashion with
increase of the pump intensity. Light-induced dichroism and polar order of the dye molecules within the polymer
network were reversible. These parameters showed fast increase in their values in an exponential fashion as the
pumping process takes place. Also, they decay rapidly in an exponential fashion when the pump light is cut o.
Photoisomerisation and polar orientation are dependent on both the molecular structure of the dye and polymer.
Two forms of Sudan III molecules (trans and cis) are responsible for the interaction with laser light and forming
an anisotropic structure inside the PMMA/Sudan III lms. However, there is another set of forms of the dye (keto
and enol) has to be considered, which may contribute to dichroism.
DOI: 10.12693/APhysPolA.127.780
PACS: 78.20.Ek, 33.55.+b, 78.66.Qn
Sudan III in solvents and doped in polymeric lms using

1. Introduction

Photoinduced optical anisotropy in polymer/organic
dyes systems is the subject of intensive care and investigations [1].

The importance of these nonlinear opti-

cal (NLO) materials for applications are quite obvious
in many elds of modern optics [2], among which, optoelectronics, photonics, and optical signal processing.
Such materials have been used for polarization holography, optical data storage, integrated optics, all-optical
modulation, second-order nonlinear optical (NLO) effects [3], optical recording, optically-controlled optical
elements, optical switches [2] and are promising candidates

in

optical

shielding.

Azobenzene-based

dye

molecules form an important set of molecules which
have vast interest in research and applications alike.
For example, Schab-Balcerzak et al. [4] described the
formation of supramolecular azopolymers based on hydrogen

bonds

duced

surface

as

perspective

relief

ization gratings.
on

the

tional

gratings

materials
(SRGs)

for

and

laser
for

in-

polar-

They realized supramolecular lms

basis

of

hydrogen

groups

of

4-[4-(3-hydroxypropyloxy)phenylazo]-

pyridine

polymer

and

bonds

azobenzene

between

the

derivative

func-

4-[4-(6-

hydroxyhexyloxy)phenylazo]pyridine. Zidan et al. [5] investigated the optical limiting performance of Sudan III
dye doped into ethylene propylene dienepolymethylene
polymer (EPDM) using 532 nm pulses from a frequencydoubled Nd:YAG laser. They found that this dye manifests optical limiting eects, with a concentration dependent eciency.

Gayathri and Ramalingam [6] also

investigated the third order nonlinear optical property of

the Z-scan technique. Multiple diraction rings were observed when the dye doped in both the liquid and solid
media was exposed to a diode-pumped Nd:YAG laser
at 532 nm.

On the other hand, De Boni and his col-

leagues [7] studied two-photon absorption (2PA) spectra of Sudan III, Sudan IV and Sudan Red diazoaromatic dyes dissolved in dimethyl sulfoxide (DMSO) using Z-scan technique with fs pulses.
the absence of 2PA to the

π π ∗

They showed that

band is related to the

weaker donor/acceptor groups, and lower symmetry of
diazoaromatic compounds.

Also, the decrease of 2PA

cross-section with temperature is attributed to thermally
induced torsions, which decreases the eective conjugation of diazoaromatic molecules.

This kind of optical

investigations indicated the crucial role of the photoinduced anisotropy in the dye doped systems.
Anisotropy may be induced either by photoinduced
isomerization and ordering of the absorbing molecules'
dipoles in directions in which light aects them less [2],
or by tautomerization where a compound can be represented by two structures that are related by an intramolecular movement of hydrogen from one atom to
another [8].

The induced anisotropy manifests itself in

dichroism of long-term stability but can be eliminated
by either optical or thermal means [9].

Dichroism is a

measure of the orientation of the nonlinear optical dye
molecules in the host polymer [2]. Dye molecules are well
known for their properties of photochromism [10], which
is a reversible change between two species having dierent absorption spectra, which can be induced by photoirradiation. Because photochromism of organic molecules
is sensitive to the micro-environment factors such as polarity and free volume, the perturbation of reaction me-
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One of the most powerful

methods for studying the structure and physical behavior
of nonlinear optical guesthost polymeric systems is the
measurement of the absorption of linearly polarized light
by an ensemble of oriented molecules [12]. To the best
of our knowledge, linear dichroism of PMMA/Sudan III
thin lms has never been studied before. In this work we
report results of photoinduced linear dichroism properties of Sudan III molecules that have been incorporated
(dissolved) in PMMA polymeric network.
2. Experimental

