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Throughout the country, and around the world, we are facing a pandemic from SARS-COV-2 infections. At
the same time, many health professionals, and others who are involved in public safety, are facing a drastic
shortage in available Personal Protective Equipment (PPE) such as N95 face masks and surgical masks. In
this moment of difficulty, many groups around the country and throughout the world are attempting to find
emergency backup measures to extend the life of their PPE. We are involved in one such regional effort.
One option being used is irradiating filtration masks with UV-C (254 nm) light for deactivating viral loads
for potential reuse (subject to fit and form following irradiation), such as that outlined in a procedure used
Nebraska Med [1]. The Nebraska Med procedure looked at two doses at the mask sites: a) total exposure
doses of 180 to 240 mJ/cm? and b) total exposure doses of 900 to 1200 mJ/cm?, both (a) and (b) a sum of
intensities in each direction. In both cases, the total exposure is the sum of the exposure at the surface of a
mask as determined by use of a detector that has a different response to UV light that comes in from varying
directions. This response peaks when the light comes in perpendicular to the surface of the detector, and
follows a response curve which decreases with increasing angle, not far from a cosine curve. Another group,
a consortium of scientists (N95DECON.org) has recently come out with guidelines for mask irradiation by
analyzing many sources and recommending a surface exposure of >1 J/cm? [2]. A very detailed study on
issues associated with processing masks for reuse was performed in 2019 by Applied Research Associates,
with a final report in 2020 [3]. While detailed, all of these are plagued by the question of what a “cumulative
exposure dose” is, as the UV detection is not specific to direction or detailed at specific mask locations.
Some studies look at light from one direction, and some look at light coming in to the mask surface at a
variety of directions, without a breakdown by direction of light. Studies that have light incident on masks
from both sides assume the sum of the dose on the front side and the dose on the back side, as measured by a
detector that includes light from all angles with different weighting functions, is the “dose” the mask
experiences.

The situation is complicated by three competing factors:

a) the light intensity at the surface of the mask can be higher than the detector indicates, but is determined by
the angles at which the light actually comes in to the detector,

b) the fact that light coming in at an angle to a mask surface that is transmitted has a longer path length
through the mask, and

c) the light coming in at an angle to a mask surface may reflect off a mask layer may vary as a function of
that angle.

On the second point we have determined approximate transmission coefficients through a filter layer as a
function of angle, but do not have enough information, with appropriate precision on reflection coefficients.
So, for example, light coming in at 30 degrees away from the perpendicular to the mask surface would be



measured by the detector as about cos(30°) = 0.866 of the actual intensity, but the path length through the
material is longer by a factor of (1/cos(30°)) = 1.155. Our experiments indicate that the transmission for
light incident at an angle through the primary filter layers varies by a factor between a cos(8) response and a
more minor reduction. The studies in the literature about whole mask exposure to UV-C for reuse do not
account for the case where light comes in at an angle, and the general response is to increase exposure times,
and therefore exposure doses, in an attempt to blast enough light through to take care of all such problems.
This has several effects, one of which is that it becomes difficult to compare studies done on required
exposure for any given mask, and another is that it leads to decreases in throughput as well as decreases in
useable lifetime, from form and fit perspectives, due to unnecessary overexposure of the mask.

The important piece of information to know is what the UV-C intensity is inside the mask at the filter layers
where the viral load would accumulate. To determine this, we also need to look at the way light responds to
any mask layer. Light comes in at some incident angle to a mask layer and the light beam is subject to the
following effects:



sections. It is clear that a better understanding of the response of individual masks needs to look at the
construction of the layers, and how a surface dose, controlled for angular incidence of light corresponds to a
dose inside the mask, including both the transmission and reflection at the various layers.

