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Effects of Facial Topography and Eyewear on the 94GHz Beam

Executive Summary

Background

Recently, a millimeter wave (MMW) hardware system, called Active Denial System (ADS)
has been developed for use as a non-lethal weapon system. The ADS system is capable of
generating high power MMWs and is to be used for, but not limited to, crowd management
and denying access to restricted areas. ADS achieves this end by using a 94 GHz MMW
beam to produce rapid skin heating to a temperature that causes intense discomfort in a very
short period of time, normally in just a matter of seconds. The intensity of the discomforting
sensation rapidly decreases when the power to the transmitter is turned off or the individual
moves out of the MMW beam. The primary effect of the ADS is heating of skin and
absorption of the 94GHz millimeter waves in the eye. Recently the effects that eyewear may
have on the absorption of 94 GHz MMWs on the face have been questioned.

Objective

To fully understand the effects of ADS through eyewear, exposure data must be collected
while the targeted subject is wearing various types of eyewear, such as, eyeglasses, night
vision goggles (NVG) and binoculars, that may be encountered when subjects are be exposed
to the system. This investigation was conducted to evaluate the effects that various types of
eyewear may have on absorption of the 94 GHz beam and especially the production of
hotspots generated by reflections or focusing of the beam on the surface of the face.

Approach

Phantom faces, made of a gel material poured into plastic molds, were used in this study. The
face molds were made from moldable plastic heated in an oven, placed over a life form mask,
and vacuum formed to create a life-like facial structure. The molds were then used to cast
phantom faces out of muscle simulating gel material. The 94GHz exposures caused rapid
heating on the surface of the phantom tissue from baseline temperatures of ~22° to as high as
32°. Exposures were conducted with the 94 GHz beam at different angles relative to the face.
Thermal data was collected using an infrared camera (FLIR S-60) and evaluated using
software (ThermaCAM Researcher Pro 2.7) to determine if thermal hotspots were produced
by any of the eyewear placed on the face molds.

Results

Evaluations show that all face shapes absorb and scatter MMWs somewhat differently, due
mainly to the shape and size of the nose. However, temperature rise in all cases are very
similar with no single exposure elevating to a level more that 10-degrees above pre-exposure
values. Not one of the face shapes that were exposed showed any distinct focusing of the
beam or hotspots caused by deflection of the beam any more than other shapes that were
compared. When wearing no eyewear, it was observed that in all cases the highest
temperature increase was located in the inner canthus area of the eye of the phantom face.
Heating of the phantom and human faces were compared following exposure to the 94 Ghz
beam at an energy level of 1.4 J/cm?. IR images from the Flir S-60 were used to evaluate the
heating and indicate that the two different types of targets, four phantom and four human,
effect the beam in the same manner creating striations caused by the deflection of the beam.
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3



Effects of Facial Topography and Eyewear on the 94GHz Beam

When wearing NVGs and binoculars, the hottest spots on the phantom faces were located
outside the area of the eye, normally on the forehead or nose area.

Conclusions

The effect of eyewear on the pattern of absorption of the 94GHz beam has been described.
Infrared data showed that there was no unusual heating of the surface around the eye or face
due to the eyewear and there is no indication that the NVGs or binoculars focus the beam
towards the area of the eye. This data will be used to determine safe operating exposures to
the ADS. In a real life situation, a subject would attempt to escape from the MMW beam
before any damaging heating could occur.

Abstract

The purpose of the study reported here was to observe the effects of eyewear on absorption of
the 94 GHz beam. Four different muscle equivalent tissue real-life face molds were exposed
to 94GHz radiation at a fluence of 1.4 J/cm?. Surface temperature was measured using an
infrared camera (FLIR, Model S-60) during each exposure. The angle of incidence was
changed between each exposure to evaluate the effects of the eyewear from varying directions
of irradiation. Temperature rise (AT) in degrees centigrade (°C) was used to evaluate heating
on the surface of the phantom face to determine hotspots that occurred as well as the lack of
heating on some areas of the face, including those areas directly behind the eyewear.
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Introduction

