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From Sun to Therapeutic wiRA 2

W. Miiller, H. Piazena, and Peter Vaupel

2.1 Introduction

Everybody realizes intuitively that “sunshine” can be beneficial and invigorating.
This also applies to animals and plants. There are first indications that the radiation
of the sun was used for therapy and wellness since 1400 B.C. [1]. “Heliotherapy” is
one of the oldest treatments humans have intentionally applied for disease preven-
tion and health improvement. The role of the sun for all life on Earth has been rec-
ognized at a very early stage. In almost all cultures, people have developed sun
cults, which are supposed to be an intuitive appreciation of the importance of the
sun. There are profound reasons for this. As part of the solar system, Earth arose
after the sun and was always exposed to the solar radiation. As a consequence, what-
ever happened on Earth took place under the influence of the sun.

Assuming that primeval forms of life arose in water, water was at the same time
the element for chemical reactions, and a means of transport for dissolved sub-
stances, and environment. Energy available in the radiation of the sun probably
acted as a stimulating factor. Fossils in stromatolites of the primeval seas of the
archaean verify that cyanobacteria have performed photosynthesis with the aid of
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the solar radiation billions of years ago [2]. In order to get a better understanding
about the nature of this radiation, it is mandatory to have a closer look at how it is
produced.

2.2  Generation of the Electromagnetic Radiation in the Sun

The huge amount of energy emitted by the sun is generated by nuclear fusion. The
temperature in the core of the sun is about 15 x 10° K, as indicated in Fig. 2.1a. The
kinetic energy of atomic particles in this core is correspondingly high. Under these
conditions and with the aid of the tunnel effect, by which a particle can pass through
a potential energy barrier that is higher than its own energy and can overcome
mutual repulsions, hydrogen is fused into helium in a multistep process as shown in
Fig. 2.1b.

The cycle starts with the collision of two protons to form a deuteron (deuterium
nucleus) with the simultaneous creation of a positron and a neutrino. When the posi-
tron encounters a free electron, both particles annihilate. Their mass energy is con-
verted into two y-photons (y-rays) with high energy, according to Einstein’s law:

E=Am-¢’ 2.1)

where Am = mass loss in the nuclear fusion, and ¢ = phase velocity of light.

When the deuteron collides with a proton, a helium nucleus is created together
with a y-photon.

The overall equation is as follows:

4'H+2e —*He+2v +6y (2.2)
and the energy emitted into the space amounts to AE = 26.2 MeV [4].

2.2.1 The Extra-Terrestrial Solar Spectrum

On its way to the photosphere (see Fig. 2.1a), observable from Earth as the surface of
the sun, every y-photon has its own individual fate. In nearly all cases, it loses energy
because of interactions with other atomic particles before it is emitted into the space.
Absorptions and re-emissions take place. Photons are also scattered within short dis-
tances, and a continuous spectrum of photons, related to their energies, is created. This
spectrum of electromagnetic waves can be expressed according to Max Planck’s law
which connects the energy of a photon with the frequency and the wavelength of an
electromagnetic wave, respectively (wave-particle-duality):

c
E=hv=h— 2.3
) (2.3)

where E = energy, ¢ = velocity of the light, A = wavelength, 7 = Planck’s constant,
and v = frequency.
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Fig. 2.1 (a) Internal structure of the sun. The radius numbers show the distance from the center related
to the total sun radius of about 700,000 km. The way of the y-photons (y-rays) from the core to the surface
and the decrease of their number is indicated by white zigzag lines (permission granted by Dr. Margarita
Metaxa) [3]. (b) Multistep process of the nuclear fusion, in which hydrogen is burned into helium
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In this spectrum, the proportion of the y-photons is small as expected. Photons
with less energy cover a wide range, which extends from 107! m to 10® m (see
Fig. 2.2). For historical reasons, this spectrum has been arbitrarily subdivided into
regions (ranges) based on different wavelengths [5].

This extra-terrestrial solar spectrum has a characteristic shape (see Fig. 2.3,
curve 2) and has a maximum at 500 nm (blue-green light). The spectrum is super-
imposed by emission and absorption lines (Fraunhofer lines) that are mainly caused
by gases in the photosphere of the sun at temperatures of about 5800 K. It can be
approximated by a black body spectrum at 6000 K and can, therefore, be described
mathematically with Planck’s radiation law.

Planck’s radiation law describes the spectral radiant exitance of electromagnetic
radiation emitted by a black body in thermal equilibrium at a given temperature
T. In the following form, it mathematically describes the differential spectral radiant
exitance of an area A [7]:
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Fig. 2.2 The spectrum of electromagnetic waves emitted from the sun, subdivided into spectral
regions. Author: Philip Ronan. Permission granted under the terms of the GNU Free Documentation
Licence [5]
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av, =2 1 g e
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where dM, = differential radiant exitance in the wavelength interval di, ¢ =
2.9979-10% ms~! (vacuum velocity of the light), & = 6.6256-1073* Ws? (Planck con-
stant), and k = 1.38054-1072% JK~! (Boltzmann constant).

