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A considerable interest is growing worldwide about the photobiological effects of the ultraviolet
radiation; in fact, it has been demonstrated that ultraviolet radiation can affect both human health
as well as the equilibrium of entire ecosystems. The relative effectiveness of ultraviolet radiation
at a particular wavelength in producing a specific biological response is defined by an action spec-
trum. Broadband radiometers characterized by having a spectral response that matches an action
spectrum allow the measure of the effective irradiance associated to an ultraviolet source. In this
work we present the designs of interference filters to be used in radiometric heads. Their optimized
transmission curve coupled to the spectral response of different ultraviolet photodiodes provides
the match of the sensor spectral response with some selected action spectra. Development of in-
struments for the measurement of the effective solar irradiance is foreseen. The design of interfer-
ential filters which transmittance curve was optimized in order to match a target biological action
spectrum is here presented.
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1. Introduction

A biological effect of the ultraviolet (UV) radiation is possibly described by an action
curve, which is used as a wavelength-dependent weighing factor relative to the spectral
UV irradiance; the actual biologically effective irradiance (W,g/m?) is then obtained
by integrating the weighed spectral irradiance over wavelength. The effective UV dose
(in J/m?) is found by integrating the effective irradiance over the exposure period. In
many applications the knowledge of the ultraviolet effective irradiance is fundamental
to assess the temporal exposition to an ultraviolet source to accomplish successfully
a treatment (for example, a sterilization process or a phototherapy treatment), to limit
the exposition to a potential hazardous source, to control the amount of incident UV in
photobiological experiments [1].

Irradiance related to a source over the sample depends on the geometry of the set up.
Nevertheless many factors contribute to make difficult to predict it, as non-uniformity



612 D. GARoOLI et al.

of the lamp emission and presence of reflecting/diffusing elements. Therefore, a radi-
ometric head is necessary to evaluate the irradiance.

There are two possible choices for the measurements of the UV effective irradi-
ance: by a scanning instrument represented by a spectro-radiometer or by a broadband
instrument, called radiometer. Nowadays there are few commercially available scan-
ning spectro-radiometers that can be used for long term outdoor operation. Neverthe-
less they do not deliver error free UV measurements mainly because of their limited
dynamic range, which, as determined by the action curves, should be of many orders
of magnitude. This seriously limits the accuracy of the biological measurements in
the ultraviolet and raises the question of whether the biological monitoring cannot be
achieved by simpler instruments. These are represented by broadband radiometers. Ba-
sically, there are two categories of instruments under this family: the phosphor based
Robertson—Berger meter [2] and the interference filter based instruments [3]. Both
have fast response and are relatively inexpensive. They can measure one band shaped
to a selected action spectrum or a series of narrow bands. Some radiometers are de-
signed in order to have a spectral response that matches a specific action spectrum.
This can be accomplished coupling a filter designed to have a proper spectral trans-
mission to a detector with a specific spectral response curve. The operation spectral
range of the sensor could be eventually split into two or more ranges by using more
than one radiometric head, in order to provide more accurate information; this solution
is particularly suitable in the case of the erythema like detector, where the spectral sep-
aration into two regions, corresponding to UVB (280-315 nm) and UVA (315-400 nm),
could be interesting for particular applications such as sunscreen performance deter-
mination [4].

In this work we proposed the design of interferential filters suitable for the reali-
zation of radiometric heads having a spectral response equivalent to different biolog-
ical spectra. Selected action curves are: erythema induction [5], persistent pigment
darkening (PPD) [6], DNA damage [7], vitamin D production [8, 9], photokeratitis
and photoconjunctivitis [10]. All sensors will be based on similar technology, already
presented elsewhere [3]. The radiometer layout consists of a transmission diffuser,
an interferential filter and a photodiode detector. The filter is the key element and is
specifically designed to make the spectral response of the whole sensor to match
the selected action curve. The radiometer integrates a diffuser element to better agree
to the cosine law.