The radio frequency (RF) portion of the electromagnetic spectrum includes electromagnetic
waves with frequencies in the range of 3 kHz to 300 GHz. The MMW frequency range is a
subset within the RF region of the spectrum, comprising the frequency range from 30 to 300
GHz. Recently, millimeter wave (MMW) hardware, called the Active Denial System (ADS),
has been developed for use as a non-lethal weapon. ADS uses a 94 GHz MMW beam to
prevent an individual or group of individuals from advancing or entering controlled locations.
Because the beam is traveling at the speed of light, the energy from the beam quickly reaches
the subject, penetrates less than 0.3 mm into the skin, and rapidly heats up the surface of the
skin. The ADS was designed to produce this rapid heating of the skin to produce intense
discomfort. The discomfort is alleviated when the power is turned off or the natural reaction
of the subject to escape the beam. The primary effect of the ADS is heating of skin and eyes.
MMW absorption and skin/eye heating will occur at a rate determined by the power density at
the surface of the tissue and the amount of energy reflected. The higher the power density, the
faster the heating which, in turn, will cause the intensity of discomfort to be felt more quickly.
Eyewear may cause reflections off metal surfaces and focal hotspots which could produce
greater than intended heating. The purpose of this study was to evaluate the possibility of
hotspots produced by eyewear such as eyeglasses, NVGs, and binoculars.

Materials and Methods

Subjects - Tissue equivalent material face molds were created from life-masks purchased at
Haunted Studios, Incorporated (San Francisco, CA). Four different face molds were selected
which provided a variety of facial structures. To examine the effects on the 94GHz beam,
three different types of eyewear were selected: eyeglasses, binoculars (Nikon Model00008),
and night vision goggles (AN/PVS-7D). All three types of eyewear were placed individually
on the face in a position that generally represented the normal wearing of the different
eyewear.

Apparatus

Millimeter Wave Exposure System - The exposure winE

facility consisted of a 20” X 30’ anechoic chamber. Inside e o
the anechoic chamber a smaller 12° X 12’ Styrofoam® —

environmentally controlled room provided consistent | @@= //'/
temperature and humidity control. Exposure to energy % o

density of 1.4 J/em® was performed using a MMW oy

exposure system in a far field exposure facility based on a o

coupled cavity traveling wave tube amplifier with an T e
output of 800 W (North Star Research Corporation). The

exposure setup consisted of 94 GHz standard gain horn Figure 1. Calibration of the
with a built-in waveguide window to allow waveguide crystal detector (mV) used to
pressurization with SF6 gas. measure field power density
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Measurements of field power density were done at 250-cm from the horn using a crystal
detector (Millitech DXP-08). The following technique was used to measure the power density
in the exposure field. The initial step was to standardize the crystal detector by measuring the
output voltage as compared to the input power. The output of the detector is non-linear, so
numerous steps are measured across the range of the detector from threshold to saturation.
The calibration results are plotted and shown in Figure 1. The crystal detector was mounted
on a three-axis precision manipulator for accurate scanning (millimeter resolution). The
crystal detector was unable to handle 100% of the power at the point of interest so additional
attenuation was required to protect the detector. The in-field measuring probe consisted of: 1)
Crystal Detector, 2) 20.82 dB attenuator, 3) 11.24 dB 10W attenuator, and 4) Open Ended
waveguide 16cm long (13.01 dB of attenuation). The initial step of power measurement was
to locate the center of the beam. Using an IR camera and carbon coated Teflon sheet, the
beam was located and marked on the IR camera’s monitor. The Teflon was removed and the
detector and 3-axis manipulator stand was placed in the field and aligned using the IR
equipment. The transmitter was set to operate at 1Hz and energized. Using the 3-axis
manipulator the probe was adjusted vertically and horizontally until the peak voltage out was
indicated thus showing the center of the beam.

Surface Temperature Measurements - A Flir System Model S60 infrared camera (Flir
Systems, Boston, MA) was used to collect the temperature data. ThermaCAM Researcher 2.7
IR software was used to control the camera and acquire image data. The IR camera was set to
collect data at a rate of 60 frames per second. The software described above was used to
measure temperature of the IR images. An external calibration for the Flir S-60 camera was
performed using a black-body source (Mikron, Model M340, Mikron Instrument Company,
Inc., 16 Thornton Road, Oakland, NJ 07436). Most images were collected with the camera
placed on a tripod to one side of the feed horn at an angle that allowed the most direct and
unobstructed view of the face model during exposures.

Procedures

The procedure for determining the effects eyewear, such as binoculars, glasses, and night-
vision goggles, at a frequency of 94 GHz is described. Data obtained from this procedure was
used to determine the heating patterns on the face formed by the deflected 94 GHz beam.
During this experiment, four different face shapes were investigated. Each of the face molds
that were selected had a unique feature (nose, eye socket, etc...) to show a comparison of
effects to these dissimilar facial shapes (see Figure 2).