2.1. Sample preparation
The

starting

materials

for

preparing

the

guest

host polymeric samples were poly(methymethacrylate)
(PMMA, MW: 36000) from Acros Organics, and Sudan III (95% dye content), from Aldrich. 2 g of PMMA
was dissolved in 20 ml of dichloromethane (C2 H2 Cl2 ).
Sudan III was added to the clear dissolved solution
of PMMA (equivalent to 5% of PMMA by weight).
The mixture was stirred for 3 h until the clear solution
was obtained with dye molecules fully dissolved.

Thin

Fig. 1. The experimental setup: P  polarizer, ND 
neutral density lter, B/S  beam splitter, λ/2  halfwave plate, and PD  photodiode.

lms were dip-coated on transparent glass substrates
(lm thicknesses of the order 1

µm

were measured by

prism coupling technique and the absorption maximum

to the electric vector of the pump beam become dierent.
The absorbances were then calculated from [13]:

was at 508.4 nm). Samples were baked in an oven and

◦
held at 70 C for 1 h in order to eliminate the residual sol◦
vent. Finally, samples were kept in a desiccator at 22 C
in dark environment.


Ak = − log

Ik
I0

A⊥ = − log

using UVvisible spectrophotometer (Photodiode Ar-

I0

I⊥
I0

ray Photospectrometer (PDA) Specord S100, from An-

where

alytik

is no sample, and

Jena)

to

record

the

absorption

spectrum

of

,

(2)

is the intensity of the probe beam when there

Ik

and

I⊥

are the intensities of the

polarized parallel and perpendicular to the pump beam

2.2. Experimental setup

polarization, respectively. The linear dichroism is com-

Guesthost polymeric thin lms become dichroic when
pumped with linearly polarized beams from an Ar

λ = 514



probe beam transmitted through the sample when it is

PMMA/Sudan III samples.

at

(1)

and



The samples' best absorption wavelength was found



+

laser

nm. The probe signal of the beam falling on

puted from [2]:

D=

Ak − A⊥
.
Ak + 2A⊥

the sample and subsequently on a photosensor is fed to

(3)

3. Results and discussion

a personal computer through a low noise current preamplier (SR570, from Stanford Research Systems), and a

Figure 2 shows the chemical structure of PMMA poly-

DSP lock-in amplier (SR850, from Stanford Research

mer (a), and the chemical structure of Sudan III molecule

Systems). An IEEE 488.2 GPIB (from National Instru-

and its tautomeric forms (b).

ments) card was used to control and record the experi-

maximum absorption wavelength for PMMA/Sudan III

mental data along with a special program written in Bor-

prepared samples is at

land C++. Figure 1 shows the experimental arrangement

suitable for linear dichroism investigations to pump and

of the setup.

probe the samples with laser wavelengths identical or

Dichroism is measured by a probe beam linearly po-

Figure 3 shows that the

λ = 508.4

nm.

Since it is most

close to the maximum absorption of the samples, a wave-

λ = 514

larized passing through the sample while it is being sub-

length of

ject to the pump beam. The probe beam intensity was

(543-MAP-A02, from MellesGriot) was used.

kept about 0.03% of the pump beam intensity.

of experiments was carried out in order to elucidate

This is

nm from a multi-line Ar-ion laser
A series

an important procedure to use a very weak probe beam

the inuence of linearly polarized light.

with a wavelength identical or very close to the absorp-

pumped (one sample at a time) with several intensity

tion maximum of the dye molecules where any changes in

levels, at which the transmitted probe beam intensities

the absorption will be greatest, without inuencing the

were recorded simultaneously.

pumping eect of the sample. In this manner, the probe

in the transmitted probe beam intensities are plotted

beam absorbance parallel (A|| ) and perpendicular (A⊥ )

in Fig. 4. This gure shows the transmission spectra of

Samples were

Photoinduced changes
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PMMA/Sudan III thin lms at dierent parallel polarized laser intensities of the probe, and depicts the increase
in transmitted light intensities with respect to increase in
the laser pump intensities.

Fig. 4. Transmitted spectra of PMMA/Sudan III at
dierent parallel polarized laser intensities.