2. Action curves and biological effects

Long exposition to sun radiation causes burns, skin aging, erythema and even melano-
ma cancer. In the European Regulation EN60335-2-27 [1], the toxicity of UV radiation
emitting machines for domestic use is discussed and upper-limit exposition effective
doses are established. As well as other artificial sources, sun tanning units should be
monitored and certified according to the law. There is the necessity to develop a clear
measurement procedure to verify sunbed irradiance in metrological laboratories, and
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to develop portable instrumentations for the irradiance verification in situ. Sunburn is
an acute UV caused damage of the skin, manifested by reddening and in some case
blistering. The sunburn is a delayed erythema initially characterized by the appearance
of “sunburn cells”, the depletion of antigen-presenting cells (APC), and the infiltration
of the epidermis and dermis by a variety of inflammatory cells, e.g., mast cells, mono-
cytes and lymphocytes. Subsequently the skin responds with hyperproliferation. Sen-
sitivity to sunburn varies based on pigmentation, where lightly pigmented individuals
are much more sensitive than heavily pigmented ones. Erythema is induced in a vol-
unteer to test UVB sunscreen protection by sunscreen protection factor (SPF) method.
PPD is darkening or tanning of the skin induced by UV A radiation; this physiological
effect is also used to carry out an in vivo test on sunscreens to measure their UVA pro-
tection, similar to the SPF method of measuring UVB light protection.

Instead of measuring erythema or reddening of the skin, the PPD method uses
UVA radiation to cause a persistent darkening or tanning of the skin [6]. The PPD ac-
tion spectrum is very similar to the erythema one, even though limited to the UV A part
of the spectrum. DNA is certainly one of the key targets for UV-induced damage in
a variety of organisms ranging from bacteria to humans. UV radiation induces two of
the most abundant mutagenic and cytotoxic DNA lesions such as cyclobutane pyrimidine
dimers (CPDs) and 6—4 photoproducts (6—4 PPs) and their Dewar valence isomers [7].
UV radiation of high intensity can damage the frontmost parts of the eye in a manner
of hours or even mere minutes [11]. It can result in inflammation of the cornea (photo-
keratitis) and of the conjunctiva (photoconjunctivitis). The damage can be felt as
a sharp pain in the eyes. Because new cornea and conjunctiva cells constantly re-grow,
the damage is reversible [10].

3. Materials and methods

According to the instrument design, the sensor head entrance optics is a Lambertian
diffuser, i.e., the equivalent entrance aperture varies with the radiation incidence angle
according to the cosine law. Different photodiodes have been previously characterized,
as reported elsewhere [12]. The detector based on silicon carbide (SiC) has been eval-
uated the most appropriate photodiode to be used, since it has a high dynamic range,
is very reproducible and inexpensive. In order to match an action spectrum, each filter
has been designed to compensate for the photodiode and diffuser spectral response ac-
cording to the following equation:

AC(A)
Ron(A)R gigr (A)

= Rﬁlter(ﬂ‘) (1)

where AC(A) curve is one of the action curves, Rph(ﬂ) is the photodiode spectral re-
sponse, Ryig(4) is the diffuser transmission, Ry, (4) is the filter transmission curve
target. In this work, a roughened quartz plate with R 4;(4) as reported in [3], has been
considered as a diffuser, but the use of a different diffuser material such as Teflon does
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not affect the design principle or the quality of the results achievable. Different target
curves have been calculated according to Eq. (1), arbitrarily setting their maximum
transmission value equal to 100%; in this way, filters with maximized transmission
will be optimized.

A commercial software (TFCalc, Software Spectra Inc.) has been used to optimize
the design of the filter. For final simulations, optical constants experimentally
determined by spectroscopic ellipsometry on a single layer film have been used.
The simulation software allows the calculation of a transmission curve of filter struc-
tures consisting of up to 5000 layers deposited on a substrate. The radiation incident
on the film can be a collimated beam or a cone of rays with a given angular aperture,
and the angle of incidence can be varied from 0 to 89.999°. In the case of a cone of
rays, the computed transmission corresponds to the average value for the considered
angular beam aperture. Simulations have been performed by the use of a white illumi-
nant, i.e., the intensity of the source is uniform over the whole spectral range selected.
The software allows the optimization of a filter structure in order to have the transmis-
sion curve matching as better as possible the “target curve” (in this case the R . (4)
curve). Several multilayer designs have been considered by testing different materials
and number of layers; by using the optimization software tools, thickness of each layer
has been calculated in order to minimize the difference, set according to a merit func-
tion, between the target curve and the transmission curve of the filter under design. As
materials, SiO, and ZrO, have been always preferred for the simplicity of deposition.
MgF, has been proposed in place of SiO, only when performances were not satisfied.
MgF, has a lower refraction index and this allows better optimization of the multilayer
structure performance. Even though the deposition of MgF, presents some more chal-
lenges, the realization of the ZrO,/MgF, has been already achieved [3].