Other formulas can be derived from this theoretical superstructure. By differen-
tiation, Wien’s displacement law is obtained (first described by Wilhelm Wien, inde-
pendent of Max Planck):

A == (2.5)

where 4,,.,= wavelength of the maximal spectral exitance of a black body, and b =
2897.8 pmK (Wien’s displacement constant).

Equation (2.5) shows the inverse relationship between the wavelength of the
emission maxima and the temperature. At higher temperatures, the maxima are
shifted to smaller wavelengths (see Fig. 2.4).

By integration, the Stefan—Boltzmann law can be derived, describing the power
radiated from a black body as a function of its temperature (earlier deduced by Josef
Stefan and Ludwig Boltzmann):
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Fig. 2.4 Characteristic radiation curves of a black body at different temperatures covered by
Planck’s radiation law
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M=cT* (2.6)
where M = radiant exitance, ¢ = 5.67032:10~® Wm~2 K~ (Stefan—-Boltzmann con-
stant), and 7 = absolute temperature [K].

2.2.2 The Terrestrial Solar Spectrum

Before radiation from the sun reaches Earth, it must pass the terrestrial atmosphere.
The solar spectrum on Earth exhibits strong absorption lines and bands indicat-
ing interactions of the radiation with gases in the atmosphere (see Fig. 2.3, curve 3).
As soon as water was on Earth, it was also in the atmosphere, mainly as water
vapor. The first forms of life in water that were developed during evolution were
exposed to solar radiation which was filtered through the water which was con-
tained in the atmosphere and in their environment.

When the first living creatures colonized the land from sea, filtering by their origi-
nal habitat was lost and they became continuously exposed to the solar radiation
which was water-filtered in the atmosphere. Besides atmospheric ozone which
absorbs short-wavelength UV radiation, and carbon dioxide which is responsible for
thermal buffering in the atmosphere, the water in the atmosphere protects life from
overheating by IR-B and IR-C and thereby provides suitable thermal conditions on
Earth. Water-filtered IR-A has therefore influenced life during evolution until today.

2.3 The Generation of Absorption Lines and Bands (Water
Bands) in the Terrestrial Spectrum, Interaction Between
Water Molecules, and Electromagnetic
Radiation (Photons)

2.3.1 Structure of the Water Molecule and Hydrogen Bonding

Decisive for the interaction between water molecules and photons is the structure of
the water molecule. It consists of two hydrogen molecules and one oxygen mole-
cule forming a triangle (see Fig. 2.5a).

Since the negative electrical charge of an oxygen atom is greater than the positive
charge of a hydrogen atom, the electrons of the covalent bonds are drawn to the
oxygen molecule. The center of both positive charges is spatially separated from the
center of the negative charge, thereby creating a dipole. This dipole can take up
energy from an electromagnetic field, and since covalent bonds have a certain
amount of elasticity, the energy is converted into kinetic energy, e.g., in the form of
vibrations along the binding arms and in rotations (see below).

Another property of the dipole character allows water molecules to interact with
each other. The more positive part (H) approaches the more negative part (O) of a
molecule in the neighborhood to create a hydrogen bond [9]. In this way, molecular
spatial clusters are formed, and the individual molecules are restricted in their
movement (see Fig. 2.5b, c).
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Fig. 2.5 Structure of the water molecule: (a) ball and stick model, with the angle between the
atoms causing the dipole character of the molecule, (b) hydrogen bonds (Author: Benjah-bmm?27,
public domain [8]), and (c¢) water clusters, discrete hydrogen-bonded assemblies of water mole-
cules. Author: Raimund Apfelbach, public domain [9]

2.3.2 Vibrations of the Water Molecule

2.3.2.1 Fundamental Vibrations

The freely movable water molecule (in water vapor) can vibrate in three basic ways:
symmetrical stretching, asymmetrical stretching, and bending (see Fig. 2.6).
Transitions from the lowest possible energy state of the molecules to the first excited
state in these different vibrational modes are indicated by vy, v, and v;. Energy
required for excitations is supplied - in quanta - by photons, usually expressed in
wavelengths [10].

The excited states are characterized by quantum numbers n. n = 0 describes the
ground state, n = 1 the first excited state, etc. (see Fig. 2.6). The wavelengths related
to the basic stretch vibrations are in the infrared-B (IR-B) range (1.4-3.0 pm), and
the wavelength for bending is in the IR-C range (3—1000 pm). The energy for transi-
tions from the ground state into higher excited states with, for example, two or three
times the basic frequency, is taken from photons with smaller wavelengths and can
cause absorption lines up into the red region of the visible spectrum (see Fig. 2.7) [10].

