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By Terry L. Lyon

It is possible to construct a surprisingly inexpensive and simple
thermal radiometer from office supplies. Although the detector was
designed to evaluate thermal energy hazards to an individual lo-
cated in a harsh environment, undoubtedly other applications will
surface. The radiometer features a nearly flat wavelength response
and a wide field-of-view, is very insensitive to both acoustic energy
and radio-frequency energy, is not prone to damage, and distin-
guishes between radiated thermal energy and thermal energy trans-
ferred by direct contact with hot materials. It is particularly note-
worthy that the detector has functioned as a direct hazard monitor
for optical radiation emitted by certain flash sources.

simple detector, con-
A structed from readily avail-

able office supplies, can
serve as a direct thermal energy
hazard monitor for intense sources
of optical radiation. A total hazard
evaluation of such a source should
also address the possibility of tem-
porary (flashblindness) or perma-
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violet-induced injury to the skin
and cornea. Completely different
types of radiometric and photo-
metric instrumentation and analy-
ses are required to evaluate each of
these potential hazards.

Throughout the U.S. Army’s
development and procurement ef-
fort for new equipment, different
agencies within the Army Medical
Department have studied the po-
tential hazards from the equip-
ment. The U.S. Army Medical
Research and Development Com-
mand (USAMRDC) has conducted
a wide ranging research program
on biological effects of laser radia-
tion. The Division of Ocular Haz-
ards, Letterman Army Institute of
Research (LAIR), is currently
studying laser eye effects from new
types of lasers.

upplies

Concurrently, the Laser Micro-
wave Division of the U.S. Army
Environmental Hygiene Agency
(USAEHA) has evolved hazard
analysis techniques for exposure to
laser and other high intensity
nonionizing radiation sources and
has assisted developers, test agen-
cies, and users in the safe operation
of this equipment. To support its
mission, USAEHA has developed
new measurement detectors and
techniques to support the develop-
ment and user communities'2.

The thermal detector described
here was designed to evaluate the
potential hazards from radiated
thermal energy and thermal en-
ergy .transferred by direct contact
with hot materials. It has been used
to evaluate a few military weapon
systems that emit optical radiation
such as the VIPER and AT-4 shoul-
der fired antiarmor weapon sys-
tems, the SAWE artillery fire simu-
lator system, and the TOW missile
system.

The potential thermal hazard to
the skin and cornea from optical ra-
diation emitted by hot explosive
gases usually exists relatively near
the device. Ideally, the thermal
radiation should be measured with
an accurate radiometer. Unfortu-
nately, most thermal detectors
were developed for laser measure-
ments and possess a relatively nar-
row field of view, making them un-
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Witness boards have
been positioned at
locations to simulate
personnel and thus
function as a direct
hazard monitor for
optical radiation.

suitable for measuring the total
radiant exposure of someone lo-
cated near a large extended source.

Also, many of these detectors
respond to acoustic energy and
radio-frequency energy. Fortu-
nately, many thermally sensitive
papers can record a radiant expo-
sure at a level relatively near per-
missible personnel exposure limits
and are insensitive to both acoustic
energy and radio-frequency en-
ergy that are often present in the
test environment. While such a
record may not yield a precise ra-
diometric measurement, the in-
formation may determine whether
an exposure is either safe or haz-
ardous.,

The detector assembly described
herein has been referred to as a
“witness board.” It contains a ther-
mally sensitive paper and other
window materials which can distin-
guish between radiated thermal
energy and thermal energy trans-
ferred by direct contact with hot
materials. Witness boards have
been positioned at locations to sim-
ulate personnel and thus function
as a direct hazard monitor for opti-
cal radiation. The detector as-
sembly does possess some operat-
ing limitations and yet unknown
characteristics.

Description

The witness board is constructed
from paper, government manifold
or business forms, a manila folder,
and a transparent polystyrene
sheet protector—the kind used for
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FIGURE 1. Witness board thermal radiometer with carbon paper detector
and polystyrene window.

holding papers in a three-ring
binder. That is all that is required.
(This is the best use for govern-
ment forms that this author has
found.) The completed witness
board with carbon paper detector
is illustrated in Fig. 1.

The heart of the detector is the
carbon paper found inside the
manifold form. As it turns out, the
detector is sensitive, forgiving, and
broadband. Carbon paper is black
over a large wavelength region and
can be “read” visually after the
inked side has been exposed to a
brief optical pulse exposure from
either a point (laser) or large ex-
tended source. At a threshold ex-
posure, the inked surface becomes
more glossy. This can be observed
in bright light at a near-specular
viewing angle as illustrated in Fig.
2,

The manila folder is transformed
into an insulating holder for the
carbon paper. Several aperture
holes are added to the exposed side
of the folder to improve the con-
trast and readability of the carbon
paper after exposure. A polysty-
rene sheet covers half of the holes
and serve as windows which pass
most of the optical radiation given
off by the source while attenuating

thermal energy delivered by con-
duction, i.e., from direct contact
with hot materials such as exhaust
gases. After exposure, this thermal
sensor is evaluated, then retained
for future reference or discarded.

