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Figure 1.  The UV Spectrum.

NOTES 13

 ULTRAVIOLET RADIATION

1. The ultraviolet spectrum

The ultraviolet region of the electromagnetic
spectrum borders the ionizing region. It has been well
established that uv can initiate photobiochemical reac-
tions that are detrimental and therefore may pose a
hazard. As indicated in Fig.1, the uv region is taken as
extending in wavelength from 100 nm to 380 nm. The
high energy end of this region is 12.4 eV, just below the
hydrogen atom ionization potential.

The uv region is itself subdivided into regions.
Historically these were the far uv, with wavelengths
from 100 nm to 300 nm and the near region from 300
nm to 380 nm. Currently the spectrum is divided into
three regions. The longest wave length region is
designated A, extends from 315 nm to 380 nm and is
referred to as the black light region. The middle, or
erythemal region lies between 280 nm and 315 nm and
is designated B. Finally the highest energy region is the
germicidal region and encompasses the remaining part
of the spectrum between 100 nm and 280 nm.

Also indicated in the figure is the ozone
absorption range and the extent of the transmitted region capable of significant DNA damage. This effect is
further illustrated in Table 1 which lists the relative biological effectiveness of the radiation against wavelength.

Table 1. Biological Effectiveness

  Wavelength(nm)  RBE
260 1000
290   160
295      60
300     15
305      2.6
310      0.6
320      0.03

2. Description of interactions

The absorption interaction between a photon and a molecular system results in the transition from the
initial or ground state |o) to an excited state of energy ε ,|ε). The excited state will have an intrinsic life-time τ
for de-excitation to the ground state, the only path to be considered here. Associated with the lifetime is a level
width Γ = Sτ. The absorption cross section can be written
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where E is the photon energy. The integral of the cross-section over the resonance caused by the peaked
behaviour of the second factor in Equ(1) may be calculated as

mσ(ω)dω'4π2αω0*(ε*x*0)*2 (2)

Note that in equation (2) the variable ω = E/S is used in keeping with convention, α = e2/Sc is the fine structure
constant and ω0 = ε/S. This result derives from the fact that
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and is obtained under the approximation that the slowly varying first factor in Equ(1) can be set to the reduced
wavelength at resonance, c/ωo. It is customary to replace the dipole matrix element by the oscillator strength.

The latter is the ratio of  for the system under consideration to the value obtained if the system*(ε*x*0)*2

were a harmonic oscillator, S/2mω0 so that

fε
2mω0

S
*(ε*x*0)*2 (4)

and the integrated absorption becomes

mσ(ω)dω'4π2α@ S
2m

@fε (5)

The oscillator strength it will be recalled is the quantity which determines the mean ionization energy in charged
particle stopping. In that case however the final state is normally in the continuum whereas here the excited state
is assumed to be bound.

It should be pointed out that the time reversed process is also possible. If the atom is in the initial state
*g) in the presence of a photon field, then it will undergo a transition to the ground state induced by the field.
The time reversal of photon absorption is photon emission. The photon is emitted coherently with the field., and
the process is referred to as stimulated emission. It has the same cross section as the absorption cross section.
This process is not restricted to the uv region, and is much more common for lower energies. For uv energies
exceeding the ionization threshold, photoionization dominates, and  *g) is in the continuum.

In cases of photobiological interest, samples are commonly observed in solution and the absorption is
determined in terms of the molar extinction co-efficient. This quantity is analogous to µ for photons or 3 for
neutrons. The intensity of light transmitted through a cell of thickness t is given by

I(t)'I(0)@10&ε(λ)ct (6)

where  is the extinction coefficient at wavelength λ and c is the concentration in moles/liter. Noting thatε(λ)
the above is equivalent to an attenuation co-efficient of µ = ln(10)"εc, the relation

σ'ε@103ln(10)/NA'(3.8x10&21)ε (7)

is obtained where NA is Avogadro's number.
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Figure 2.  Napthalene (5 double
bonds).

3. The perimeter-free model

The electronic structure of the large organic molecules with which photons interact in photobiological
reactions is extremely complex. However a simplification may be used to advantage somewhat in the same
manner as for electrons in a solid. Many of the molecules are based upon ring structures involving double bonds
with carbon atoms. One of these consists of electrons in states traceable to the p states of carbon and the states
are accordingly referred to as π orbitals. The π electrons are delocalized and less strongly bound than the
electrons of σ orbitals which both make up the second member of double bonds and form the single bonds. In a
complex structure the delocalized π electrons may be approximated by states similar to those for conduction
electrons. In these states the electron is free to move in a circle of radius a and hence comprises a two-
dimensional system. In this approximation the energy is entirely due to kinetic energy of rotation for which the

moment of inertia is me a2 and the angular momentum operator is  so that the wave equation becomesiS@ d
dθ

&S2
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2
@ d
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'εψ (8)

The solutions must also satisfy the requirement that they are periodic with period 2π. These are 

ψ±q'
1
2π
@e ±iqθ (9)

corresponding to energy

ε±q'
S2q 2

2mea
2 (10)

where the magnitude of the quantum number q is restricted
to the integers 0,1,2,3,"""" to satisfy the condition of
periodicity. Note that all states except the ground state, for
which q = 0, are doubly degenerate. The number of single
particle levels up to q = n is 2n+1. These can accommodate
2(2n+1) electrons or the number of π electrons associated
with 2n+1 double bonds.