Fig. 2. The chemical structure of PMMA polymer (a),
Sudan III molecule and its tautomeric forms (b).

Fig. 5. Transmitted spectra of PMMA/Sudan III at
dierent perpendicular polarized laser intensities.
with perpendicular polarization was also recorded. However, at low pumping intensities, in the case of orthogonal probe and pumping beams, there existed a two-step
photostationary state (0.32.25 mW pump intensities).
It is believed that there was a competitive tautomerization process taking place. This process indicates the existence of  at least  two tautomers with dierent
activation energies, so that at low pumping energy only

Fig. 3. UV-Visible
absorption
spectrum
of
PMMA/Sudan III samples.
The chemical structure of Sudan III dye is shown in the inset.

one tautomer carries out the phototautomerization cycle.

The other tautomer with higher activation energy

starts to participate in the phototautomerization process
only when there is sucient energy to proceed. This will

A similar trend was observed for the transmission spec-

become the case after diminishing the number of the tau-

tra of PMMA/Sudan III at dierent perpendicular polar-

tomers of the lower activation energy and obtaining the

ized laser intensities (Fig. 5). Looking at Figs. 4 and 5

rst photostationary state. Then the second phototosta-

one can see that the intensities of the transmitted par-

tionary state prevails as a result of devoting more pump-

allel polarized laser light are greater than those of the

ing energy for this part of the two-step photostationary

transmitted perpendicular polarized laser light by an or-

state. At higher pumping intensities, the rst part of this

der of 10. This may be attributed to the contribution the

phototautomerization state becomes less obvious since

dipole moments of the dye molecules to polar orientation.

there will be enough energy for both tautomers to par-

This contribution is largely aected by the laser light po-

ticipate in the phototautomerization process. This inter-

larization state, in which parallel laser light induces a

esting phenomenon was not noticed in the case of parallel

stronger polar order in the samples in the direction per-

beam probing. There is now an extensive theoretical re-

pendicular to the direction of the pump light polarization

search in our laboratory to study the characteristics of

state. This leads to a progressive greater increase in the

possible tautomers, and relate that to the idea of the

transmitted probe light with parallel polarization. Sim-

competition processes that could be responsible for the

ilarly, a smaller increase in the transmitted probe light

appearance of the two-step photostationary state.
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Figure 6 de-

I
(6)
DR1 = A0 + A1 e−( t ) ,
where A0 is an oset value of DR1 at the absence of the
pump light, A1 is the dichroic ratio of the sample prior
to irradiation, and t is the decay constant. The decay in

picts the dichroism results, which shows that dichroism

the polar order within the samples due to cutting-o the

increases as the pump intensity does.

pump beam follows an exponential fashion of the form:

Linear dichroism of PMMA/Sudan III was calculated
using Eq. (3) at dierent laser light intensities: 0.11, 0.3,

◦

0.56, 1.27, 2.25, and 2.9 mW; at 22 C.

I
DR2 = A0 + A1 e−( t ) ,
(7)
where A0 is an oset value of DR2 at the absence of the
pump light, A1 is the dichroic ratio of the sample prior
to relaxation, and t is the decay constant.

3.3. Contrast ratio
The orientation of the Sudan III dye molecules was
controlled using laser light, which enabled the contrast
ratio of the Sudan III dye to be obtained by optically
switching [15].

Absorption evolution during irradiation

with polarized laser light was estimated via Eqs. (1)
and (2), as well as after cutting-o irradiation. The ratio
between maximum absorption in the on and o states
was calculated using [15]:

Fig. 6. Linear dichroism of PMMA/Sudan III thin
lms at dierent polarized laser light intensities.

where

3.2. Dichroic ratio
of its rod-like molecular shape. Dichroic ratios (DR) are
calculated by [14]:

DR1 =

DS
,
DI

(4)

DR2 =

DS
,
DR

(5)

state,
and

DS is
DI is

DR

Aoff
,
Aon

Aoff

and

(8)

Aon

are the absorbance at the maximum

absorption wavelength at the o- and on-states, respec-

The Sudan III dye has a high dichroic ratio because

where

CR =

tively. The contrast ratio of the PMMA/Sudan III was
calculated from the absorption of the pump laser light at
on- and o-states. Figure 8 depicts the contrast ratio of

the dichroism value at the photostationary
the dichroism value at the isotropic state,

is the dichroism value after 2000 s of relaxation.