When considering any variation on procedures to deactivate viruses in masks using UV-C light, it is
necessary to know how long to expose any mask to a given intensity of UV-C light to achieve that result. If
the dose is too small, the virus will not be deactivated. If the dose is too large it both slows down the process
of getting the masks prepared for reuse and risks making some mask elements too brittle to be reused. While
there are almost no published results on what level of UV-C exposure renders SARS-COV-2 inactive at the
time of this writing,



this initial paper we get estimates that have an uncertainty of about 15%, but this uncertainty is often smaller
than the spatial variations. Precise measurements will be published in a later paper, but this level of
uncertainty pales in comparison to the small-scale (3.6 mm diameter spot size) variations in the response of
the mask fabrics themselves. The Tocon-ABCE6 is capable of measuring a factor of 10,000 in intensity, from
1.8 mW/cm? down to 180 nW/cm? and the Tocon-ABC5 measures intensities from 0.18 mW/cm? down to 18
nW/cm?2. The voltage output is directly proportional to the light intensity measured. The detectors hav



the mask at point c is higher than the sum of lc. and Icr due to the internal reflections. The uncertainties for
the two directions, due to spatial variations, are combined in the usual way (see addendum). Thus the total
intensity for equal bidirectional sources, in the absence of reflections from the various layers, for a mask with
5 layers is









The first thing to note is that the transmitted fraction after the last layer correlates well with that measured
through the whole mask, which is excellent support that we have calculated and measured things correctly.






One of the most interesting things to note in Table 4 is the large variation in minimum internal UV-C



depending on the distribution of light from multiple reflections of the source, the results can be
counterintuitive, and requiring measurement to determine. This was a simple model, and the reality can be
more complex, but dividing the hemisphere of light coming in to a mask location into 15 to 20 degree cones
can make it easy to determine the minimum intensity hitting a mask relative to what is measured at the
detector.

Without multiple reflections off the walls, ceiling, and for some rooms the floor as well, and with
bidirectional UV-C light only coming straight ahead toward the center of the mask, the transmission of the
light through the sidewalls of a Halyard Fluidshield or 3M 1870 would result in a dose at those locations that
is %2 of what it is at the center. This would require slightly more than doubling the dose over what is
measured by detectors at the center position of those masks, and listed in Table 2, whereas the 3M 1860
would require slightly less than double the dose. A room with high reflectivity from all surfaces could end up
needing no more of a dose than what is measured by the detector, depending on the angular distribution of
light intensity.

In the previous studies of appropriate doses to render viruses inactive, the effect of transmission through
individual mask types, and the effect of the angular distribution of light at the mask is not monitored, giving
an unnecessarily high value of cumulative UV-C dose for virus eradication, as it often comes down to a
worst-mask scenario. For the masks listed in Table 1 (except the 3M 1860) and any mask with a whole mask
transmitted fraction greater than .003, all are likely to have at least a 4 log reduction in virus load with
bidirectional sources of UV-C intensity in a room with reflective surfaces where the cumulative dose as
measured by a detector at the mask locations is a total of 500 mJ/cm? or less (250 mJ/cm? for each direction
at the surface of the mask). As this is an estimate, it has at least a factor of two safety margin over the
expected total dose necessary. A mask like the 3M 1860 would need a cumulative dose as measured by a
detector estimated around 1.3 J/cm?. Masks irradiated with light that is only coming directly from the two
sources, with no reflective walls, ceiling, or floor would require twice that amount, except for the 3M 1860
as the minimum intensity inside that mask is dominated by light from one direction. For this latter case that
would be a total dose of 1.0 J/cm? for most masks, and 1.3 J/cm? for the 3M 1860. As one of the main
problems for reuse after deactivation is the effect of large doses on form and fit, these guidelines coupled
with a well-designed reflective room should extend the reuse life of most masks by a factor between 2 and
15. Future research keeping track of the light intensity at different angular ranges will be able to much more
precisely track the necessary exposure for each type of mask. We have embarked on studies with different
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Addendum

Uncertainty analysis and comparison of the quick method for determining times for exposure to UV-C light
on any N95 mask, or surgical mask.

Uncertainty Analysis for those unfamiliar with it
Consider quantities X, y, ... w which are measured quantities, each with uncertainties 6x, oy, ... dw. For our




