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1. The difference between fluence rate and Irradiance

In common conversations, the terms fluence rate and irradiance are often used interchangeably.
Reasons for this are that the unit of measure is the same - mW/cm2, and there are essentially no fluence
rate meters in the market. Moreover, when measurements of virus or bacteria reductions are
performed, the beam characteristic is typically reduced to an almost parallel beam and the sample is
placed perpendicular to the beam (sometime called collimated beam). In such cases, the fluence rate is
equal to the irradiance.

In UV-C air cleaning applications the situation becomes much more complicated, since an entire room
may be irradiated in a way where every part of the volume receives different amounts of photons,
potentially from all kind of directions. In such cases, the Average Fluence Rate of the entire volume
becomes an essential parameter.

Moreover, the same average fluence rate is also an essential parameter for the generation of ozone by
222nm and photochemical reactions.

This article explains the important differences between irradiance and fluence rate and gives advice how
to estimate average fluence rate in a room.

2. What is common between Irradiance and Fluence Rate?

The common part of both terms is that it describes the power (also flux, fluence) in Watt (or photons/
second) through an Area in m2. So, the measurement unit is Watt/m?2. The difference is how the Area is
defined.

3. Irradiance

The most familiar term used is irradiance [1]. Irradiance is relatively easy to measure, since there are
calibrated radiometers available in the market, and modeling of irradiance in computer programs is well
established, since it is the same as in visible lighting (where it is called illuminance).

When talking about irradiance the most important part to understand is that irradiance is tied to a flat
SURFACE (area)!

The surface always has an orientation in space and therefore ONE direction (the “normal vector”). In
practice there are 2 “standard” directions.

One is the horizontal irradiance, where the surface is horizontal, parallel to the floor, and the vector
pointing UP.

The other one is vertical irradiation where the surface is vertical, parallel to a wall, and the vector is
pointing horizontal. In a room that means there can be multiple planes (parallel to walls) for vertical
irradiance.



The radiometer head is pointing in the direction of the “normal
vector”, so horizontal irradiance is measured with the detector
pointing UP (where the lights are).

Since irradiance is tied to a surface, this has implications when the
incoming photons cross the surface under an angle.

To make thing easier, let’s first consider a parallel beam Fig. 1.

All photons (power) will go through the area A.
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Where ¢ is the angle of the tilt from the normal vector of the beam.

Therefore, the measured or calculated irradiance perpendicular to surface A becomes
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irradiance terms it looks like this:
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It must be noted that irradiance meters (radiometers)
have this cosine dependency built in, where it is called
“cosine correction”. However, since it is very difficult to
match an exact cosine response, all meters have certain
cosine errors, especially at high (steep) angles.

We have to get a little further how irradiance is derived
from radiant intensity | (measured in mW/sr). See Figure 2.

Radiant intensity is reported in so called *.ies files and
presents the angular light distribution of a light source
(fixture) in Watt/sr and is being used in all simulation
programs. It is basically measured by moving a detector
around a light at a constant distance at many angles (to
describe the light in relation to a full sphere surface). With
this information one can calculate irradiance at any
distance and angle from the light source.

A fundamental principle in photon (or any radiation)
distribution is the so called “inverse square law”. In
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Where R is the distance from the light source to
the surface. What that means is that irradiance
(and fluence rate) decreases with the square of
the distance. So, you double the distance, the
‘ irradiance will be %. The way it is written, the
| formula only applies when the detector is
[0) | E, =———*cos(¢ )? perpendicular to the light (cos(®)=1).
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When moving the detector area away from the

RO A 712 center of the light source (so, the center distance

Ay =T Rostays the same) Fig. 2, and the receiver is
cos(d) positioned flat (aka horizontal), R is:
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And taking the cosine correction into account the irradiation becomes:
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Note that the irradiation changes with the 3™ power of the cosine!
4. Fluence rate

Fluence rate, or spherical irradiance, is defined on the surface of a sphere [2]. That means the irradiance
has no direction (and therefore no angle dependency). Another way to see this is that photons from all
directions going through the sphere are counted equally. This is important in any volume related
reactions like air disinfection, chemistry and water disinfection where the particles are not fixed to a
surface.

h Since the inverse square law still applies (1/R?) the fluence rate can be

\4'/‘ calculated:

I
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Note that according to IEC the correct designation for fluence rate is
-~ Eo (where the “0” is not a “0”!) [2]

A= r?=A
; «— ®  From the formulas above it is clear that the difference between

fluence rate and irradiance is cos(®). That also means that irradiance
and fluence rate are ONLY the same when the cos(®)=1, meaning
when the irradiance detector is pointing straight to the light source.
If there are multiple light sources, irradiance detectors are likely not being useable to measure fluence
rate.