According to quantum physics, the higher the step of excitation, the lower the
probability that it will occur and the lower the expression of the absorption line.
This explains why in the terrestrial solar spectrum the most pronounced absorption
bands are in the IR-A range.

2.3.2.2 Combination Vibrations

Vibrations can be composed of basic vibrations like v; + v, or v; + v, + v; Or
2 v3 + lv,. The corresponding energies are added, the absorption lines are shifted to
smaller wavelengths. This kind of vibration, called combination vibration, provides
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Fig. 2.7 Shift of the basic absorption lines after different steps of excitation

numerous combination possibilities. Combination bands are observed when more
than two or more fundamental vibrations are excited simultaneously. Their energies
can be close together to form pronounced absorption bands. They are marked by the
quantum numbers related to the kinds of vibration (v,,1,,v3)— (2,1,0) [11, 12].

2.3.2.3 Rotations

In addition to basic vibrations, rotations can increase the kinetic energy of the water
molecule. There are three independent axes of rotation, which all go through the
center of gravity close to the oxygen atom (see Fig. 2.8).

The rotation around each of these axes has its own moment of inertia (distribu-
tion of the mass related to the axis of rotation). Consequently, the rotational spec-
trum has no obvious structure. Since the moments of inertia on rotation are very
small, the energies required for excitations are correspondingly small and the
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Fig. 2.8 Axes of rotation of the water molecule [13], and the different kinds of rotation related to
these axes, with different moments of inertia

absorption lines are in the IR-B and IR-C range, in the microwave range, and in the
range of radio waves. In liquid water, the movements of the molecules are consider-
ably restricted by hydrogen bonds. Stretch vibrations require less energy, and rota-
tions are reduced to librations [14, 15], i.e., the molecules no longer rotate, but only
oscillate around their axis of rotation: They rotate back and forth. The absorption
lines are shifted to longer wavelengths.

Basically, in liquid water each molecule is influenced by its surrounding matrix
and creates its own absorption behavior related to the environment in which it is
currently located. Summation of all single absorption lines results in a more or less
broad absorption band.

The most important conclusions from these processes are as follows: (a) The energy
absorbed by water molecules of solar radiation is exclusively converted into kinetic
energy that means into heat; since the water content of soft tissues varies between
30-85% [16], water is the key chromophore/absorber for hyperthermia; (b) the water
content in the tissue allows for detection of locally growing superficial tumors (sur-
rounded by normal tissue) by temperature measurements (e.g., with an IR-camera),
because most tumors contain 2-3 times more (interstitial) water than normal tissues
[17] and, therefore, can “preferentially” be heated; (c) for thermal therapy (syn. thermo-
therapy), the water bands are decisive. Before radiation hits the skin, the number of
photons within these bands must be reduced. If this would not occur, high irradiation in
these bands would preferentially heat up upper tissue layers, which could result in non-
tolerable heat-induced pain and thereby prevent effective heating of deeper tissue lay-
ers. Water-filtered radiation thus reduces the risk of overheating body surfaces and
allows for deeper penetration of the rest of the spectrum into the tissue.

In fair skin and underlying tissues, the absorption coefficients of the main chro-
mophores (absorbers) have relative minima in the region between about 600 nm and
1300 nm (visible light and IR-A) (see Fig. 2.9). In this region, called the optical
window, two effects come together: reduction of the irradiation in the water bands,
mainly in the IR-A region and absorption minima of other absorbers. Therefore, the
IR-A region is most important for tissue heating.

24  Generating Therapeutic wiIRA

The generation of therapeutic wIRA requires an electromagnetic spectrum, which
aligns with the most important characteristics of the terrestrial solar spectrum:
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1. The spectrum should be continuous, similar to the spectrum of a black body.
2. Its maximum should be in the IR-A region.

3. The radiation has to be water-filtered.

4. The radiation power should be higher than that of the sun.

Among all radiation sources, filament lamps best fulfill these criteria, especially
halogen lamps. Therefore, in the wIRA-radiator, a 750 W halogen lamp is installed
with a correlated color temperature CCT of about 2900 K (see Fig. 2.13a). According
to Wien’s displacement law, the maximum is at around 1082 nm, approximately in
the middle of the IR-A region, as needed (see Fig. 2.10a).

A 7-mm-thick water layer in a hermetically sealed cuvette is used to “water fil-
ter” the spectrum. This thickness is an empirical compromise between the need to
decrease irradiance within the water absorption bands and achieve the irradiance
outside these bands, which is required for therapy.