In the following section, the obtained designs will be presented. The quality of
the design has been evaluated taking into consideration the response of the complete
radiometer, i.e., the designed filter coupled with the SiC photodiode and with the quartz
diffuser. The performance evaluation has been based on the following criterion:
the response of the complete designed radiometer, computed as the integral over
the spectral range of action curve definition (typically 220-400 nm), has been normal-
ized to the nominal value, computed as the integral of the theoretical action curve over
the whole spectral range of interest. This corresponds to a typical calibration procedure
on a real radiometer. Hence, the quality of the design has been estimated by computing
the integral below the response curve over discrete spectral intervals (220-250 nm;
250-280 nm; 280-315 nm; 315-365 nm; 365-400 nm) and comparing the results with
the same integral computed below the respective nominal action spectrum. The response
curves have been also computed taking into consideration a cone angle of incidence
on the system. A 30° cone angle has been used for the computation and the integral
below the curve (over the whole spectral range 220—-400 nm) has been computed and
compared with the previous calculation. Finally, possible tolerances in layer thickness
have been evaluated by considering a possible deposition uncertainty of 1 nm. In fact,
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the materials required for the presented design can be easily deposited by means of
physical vapor deposition methods, such as electron-beam evaporation. In this kind of
technologies, a film thickness precision below 1 nm is easy to be obtained. Hence,
the integral below the response curves (over the whole spectral range 220-400 nm)
will be reported with an error that corresponds to the computation on the same design
with layers varied within 1 nm casually. In all the cases, the error is reported in percent.

4. Results and discussion

For each of the action curves selected, two possible designs have been considered, each
based on ZrO,/Si0, or ZrO,/MgF, materials couple. The filters designs have been de-
termined in order to match the target curves, as defined by Eq. (1). The number of lay-
ers and their thickness for each biological action spectrum related filter are reported
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Fig. 1. Layers thicknesses of the proposed filters designs. Erythema filter based on ZrO,/SiO, (a); erythema
filter based on ZrO,/MgF, (b); PPD filter based on ZrO,/SiO, (¢); PPD filter based on ZrO,/MgF, (d);
DNA damage filter based on ZrO,/SiO, (e); DNA damage filter based on ZrO,/MgF, (f).
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Fig. 2. Layers thicknesses of the proposed filters designs. VitD3 filter based on ZrO,/SiO, (a); VitD3
filter based on ZrO,/MgF, (b); conjunctivitis filter based on ZrO,/SiO, (¢); conjunctivitis filter based on
ZrO,/MgF, (d); keratities filter based on ZrO,/Si0O, (e); keratities filter based on ZrO,/MgF, (f).

in Figs. 1 and 2. In Figure 3 the response curve computed, at normal incidence, by tak-
ing into consideration the whole radiometer layout (UV diffuser, interferential filter,
UV detector) are reported.

The response curves have been arbitrarily normalized at the theoretical ones by
computing the integral below the curves of the whole spectrum of interest. Clearly ery-
thema, PPD, DNA and vitamin D3 (VitD3) action curves are very well matched, while
conjunctivitis and keratities action curves are well matched at shorter wavelength,
while not so at longer.

Table 1 reports the errors, expressed in percent, computed as illustrated in previous
section.

As it can be observed, the errors are below 5% in all the cases in which the compu-
tation is done over all the spectral range (case of cone angle and thickness tolerances).
Considering a limited spectral range, the errors spans from less than 1% up to 58%.
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The higher errors, up to 615%, correspond to the case of PPD in a spectral range where
the action curve is very low (250-315 nm). In this region, the proposed radiometer de-
signs give a very low response when compared with the one over 315400 nm. Hence,
these high errors do not reduce the high quality of the response over the whole spectral
range. In the Table, some data are not reported (indicated as n.d.), because the action
spectrum in these spectral ranges are not defined.

5. Conclusions

The design of different interference filters based on ZrO,/Si0, and ZrO,/MgF, mate-
rials couples have been presented. Such filters are coupled with a SiC photodiode and
a proper diffuser to realize a portable radiometer able to measure the effective irradi-
ance related to a selected biological action curve. Such instrument is able to perform
such measure with an accuracy that is not always possible to be achieved with a spectro-
radiometer, which usually has a limited dynamic ratio. Such radiometers can be useful
in those cases in which a fast but, at a same time, precise measure of effective irradiance
is needed.
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