Fig. 8. Contrast ratio of PMMA/Sudan III thin lms
as a function of pump laser light intensity.
PMMA/Sudan III at dierent parallel and perpendicular polarized laser intensities. This gure shows a linear
increase of the contrast ratio with increase of the laser
pump intensities.

Fig. 7. Dichroic ratio of PMMA/Sudan III thin lms
at dierent polarized laser light intensities for both parallel and perpendicular polarization states.

Further increase in the pump inten-

sity accelerates the growth of the contrast ratio until a
stable level is reached.

However, the last value of the

pump intensity causes the sample to bleach, which leads
to deterioration in the absorption characteristics due to

DR during irradiation of

the destruction of the dye molecules. This behavior fol-

the samples with dierent pump intensities. This growth

lows an exponential fashion, which can be expressed by

follows an exponential logistic function of the form

a logistic function of the form

Figure 7 expresses the growth of

B. Abbas, Y.T. Salman
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CR = A2 +
A1

where

and

A1 − A2
 p ,
1 + II0
A2

(9)

are the initial and nal values of the

contrast ratio, respectively, at which

I0

totic;

I

becomes asymp-

is the center value of the growth section of the

contrast ratio at which

I

acquires a value equal to half

of the amplitude of the curve, i.e., the point midway be-

A1

tween

and

A2 ; I

is the pump intensity, and

p

is the

power of this function which controls the steepness of the

of the curve. The decay in the order parameter due to
cutting-o the pump light  with respect to the pump
intensity  may be described as
(12)
Srelaxation = A0 + A1 e−( t ) ,
where A0 is an oset value of the order parameter at the
absence of the pump light, A1 is the dichroic ratio of the
sample prior to relaxation, and t is the decay constant.
I

The realized dichroic ratio, contrast ratio, and order
parameter are comparable with some published works

curve.

in literature.

3.4. Order parameter
The contrast ratio, CR, directly relates to the order parameter for the transition moment, which is dependent
on the size, shape, polarity, steric eect and aggregative
properties of the dye molecules [15]. The order parameter can be calculated by

S=
where

the power of this function which controls the steepness

For example:

Ahmad et al. [16] studied

a nematic liquid crystal host polymer doped with Sudan black B and investigated using UVVis polarized
spectroscopy.

The achieved dichroic ratio was 1.336,

and the order parameter value was 0.1 at a saturation
poling voltage of 40 V. As such, the accomplished order parameter can be improved by the aid of DC pol-

DR − 1
,
DR + 2

(10)

DR is the dichroic ratio [15].

ing elds. Ghanadzadeh et al. [15] reported the results
of the electro-optical behaviour of Sudan black B, Su-

Figure 9 shows an ex-

dan III, and Sudan IV solutions in nematic solvents us-

ponential increase of the order parameter in respect of the

ing polarized spectroscopy in a guesthost system. They

pump intensity and reaches the maximum value of 0.999

used an electric eld (30 V saturated voltage) in order

at the pump intensity value of 1.27 mW. However at the

to control the orientation of the dye molecules, which
enabled the contrast ratio of the dye to be obtained
by electrical switching.

They obtained a contrast ra-

tio of 3.7, 3.4, and 5.7 for Sudan III, Sudan IV, and
Sudan black B, respectively.

Moreover, the order pa-

rameters were 0.47, 0.43, and 0.61 for Sudan III, Sudan IV, and Sudan black B, respectively. Yoon et al. [17]
have synthesized a DR19-containing polymer (PEA) and
a DANS diamine-containing polymer (PAS). Using the
corona poling technique with several kV of poling eld,
they estimated order parameters to be 0.35 and 0.16
for PEA and PAS, respectively.

This kind of research

emphasized on employing high poling DC voltage in order to achieve higher order and better anisotropic structures, but in our present work we have not.

Fig. 9. Order parameter of PMMA/Sudan III thin
lms at dierent polarized laser light intensities.

pumping only.

value of 2.9 mW of the pump intensity bleaching symp-

4. Mechanisms of photoinduced ordering

toms begin to appear, which lead to a decrease in order
parameter due to the destruction process of organic dye
molecules.