Detector characteristics

The idea of using thermally sen-
sitive papers, such as used in re-
production copiers, to record an
exposure to a small laser beam is
not new.> However, the optical
properties of ordinary carbon pa-
per were not previously known.
(The carbon paper was extracted
from Travel Voucher or Subvouch-
er form DD 1351-2, June 1978.)

Carbon paper is a superior de-
tector for evaluating large ex-
tended broadband sources for
which few adequate detectors ex-
ist. It offers a wide absorption
bandwidth with good sensitivity.
An analysis of the paper suggested
that it consisted of carbon granules
in an organic binder. The paper
was believed to be spectrally black,
given that carbon is a broadband
absorber which covers the radiated
spectral output range of most po-
tentially hazardous sources of opti-
cal radiation. If this could be



FIGURE 2. Method to observe for a superthreshold exposure to the carbon
paper detector at a near-specular viewing angle with a high-intensity light.

demonstrated, the paper can be
calibrated directly in units of J/cm?
for a broadband source.

An injtial check was encourag-
ing. The reflectivity in the near-
infrared for the carbon paper was
assessed by viewing the carbon pa-
per under high-level irradiance
from the sun with a near-infrared
viewer and narrow band filter at
1064 nm. The surface appeared
black, as was hoped for. Most other
thermally sensitive papers tend to
be reflective in the near-infrared
portion of the optical spectrum
where, unfortunately, hot exhaust
gases were expected to emit the
greatest amount of spectral energy.

Although thermal sensitive pa-
pers do not provide a precise value
for the radiant exposure, they can
provide data where other detectors
might fail due to their sensitivity to
electromagnetic and acoustic inter-
ference. Thus further testing was
required to fully evaluate the de-
tector’s blackness.

The total spectral reflectance of
carbon paper was measured using a
Perkin Elmer 330 Ultraviolet, Visi-
ble, and Near Infrared Spectropho-
tometer (part 210-2101) with Hi-
tachi Integrating Sphere to collect
the reflected optical radiation. It

was found that the carbon paper
nonreflected 96 + 1% from 400 to
1700 nm, nonreflected at least
91% out to 2375 nm, and was
rarely less than 95% in this range.
It was believed that the non-
reflected energy was largely ab-
sorbed—not transmitted through
the paper. Significant variations
(line spectra) were observed out to
2600 nm—the wavelength limit of
the available instrumentation.
Measurements were not made at a
wavelength below 400 nm. Few
sources emit sufficient energy be-
low 400 nm to create a thermal ra-
diation hazard.

The carbon paper should also be
equally sensitive to either optical
radiation or thermal energy from a
direct contact with a hot gas, liq-
uid, or solid. This was assumed but
not experimentally verified.

By utilizing an overlay window
material such as a thin polystyrene
sheet, the detector can permit easy
differentiation between the ther-
mal energy components. A polysty-
rene sheet (Joshua Meir Corp., PS-
5, Transparent Polystyrene Sheet
Protectors) was measured to pass
about 89% of the optical radiation
(0.3 to 30 um) from a 3200 K
blackbody radiator (1000-W tung-

The carbon paper should
be equally sensitive to
either optical radiation

or thermal energy from a

direct contact with a hot

gas, liquid or solid.

sten lamp), while insulating the
sensor from direct contact with the
hot object or debris. Thus conduc-
tive thermal insults can be filtered
from the radiative energy compo-
nent. Measurements of spectral
transmission were made with the
Perkin Elmer 330 and are illus-
trated in Fig. 3. The transmission
always exceeded 75% from 300
nm to 2440 nm.

Exposure apertures are cut into
an opaque insulating mask made
from the manila folder to cover the
paper, to improve contrast by pro-
viding a well-defined exposure
edge. This provided a marked
improvement when evaluating
threshold exposures to the paper.

Calibration

The carbon paper was calibrated
with a GTE Sylvania neodymi-
um:YAG laser (model 605) oper-
ated at a wavelength of 1064 nm,
which was fired through a mechan-
ical shutter to produce a 35-msec
pulse simulating a short explosive
flash. The carbon paper became
glossy after exposure at a threshold
level of approximately 0.2 J/cm? as
measured with a Scientech disk
calorimeter (model 3600). A level
of approximately 0.3 J/cm? was
demonstrated using a Coherent Ra-
diation CO, laser (model 40), op-
erating at a wavelength of 10,600
nm with a 200-msec pulse dura-
tion.

A low value of thermal con-
ductivity in carbon paper is be-
lieved responsible for the similar
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threshold levels. This suggests that
the duration of exposure should
not significantly influence the
threshold sensitivity, at least for ex-
posure durations less than 200
msec. Out of curiosity, the carbon
paper was exposed to a Q-switched
Nd:YAG laser (AN/GVS-5 laser
rangefinder) to obseve any change
in the calibration factor. A thresh-
old level of 20 mJ/cm? was deter-
mined at 1,064 nm from a 6-ns
pulse duration. This is only 10
times more sensitive than the
longer pulse durations.