2,5 Comparison Between Therapeutic wiRA
and the Terrestrial Solar Spectrum

There is a great congruence between therapeutic wIRA and the terrestrial solar
spectrum (see Fig. 2.11). The small shift of absorption bands to longer wavelengths
because of hydrogen bonding is not relevant. The much higher spectral irradiance of
wIRA in the IR-A than that of the solar spectrum enables adaptations to specific
therapeutic needs as required.

As mentioned above, the water bands are more strongly expressed in the IR-A
range due to the higher probability for lower step excitations of the water molecules
requiring energy from the IR-A. The absorption lines in the visual part of the spec-
trum are only slightly pronounced. In principle, they can increase tissue heating, but
their contribution, related to those of the bands in the IR-A, is small and can, there-
fore, be neglected.
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Fig.2.10 (a) Curve 1: spectral irradiance of the 750 W halogen lamp (unfiltered), curve 2: spec-
tral irradiance of the lamp after passing through a 7-mm water filter. (b) Comparison of spectra of
solar terrestrial irradiance and absorption by water showing that the most significant areas of over-

lap occur in the region of 800—-1300 nm, reducing the irradiance of solar radiation [19]
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Fig.2.11 Spectral irradiance of the water-filtered halogen lamp and of the terrestial midday sun
in comparison. The shift of the absorption bands to longer wavelengths because of hydrogen bond-
ing is obvious. Vertical red lines indicate the wavelengths of the absorption bands in the solar
spectrum, and vertical blue lines indicate those of the halogen radiation filtered by liquid water
[11]. It must be considered that additional substances in the atmosphere can influence shape and
position of the absorption bands in the terrestrial spectrum
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A cut-off filter (type RG 780) is used for pure wIRA irradiation (see Fig. 2.12).
If a part of the visible irradiation is desired (e.g., for easy visual control of radiator
function and marking of treatment fields. Note: Pure IR-A is not visible!), a cut-off
filter (type BTE 595) is recommended (see Fig. 2.12).



2 From Sun to Therapeutic wiRA 29

2.6 The wiRA Radiator

The wIRA radiator (type Hydrosun 750, Hydrosun, Miillheim/Baden, Germany) is
schematically shown in Fig. 2.13a. In this wIRA radiator, the halogen lamp is placed
in the focal point of a concave mirror collimating most of the radiation. The filter
bracket acts as a diaphragm. Because the lamp filament is not a point radiation
source and reflection of the concave mirror does not completely create a parallel
beam, the main radiation is somewhat divergent (see Fig. 2.13b).
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Fig. 2.13 (a) Scheme (cross-section) of the Hydrosun wIRA radiator (type Hydrosun 750,
Hydrosun Medizintechnik, Miillheim/Baden, Germany). Courtesy of Hydrosun Medizintechnik,
Miillheim/Baden, Germany), (b) collimation of radiation by a concave mirror inside the irradiator.
Author: Synkizz. Permission by creative-commons-license 3.0 [20]
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2.6.1 Characteristics of Therapeutically Applied
wliRA Irradiation

2.6.1.1 Setting the Desired Irradiance

Depending on the therapeutic effect to be achieved, irradiance can be adapted by
varying the distance between the wIRA radiator exit and the target area (patient). In
this way, the spectrum is not altered. Varying the power supply of the lamp instead
would influence the emitted spectrum according to Wien’s displacement law
(Fig. 2.14).

2.6.1.2 Homogeneity of wiRA

To avoid heterogeneous heating of the target area, the homogeneity of the irradia-
tion has to be monitored. As shown in Fig. 2.15, the size of the homogeneously
irradiated area depends on the distance between radiator exit and target. Even in the
case of two combined radiators, the homogeneity in a considerably enlarged treat-
ment field is sufficient, despite the overlap (Fig. 2.15b).

2.6.1.3 Combination of Two wiRA Radiators

In cases of large-sized lesions, combining two wWIRA radiators enlarges the treat-
ment field considerably (see Fig. 2.15b). The optimal distance between the two
radiators can be assessed by real-time thermography. In addition, they can be
adjusted in different angles according to individual requirements of the treat-
ment field.
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2.7 Conclusions

Compared to other IR radiations used for thermo-therapy such as IR-C radiation,
wIRA is approximated (up to a high degree) to the natural IR-A radiation of the sun,
filtered by the water vapor in the atmosphere. Humans are adapted to this radiation
during evolution. wIRA can be applied contact-free and thus also to ulcerated
lesions without any discomfort for patients. Combining wIRA with a part of the
visible spectrum clearly indicates the irradiated target field without influencing
heating and allows for real-time temperature monitoring in the treatment field; this
is unique in the hyperthermia field. The water bands in the spectrum reduce the risk
of thermal skin damage yet supply sufficient energy for effective tissue heating
(3943 °C) up to tissue depths of 26 mm [22].
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