Instead,

the anisotropy in the thin lm sample was due to optical

However, the order parameter deteriorates

Sudan

III

dyes

are

very

ecient

photochromic

anisotropic molecules. Basically, each molecule has two

trans

isomeric shapes,

cut-o. Moreover, this deterioration is also noticed with

(Fig. 10), which describe the orientational ordering of

respect to the pump intensity levels. The build-up order

photoisomerizable Sudan III dye molecules in PMMA

parameter with respect to the increase in the laser pump

polymer.

intensity can be described via an exponential function of

along the principal axis of the Sudan III dye molecules

The delocalization of conjugated

π -electrons

makes their polarizability strongly anisotropic (Ak

the form

Sbuild−up
where

(the more stable one) and

cis

in an exponential fashion as soon as the pump light is

A1

A1 − A2
 p ,
= A2 +
1 + II0

and

A2

(11)

A⊥ ).

molecules plays an important role as well, in which the
anisotropy of the

are the initial and nal values of the or-



However, the molecular anisotropy of the dye

trans form can lead to a bias in its angu-

lar distribution. This occurs during pumping with polar-

acquires a value equal to

trans molecules to be
cis state upon irradiation is proportional
to the angle between the long axis of the cis molecule and

half of the amplitude of the curve, i.e., the point midway

the beam polarization direction [18]. The orientation of

der parameter, respectively, at which
totic,

I0

order parameter, at which
between

I

becomes asymp-

is the center value of the build-up section of the

A1

and

A2 , I

I

is the pump intensity, and

p

is

ized light so that the probability for
pumped into the

the

trans form is dened using polar coordinations by the
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angles

θ

and

ϕ

(Fig. 11). The probability,

form molecules to be pumped into the

P,

cis

for a

trans

state is then

given by
(13)

The absorption probability, proportional to
to a selective depletion of the

trans

cos2 θ,

leads

molecules parallel

to the pump light polarization direction and resulting

cis

in having more

molecules.

This generates a hole

in the angular distribution of the

trans

molecules along

the pump beam polarisation direction [19]. Molecules lying in the

cis

x-direction

state.

will be pumped preferentially to

This leads to having the

tion biased towards the

y -direction. Cis

trans

popula-

molecules have

weaker absorption, so that a probe beam polarised in the

x-direction (Ax or Ak , parallel to that of the pump beam)
does not suer from absorption as it travels through this
sample.

how lms become birefringent upon irradiation with
light.

In this model, the relaxation time is very short

so that there is no depletion in the population of

P ∝ cos2 θ sin2 ϕ.

the

785

Moreover, a probe beam polarized in the

direction (Ay or

A⊥ ,

y-

perpendicular to the direction of

that of the pump beam) will experience a little reduction
in absorption. It is important to notice that angular hole
burning leads to a decrease in the absorption in all directions for wavelengths close to the absorption maximum of

trans forms. Pump light intensity, and the lifetime of the
cis form plays an important role in the extension and the
eectiveness of the angular hole burning. For example,
if the lifetime of the

cis

form is very long or the pump

intensity is very high, then eventually most
would be pumped into the

cis state.

trans

forms

Another model has also to be considered, which is
called angular redistribution (AR) model.

This model

was widely used by Russian researchers [19] to describe

molecules.

In other words, the

lectively pumped into the

cos2 θ

cis

trans

trans

molecules are se-

state according to the

angular dependence of Eq. (13) and after a very

short time they relax back to the

trans state either ther-

mally or through photoexcitation with a new orientation [20].

However, if the nal

trans

molecule, after

the photoisomerisation cycle, still lies along the polarization direction of the pump light, it will go through a

trans-cis-transprocess again. On the other hand, if this
trans molecule has another orientation, it is less likely
to go through the trans-cis-trans process. As a result of
this continuous angular selective interaction, more trans
molecules are gradually aligned in a plane perpendicular to the polarization direction of the pump light. This
causes the absorption (Ak ) parallel to the polarisation
direction of the pump light to decrease due to molecules
being pumped away from this direction.