Figure 2. Real life face molds (left to right: Karloff, Jolie, Hoffman, Lugosi)
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For this experiment, face molds were made from moldable plastic heated in an oven, placed
over a life form mask, and vacuum formed. The face molds were fastened to a PVC sheet that
had PVC rods protruding outward to form a cage-like apparatus to assist in holding the
phantom mixture in place once it gelled (see Figure 3). The molds were filled with a mixture
of a gelling agent (TX-150), polyethylene powder, salt, and water. This mixture is similar to
the simulated phantom muscle material

Figure 3. Mask form holder constructed from PVC

described in the Radio Frequency Radiation Dosimetry Handbook, Fourth Edition. Because
there are no formulas for mixing the phantom muscle for 94GHz, the formula for 2450 MHz
was used. However, to allow the mixture to retain its shape for a longer period of time, the
amount of gelling agent (TX-150) was increased by 1%.

The phantom faces were then exposed to 94GHz MMWs 250-cm in front of the pyramidal
horn antenna with sufficient power density and duration of exposure to produce 1.4 J/cm®. At
this distance the beam covered most of the face and included the area of interest around the
eyes. Each of the four phantom faces was exposed with and without the eye glasses,
binoculars, and NVGs (see Figure 4). Sequences of IR images were taken during the
exposures using the FLIR S-60 infrared camera. Temperature across each face image was
determined and temperature rise and decay plotted. The images were searched by the software
and the area of peak heating was determined. This was deemed the hotspot on the face and
compared to heating with and without the different eyewear to evaluate effect of the eyewear
on the hotspot or generation of new hotspots. The exposures were done at angles of 0°, 15°
and 45° left and right of the horizontal plane and angles of 0°, 15° and 45° above and below
the vertical plane.
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Figure 4. Phantom face model with various eyewear

Results

Phantom-to-Human Comparison

Four phantom face models exposed to 94GHz at a power of 1.4 J/cm? were compared to four
humans exposed to the same levels. The data for the human exposures was collected and
conducted in compliance with all applicable federal regulations governing the protection of
human subjects in research under Air Force protocol F-WR-2002-0023-H and is reported in
NHRC-DET DEBL Technical Report 2005-05: “Threshold of Human Aversion to Brief
94GHz Exposure”. In the human study, eyewear was not tested, therefore, only the exposures
with no eyewear on the phantom faces were selected for comparison. In every case, whether
phantom or human, the hottest points on the face occur in the inner canthus area of the eye. In
addition, striations occur on all eight subjects (human and phantom) and are similar in shape
and position on the face (Figure 5).

Figure 5. Comparison of phantom and human face heating after being exposed to 94 GHz at an
energy level of 1.4 J/cm?
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Figure 6. Example of one Human Subject-to-Phantom face comparison of heating
in the inner canthus and nose area of the eye.

Human-to-Phantom temperature comparisons were made and clearly illustrate the similarity
of millimeter wave absorption (Fig. 6). In every case, both human and phantom exposures
produced similar temperature increases in the same areas surrounding the eyes and nose. As
with the human subjects, absorption in the phantom face models varied dependent upon the
structural shape of the face. To further illustrate the human-to-phantom comparison,
temperature changes (AT) for three locations (left inner canthus, nose, and right inner
canthus) were recorded from seven human subjects and four phantom faces (Figure 7).

Human vws Phantom kModel
94GHz Exposure @ 144

# Human
< Phantom M odel

Delta T (C)

2 T T
LEFT Inner Canthus Mose RIGHT Inner Canthus

Exposure Location

Figure 7. Human vs Phantom Model
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No Eyewear

To evaluate the effects of eyewear on the 94GHz beam, infrared pictures were converted to
color-coded images using a Microsoft Excel macro (ModelColorCoder.xls, Hatcher, 2000)
that assigns a color to the temperature data and places that color as well as the temperature
value in each cell of the spreadsheet. A pre-exposure image and an image taken at the time
the transmitter was turned off were used to create a subtraction file. This file was used to
show the temperature differences between the pre- and post-exposure images to reflect the
hottest areas of temperature rise. Figure 8 illustrates the temperature changes on the phantom
face with no eyewear. Figure 9 is a graph of the temperature rise located at the hottest spot on
the surface of the face.