Unfortunately, there are currently no fluence rate meters available in the market (that | am aware of)!
At the same time, for various applications, fluence rate is a fundamental input parameter!

5. Average irradiance and average fluence rate

Many applications use fairly large irradiation areas or volumes. Since most photo-reactions or pathogen
responses are linear (or linearized through logarithm), depending on the photon flux, it is common to
calculate (or model) the average of irradiance or fluence rate.

For irradiance that would be on a (typically horizontal) plane. In volumes, one will calculate the average
fluence rate.

For irradiance, one would typically setup an equidistance grid across a room at a certain height and
measure the irradiance at each grid point. It is very important to also measure at points directly under
the lights (since one would expect the highest irradiance there). Then one sums all irradiances and
divides by the number of measurements to get the average. Keep in mind that since we measure
irradiance, the detector must always point in the same direction (typically towards the ceiling) and must
not be tilted towards the light source.

It should be noted that average irradiance is of minor use. Typically, one is more interested in the peak
irradiance, e.g. for photobiological (ACGIH) safety. Sometimes, (e.g. for surface disinfection), average,
maximum, and minimum irradiance on a surface can provide useful information of the uniformity of
irradiation.

As mentioned above, currently there are no dedicated fluence rate measurement devices in the market.
So, how can one come up with a reasonable average fluence rate for a room?
a. Measuring fluence rate with irradiance meter

As we have seen above, the irradiance is equal to the fluence rate if the incidence angle is zero.
Therefore one will measure fluence rate when tilting the detector towards the light source. If there is
only one light source that can be straight forward. One would basically use a similar grid as being used
for irradiance measurements, and tilt the detector in each point towards the light source (or until one
gets the highest value). That will have to be repeated at various, equal distance heights, and then
calculate the average of all measurements. It can get a bit challenging to count the “dark” areas of the
room (e.g. above a fixture) into the average correctly. Also, if highly reflective surface are used, the
errors could become substantial. For multiple light sources, there is no simple way, unless one turns all
but one lamp off, and measures each lamp separately and then sums up each grid point and averages
all. The amount of measurements to be taken can quickly exceed a reasonable amount (imagine a 10x10
grid at 10 heights = 1000 measurements, and multiply that with the amount of lamps; and, a 10x10 grid
would only get a very rough measurement...)

b. Modeling fluence rate

There is lighting design software available that is able to calculate the fluence rate (sometimes called
spherical irradiance) on a plane. By defining multiple planes at different heights (between floor and
ceiling) and then calculating the average fluence rate of each plane, and then taking the average of



those, one can get the average fluence rate of the volume. More special software (e.g. Visual from
Acuity) has features built in to calculate this volume average fluence rate in one step.

It must be noted that this method has limitations and relies on the accuracy of the lighting model of the

light source and the room (especially wall reflectivity and obstructions). There are also limitations in that
the typical algorithms rely on a 1/d? relationship, which is certainly not true if the distance to the source
is less than approximately 5 x the size of the source.

Obviously, the light source model will have flaws. One can likely assume that the angular distribution is
described correctly, however there will very likely be discrepancies in power output and potentially
variations in spectral distribution depending on angle.

One can likely compensate for some model errors by comparing an actual irradiance measurement
(preferably perpendicular to the light) with model output and adjust the model (power) or just multiply
the model results with the ratio of measured to modeled irradiance in one point.

Since the same model can also be used to model photobiological safety (ACGIH), which requires a
maximum irradiance at 1.80m height (UL8802 at 1.90m), one can use that (peak) measurement to
“calibrate” the fluence rate of the model.

c. Actinometric and other methods

Although these methods are very likely to provide accurate values of average fluence rate, they are
currently limited to very specialized labs with expensive equipment, and are currently of minor practical
use for general measurements.

6. Summary
Remember:

¢ Irradiance is tied to a plane and has a direction! Do not tilt the detector to the light when
measuring at angles!

o If you measure irradiance at steep angles (>45 degrees), check the cosine correction of
your meter. If the cosine error is large you may measure much to low values.

o Report the measurements as Irradiance E. in W/m? or another equivalent unit (e.g.
mW/cm?) and always list the distance of the plane to a reference point (e.g. floor, or
light source)

e Fluence rate is tied to a spherical surface and takes light from ALL directions into account.

o If you measure with an irradiance meter and tilt it towards the source — call it fluence
rate

o Measurements of fluence rate (with irradiance meters) involving multiple light sources
can be very unreliable

o Report measurements as fluence rate E, in W/m? or another equivalent unit (e.g.
mW/cm?) and always list the distance of the plane to a reference point (e.g. floor, or
light source)

e Average fluence rate or irradiance



o Make sure to mention the “average”
o Describe how the average was determined
VI AN}

e Note: “intensity”, “brightness” are not defined scientific terms and should not be used in
scientific reports
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