On the other

hand, the absorption (A⊥ ) perpendicular to the polarisation direction of the pump light increases as a consequence of more molecules being aligned in this direction.
This is manifested in weaker intensity of the transmitted probe light in the case of orthogonal probe-pump
beams scheme. Nevertheless, the depletion of the

trans

molecules away from the polarization direction of the
pump beam does not go to completion because of the
thermal energy of the

trans

molecules. Random motion

 due to thermal energy  leads to oppose the alignment process [18]. Switching the pump beam o leads to
have the anisotropy relaxing due to angular diusion of
the molecules [21].
Figures 4 and 5 can be explained according to the angular hole burning (AHB) model as the

trans

molecules

are being depleted selectively and this process is dominant in the rst part of the curves where the increase
in the transmitted probe intensity is fast. In the second
part, as the angular redistribution takes the advantage,
the transmission of the transmitted probe intensity in-

Fig. 10. trans (a) and
molecules.

cis

(b) isomers of Sudan III

creases progressively. Switching the pump light o causes
both transmissions (parallel and perpendicular probes) to
decrease suddenly due to fast relaxation of the

cis

form;

but the dichroism originating in the molecular orientation has much larger relaxation time.
Moreover, some researchers mentioned a third mechanism called molecular environment (ME), which is determinant for the stability of the photoinduced order, since
it either permits or does not the thermal diusion in the

trans

state, when the pump is o.

It is also determi-

nant for the kinetics of angular distribution induced by
isomerization.

The collective eects modify deeply the

dynamics of rotation and the competition between optical ordering and other anisotropic eects (such as surface
eects) leads to more complicated structures [10].
These models are quite illustrative, and oer a good
explanation to the experimental results as long as the

Fig. 11. Dye molecule orientation with respect to the
polarization direction of the incident light.

photoisomerization process is taken into account only.

B. Abbas, Y.T. Salman
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However, such models do not take into account the effect of tautomerization processes occurring during irradiation [2224]. There is no clear picture of the eect of
tautomerization on the light-dye reaction. This eect will
be the subject of a separate research in our laboratory to
shed the light on its impact on the photo-alignment and
dichroism amplitude.
On a dierent note, some researchers reported that intramolecular hydrogen bonding within the polymer/dye
structure plays a role in the photoisomerization process.
Ya et al. [25] investigated the eect of intermolecular
hydrogen bonding between the hydroxyl groups in the
azobenzenechromophores and the carbonyl group in the
PMMA polymer. They found that azobenzenes may be
anchoring on the PMMA chain, where their rotational
motion would be restricted by the free volume in the
PMMA. This eect limits the

cis-trans

back isomeriza-

tion. However, Ya et al. did not take into account the
eect of tautomerization on the photoisomerization process. Nevertheless, the eect of possible hydrogen bonding between the hydroxyl groups in the azobenzenes and
the carbonyl group in the PMMA polymer remains an
interesting point to look at in our guesthost polymeric
system, which will be studied in detail in the future.
5. Conclusion

Sudan III dye in PMMA thin lm has been studied and
showed nonlinear properties.

Dichroic properties have

been investigated and characterized. PMMA/Sudan III
guesthost systems showed dierence in the absorption
characteristics when probed with parallel and perpendicular polarized laser light in respect of the pump light
polarization. Moreover, the absorption increases as the
pump intensity does, and a bleaching eect was noticed
at pumping intensities larger than 2.9 mW. Dichroism increased in the samples with increase in the pump intensity. All gures showed a rapid increase in the dichroism
level at the beginning of the pumping process followed
by a slower increase. A saturation state was reached so
that no further increase in the dichroism was noticed.
Cutting-o the pump light led to a fast deterioration in
the dichroism level followed by a slow decrease which
takes a very long time to reach the isotropic state of the
sample. The dichroic ratio and order parameter showed
a fast increase in their values in an exponential fashion
as the pumping process taking place.

In addition, the

dichroic ratio and order parameter decay rapidly in an
exponential fashion as well as soon as the pump light
is cut o.

At 2.25 mW of pumping intensity, a maxi-

mal value of 1.25 of dichroic ratio in the stationary state
compared to its value at the isotropic state prior to irradiation was obtained.

Also, a maximal value of 1.33

and 1.06 of the constant ratio in parallel and orthogonal
congurations, respectively, was recorded. In addition, a
maximal value of 0.999 of order parameter was obtained.
Such information is valuable in the eld of nonlinear optics and applications and highlights the possibility of using such systems in industry applications such as fast
optical systems and optical lters, etc.
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