Figure 8. Effects of 94GHz on the phantom face (Lugosi) wearing no eyewear. Left to right: pre-exposure,
post-exposure, and difference files

Phantom Muscle Face Exposure

No Eyewear
29

28_ -

27 1

Pre-exposure IR image Post-exposure IR image

26 4

AT =5.9°

Temp (C)

25 4

24 -

23 1

22 T T T T T T T

‘ —— Time (ms)vs Temp (C)

Figure 9. Temperature (C) rise during exposure as recorded by the FLIR S-60 infrared camera.
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Eyeglasses

Effects were also examined using eyeglasses (Fig. 10). As with the images recorded with no
eyewear, pre, post and difference files were recorded. Figure 11 shows the temperature rise
at the hottest spot on the face during exposure.

-

Figure 10. Effects of 94GHz on the phantom face (Lugosi) wearing eye glasses. Left to right: pre-
exposure, post-exposure, and difference files

Phantom Muscle Face Exposure
With Eye Glasses

27

26

25

Post-exposure IR image

Pre-exposure IR image

Temp ()

23

22
AT =5.8°

21 4

20 T T T T

Time (5]

Figure 11. Temperature (C) rise on face (not eye glasses) during exposure as
recorded by the FLIR S-60 infrared camera.
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Night Vision Goggles and Binoculars

Figure 12 and 14 show the same results when the phantom face is wearing night vision
goggles AN/PVS-7D) and binoculars (Nikon 100008), respectively. Figure 13 and 15
illustrate the temperature rise during exposure of the hottest spot.

Figure 12. Effects of 94GHz on the phantom face (Lugosi) wearing night vision goggles.
Left to right: pre-exposure, post-exposure, and difference files

Phantom Muscle Face Exposure
With Night Vision Goggles

29

28

Post-exposure IR image

Pre-exposure IR image

25 +

Temp(C)

24 ~

23~

22~

21 T T T T T T T

Time (5]

Figure 13. Temperature (C) rise on face (not NVGs) during exposure as
recorded by the FLIR S-60 infrared camera.
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Figure 14. Effects of 94GHz on the phantom face wearing binoculars. Left to right: pre-
exposure, post-exposure, and difference files

Phantom Muscle Face Exposure
With Nikon Binoculars

30

28 A

Pre-exposure IR image Post-exposure IR image

27

Temp (C)

26

25

2'4 T T T T T T T

Time (s)

Figure 15. Temperature (C) rise on face (area of binoculars not included)
during exposure as recorded by the FLIR S-60 infrared camera.
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Beam Focusing

To determine if there is any focusing of the beam through the lens of the night-vision goggles
and binoculars, measurements were recorded from the ocular area immediately following the
removal of the goggles and binoculars at the end of each exposure period. A baseline was
obtained using the temperature of an area located near the eyewear. Because the phantom
material is homogeneous, the temperature of any area of the phantom face would be the same
after a period of equilibration. Therefore, before an exposure, the temperature of the ocular
area off the phantom face would be the same temperature of any other area. To be more
accurate, the area recorded was exactly the same for both the baseline area (normally located
on the forehead area directly above the ocular area) and the area of interest (ocular). Figure
16 and 17 show the results of this experiment. ~An exposed face wearing no eyewear is
compared to a phantom face following the removal of night-vision goggles and binoculars.
To look at the effects of the beam from different orientations, measurements were made at
five different angles of incidence: 0°, 15° to the right and left of the beam, and 0° to the beam
but 15° leaning forward and 15° leaning away, or backward, from the beam. In all cases, the
area of the face between the eyes (bridge of nose) was located the same distance from the
pyramidal horn antenna. The results are conclusive that there is no focusing of the beam
through the lens of either the night-vision goggles or the binoculars.

Temperature Change on the
Ocular Arvea of the Phantom Face
Evewear: Might- Vision Goggles: Model ANPYVSTD

1. Praritom face expoare.
Ho enpenear

2. Fadof erpoae wdth

HW G mphee
& MaX DeltaT (C)
q O ANG Delta T 020
&)
R =Right
: L =Lett )
= F = Farward 3 HVPsbeing rem ored
= & B = Backward
2 4
4. Tempor ahes recomded
from ooala areas of the
phatom fae.
- .
0 4 Q o " & o]
T T T T T T
L s & s s
dﬁ*ﬁﬁ u‘ﬁﬁ N G # {egﬁ"ﬁ
oA i i
$G
53

Incidence Angle to Beam (Degrees)

Figure 16. Comparison of heat deposited to the ocular area of the phantom
face without eyewear and with night-vision goggles.