As indicated in Fig.2 for a compound with 2n+1=5 double
bonds, the ground state of the system consists of 2 electrons
in the q=0 level and 4 electrons in each of the levels with 1
# q # n. The level with q=n is referred to as the f level,
while the levels with q=n-1 and q=n+1 are referred to as e
and g levels respectively. If a total quantum number Q = 3qr 
is defined then since there are two electrons with q=m and
two with q=-m in level m if it is filled then Q=0 for each
filled level. Thus Q=0 for the ground state. The lowest 
electronic excitation of the system corresponds to the f3g
configuration in which one of the electrons in the f4

configuration is promoted to the g state, leaving a hole in the
f state. The energy of the first excited state is
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Figure 3.  Typical level system.

E1'εn%1&εn'
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To the approximations implied here there are eight degenerate configurations with energy E1. The g electron has
q=±(n+1) while the f hole has q=±n giving total quantum numbers of Q=±1 and Q=±(2n+1). The multi-electron
states are classified according to the value of Q according to Q=0,1,2 designated as A,B,C and Q = 2n,2n+1,2n+2
designated as K,L,M. States with positive Q bear subscript a while those of negative Q are designated b. The
ground state or f4 configuration is required to be the A state. The f3g configuration generates the four states Ba,Bb
and La,Lb. Moreover the total spin of the four electrons in the f3g configuration can be S=0 or S=1 corresponding
to the singlet or triplet states respectively. Since all states which are fully occupied have S=0 the ground state
must be singlet so the full designation is 1A. The eight states generated by the f3g configuration are therefore:
1Ba,3Ba,1Bb,3Bb,1La,3La,1Lb,3Lb.

These states are characterized by differing symmetries so that in the presence of interactions neglected in
the perimeter-free model the degeneracy is removed. The major effect is the influence of the ions forming the
rings which produce a potential splitting the states of different Q according to their spatial symmetry. 

A smaller but extremely important effect is the splitting between singlet and triplet states. The origin of
this splitting can be understood on the basis of the following qualitative argument. The total wave function for
any system consisting of two identical fermions must be
antisymmetric with respect to the exchange of the particle
co-ordinates. The spin wave functions are symmetric for the
triplet and antisymmetric for the singlet states. Then to
achieve overall antisymmetry requires the triplet state to have
an antisymmetric spatial wave function while the singlet state
must have a symmetric wave function. An antisymmetric
spatial wave function must vanish when the coordinates of
both particles are identical so that the probability for the
electrons in a triplet state to approach each other closely is
small. This implies the average separation between the
electrons in the triplet state is larger than for the singlet state.
In most cases, as for example for an isolated pair of electrons,
this will imply that the average mutual repulsion is lower in
the triplet state so that it will lie below the corresponding
singlet state.

As indicated in Fig.3 the phenomena of fluorescence
and phosphorescence may be understood in terms of the
simplified level diagram shown. Absorption of a photon in the
uv range results in electronic excitation according to 1A 6 1Ba
for example. In addition to the electronic excitation, the molecule is set into vibration by the energy in excess of
the energy of the 1Ba state relative to the 1A ground state. The photon transition is predominantly electric dipole
and links singlet states only. The molecule first deexcites vibrationally either through infrared radiation or energy
transfer through collisions. Fluorescent radiation results from the subsequent transition back to the 1A electronic
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ground state, again with the onset of vibrational excitation. The observation of such fluorescence is a powerful
analytical tool in modern biochemistry and biology. It is of course possible to quantify the presence of a
particular fluorescent molecule, or fluorophore. Fluorophores may also be used as labels.

A collision may also result in a spin flip transition 1Ba 6 3Ba. In this case, a situation reminiscent of an
electron trap in a solid occurs. The transion probability for the 3Ba 6 1A is extremely small so that this state has a
long lifetime and is metastable. De-excitation normally occurs by a second collision reversing the spin flip. In
this reverse transition however energy must also be transferred to the system equivalent to the singlet-triplet
splitting. The triplet state is highly reactive so that its formation is the usual doorway for the initiation of
photobiological effects. These considerations are not restricted to the uv region, but can apply to the optical
region as well. A very important consideration is the interaction between a chromophore in the triplet state with
the oxygen molecule. The ground state of the latter is a triplet state,(3Gg

-) while both the first excited state at 0.98
eV, (1∆g) and second state at 1.63 eV (1Gg

+) are singlets. A chromophore excited to its triplet state can exchange
energy with a nearby O2 molecule provided the energy is sufficient, leaving the oxygen in a singlet state. The
latter is highly reactive. In a sense this is a bit like an indirect effect for ionizing radiation in which highly
reactive hydroxyl radicals are created for example. The chromophore-oxygen coupling is used in photodynamic
therapy.

4. Solar Exposure

The exposure parameter for untraviolet light is the spectral irradiance, which it may be recalled is
essentially the product of the photon energy with the planar fluence, assuming only one side of the plane has a
field.  Formally it can be written

In Eqn(12) α is the angle between the earth’s normal and the sun’s rays, and hence vanishes at solar noon. The
quantity   is the solar irradiance incident upon the earth’s atmosphere at α=0. The exponential factor accountsEλ0
for interactions through the earth’s atmosphere, and B(λ,α) is a build up factor. The attenuation factor can be
decomposed to a good approximation as 

where the first term corresponds to absorption in the ozone layer of thickness  and the second to scattering in thed0
rest of the earth’s atmosphere.  At ground level the build up factor is roughly a factor of 2, ie 50% of the radiation
is direct. The angle α depends upon latitude, the day of the year and the hour of the day. It is given by

where  φ is the geographical latitude,  β is the solar angle (15o per hour after the solar noon) and δ is the solar
declination which satisfies,
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sinδ'sinδmaxsin[2π(d&dVE)/365] (15)

In the above equation,  is the maximum declination, 23.4o.  δmax

The irradiance decreases sharply for wave lengths less than 320 nm. Exposure is dependent on cloud cover
and through reflectivity on surface conditions. It increases at a rate of about 4% for each 300m of altitude.