At alevel of about 2 J/cm? from a
100-ms CO; laser, the exposed pa-
per appearance changed drasti-
cally from glossy to very dull (dif-
fuse). This level was slightly below
the level which caused actual char-
ring of the carbon paper. Several
witness boards were exposed to ap-
proximately 80 mW/cm? sunlight
for an extended period during one
day. The calibration of the paper
was checked after exposure, and
little variation in sensitivity was
noted.

The thin polystyrene sheets
were also calibrated. A sample
sheet was exposed to a 1000-W
tungsten lamp operating at 3200 K
and was found to pass about 89% of
the total optical radiation from this
blackbody, whereas absorption at
10,600 nm was nearly 100%. At
the CO; laser wavelength, a
threshold level for damage was
measured with the disk calorimeter
to be approximately 1 J/cm?2.
Hence exposure to a 3200 K black-
body would have a threshold for
damage of approximately 10 J/cm?2.
Because the polystyrene sheets are
more sensitive to direct contact
with hot materials than to typical
flash radiation from such a source,
the sheets are useful to act as a de-
tector to evaluate exposure from
direct contact with hot gases and

debris.
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FIGURE 3. Spectral transmission of the polystyrene sheet protector and
spectral nonreflectance of the carbon paper.

FIGURE 4. Personnel skin exposure limits applied to single-pulse thermal

broadband radiators.
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Occupational exposure
limits

The detector has been used to
evaluate the potential thermal haz-
ards from the hot exhaust gases
emitted by various weapon sys-
tems. Witness boards containing
the carbon paper detector with
polystyrene sheets and military
fabric samples were placed at loca-
tions simulating various personnel
positions, such as backside of the
operator of shoulder-fired anti-
armor weapon systems.

Optical radiation in the region of
400 to 10% nm is absorbed by the
skin, and radiation in the region of
1400 to 10° nm is absorbed in the
cornea of the eye. If the radiant ex-
posure supplied by the source is
sufficient, these tissues can be ele-
vated in temperature and protein
denaturing can occur. For a single,
short exposure, the injury will be
limited to a shallow depth within
the skin or cornea, since the ther-
mal conductivity of tissue is rela-
tively low, and the large percent-
age of water in underlying tissue
defies an increase in temperature.

Unfortunately, official personnel
exposure limits do not exist for
whole-body exposures. However,
standards do exist for exposure to
small laser beams. The Army occu-
pational laser exposure limits are
contained in TB MED 524. These
limits are the same as the ANSI and
ACGIH laser exposure limits.>®
These standards have been applied
to broadband exposure from an ex-
plosive device. The exposure being
relatively short in duration dimin-
ishes the importance of the area of
exposure. However, the margin for
safety may also be reduced.

Figure 4 illustrates the calibra-
tion data points for the carbon pa-
per and polystyrene sheet and laser
exposure limits. A 20-msec infra-
red exposure gives an exposure
limit of 0.21 J/cm?, the nominal
threshold sensitivity of the carbon
paper. The author could not feel

this exposure level when placing
his hand into the beam of a 20-
msec CO; laser. Many sources may
marginally exceed the conservative
occupational level of Eq. (1) at
close exposure distances. Few ex-
posures would be expected to re-
sult in charred carbon paper unless
it was placed next to the chémical
reactants. Thus the net thermal ex-
posure level in such an example
would be less than 2 J/em?.

Additional tests conducted at the
U.S. Army Environmental Hygiene
Agency showed that various mili-
tary clothing samples would afford
sufficient protection when cover-
ing skin to an exposure level of
about 6 J/cm2 This was demon-
strated by placing carbon paper in
close contact to the backside of
various military fabric samples,
where the paper was again used to
simulate an exposure to skin. The
front of the fabric was exposed to
various levels of brief CO; laser ex-
posure. It is interesting to note that
this 6 J/cm? level also corre-
sponded to a minimum threshold
damage level for the various fab-
rics.

Besides optical radiation-in-
duced thermal injury, direct con-
tact to a hot gas plasma or flame
could cause thermal injury. This
energy should not be confused
with the radiant energy of a flash.
As a byproduct of optical radiation
measurements, it is possible to as-
sess the energy flux resulting from
direct contact with the flame or
other hot gases. If a physical
change occurs to the polystyrene
sheet but not the covered carbon
paper, then the exposure would be
due to direct contact with a hot ob-
ject and the exposure would have
exceeded approximately 1 J/cm?.

Other considerations

The witness boards are fairly
rugged and can easily be trans-
ported in a briefcase. Prior to mak-
ing measurements, the carbon pa-

per surfaces should be inspected:
rough handling can change the sur-
face appearance, which might be
interpreted as a superthreshold ex-
posure. When the surface has small
defects, circle the damaged area
with a pen or pencil prior to expos-
ing the paper to the flash source for
easy recognition.

Additional work is necessary to
fully assess the traits of the carbon
paper detector with the polysty-
rene window. Some areas that re-
quire further clarification are: vari-
ations among different brands and
batches of carbon paper and poly-
styrene, aging characteristics (per-
haps due to previous temperature
and humidity exposure history),
synergistic effects from ambient
temperature and humidity, and the
threshold level variation for expo-
sure duration and pulse shape.
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