APPROVED FOR PUBLIC RELEASE: DISTRIBUTION UNLIMITED
14



Effects of Facial Topography and Eyewear on the 94GHz Beam

Temp erature Change on the
Ocular Area of the Plantom Face
Eyewear: MNilon Binoculars hodel 100005

1. Prardom face expoaxe.

. . .
5
*
2. Bhdof ecpoae with
hirooabirs #place
® MAX DeltaT (C)
4 O ANG Delta T (2D
&)
R = Right
e L =Let _ _
% F = Foraard 3. Bivonalars be it Tem amed
[ B = Backward
3
2
4. Temparahr e recorded
from ooila areas o the
whadom fae.
o4 o] Lo a L] L)

' o i & 3 qﬁé

¢$@@§ '\b‘@g ST ?p@ﬁ;
ﬁ{:‘%‘ i R

¥ Incidence Angle to Beam (Degree )

Figure 17. Comparison of heat deposited to the ocular area of the phantom face without eyewear and with binoculars.

Focusing of the beam on other areas of the face is also a concern. To determine if undesirable
hotspots occur, data obtained from both the night-vision goggles and binoculars IR images
were compared to data recorded from a phantom face wearing no eyewear. Figure 18 and 19
show the effect of the goggles and binoculars on the beam. The face with no eyewear clearly
shows the hottest spots are located in the area located where the medial commissure (inner
corner where eyelids join) of the human face is located. The hotspots, while wearing goggles
or binoculars, are located on other areas of the face, however, these hotspots are not
significantly higher than the temperatures measured on the phantom face wearing no eyewear.
In each figure (18,19), the data point representing the hottest spot recorded is placed directly
over the spot on the phantom face. Average delta T was calculated by taking the pre-exposure
temperatures of entire area of the face, not including the eyewear, and subtracting that data
from the same area temperatures following exposure. This data indicates that the overall
temperature change is virtually the same with or without night-vision goggles or binoculars.
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Phantom Face Exposures
Eyewear: Night-Vision Goggles Model AN/PVS-7D
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Figure 18. Hotspot comparison with and without night-vision goggles
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Phantom Face Exposures

Eyewear: Nikon Bmoculars Model 100008
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Figure 19. Hotspot comparison with and without binoculars

APPROVED FOR PUBLIC RELEASE: DISTRIBUTION UNLIMITED
17

148




Effects of Facial Topography and Eyewear on the 94GHz Beam

Conclusions

Although only one face shape is used as an illustration in this report, data from four dissimilar
shaped phantom faces, with and without eyewear, was collected and included in the results.
In addition, all four face shapes were irradiated at different angles of exposure to compare
beam deflections caused by the shapes of the facial structures and eyewear. These evaluations
show that all four face shapes affect the 94-GHz beam (deflections and reflections) somewhat
differently; however, temperature rise, or hotspots, in all cases are very similar with no single
exposure elevating to a level more than 10-degrees above pre-exposure values. Not one of the
face shapes that were exposed showed any distinct focusing of the beam or hotspots caused by
deflection of the beam any more than other faces that were compared. When wearing no
eyewear, it was observed that in all cases the highest temperature increase was located in the
inner canthus area of the eye of the phantom face. When wearing NVGs and binoculars, the
hottest spots were located outside the area of the eye, normally on the forehead or nose area.
Measurements were taken after both the NVGs and binoculars were removed from the face
immediately after exposure and, as shown in graphs 5 and 6, indicate that the eyewear
provides a layer of protection for the eyes. Temperatures measured in the areas around the
eyes after exposure are well below the highest temperature on the phantom face and are near
pre-exposure levels. There is no indication that the NVGs or binoculars focus the beam
towards the area of the eye.

In every case, deflections of the 94-GHz beam occurred as did some focusing of the beam.
However, these deflections and/or focusing did not cause a temperature increase at any
particular location on the phantom face that would indicate the beam was focused enough to
cause a damaging effect. The area or areas that were affected because of the eyewear had
temperature increases that were very similar to the temperature increases occurring when no
eyewear was worn. This suggests that eyewear, if worn while being exposed to the ADS
operational parameters of exposure, will not cause damaging hotspots or aid in producing
damaging hotspots on the surface of the face or eyes.
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