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PREFACE

The Occupational Safety and Health Administration (0OSHA) Radiofrequency
(RF) /Microwave Radiation Personnel Exposure Regulation (29 CFR 1910.97,
June 2, 1974) includes electromagnetic (EM) radiation in the frequency range
from 10 MHz to 100 GHz. However, from 10 to 300 MHz, instrumentaticn has
not been commercially available for detecting potentially hazardous human
exposure levels, and little is known about the bioclogical effects within this
frequency range. As a result, there is an acknowledged research gap in the
OSHA R¥/Microwave Exposure Regulations from 10 to 300 Miaz.

To supply OSHA with data to fill this research gap, NIOSH has estab-
lished an RF radiation research program to obtain biological effects data.
These data will be incorporated into a NIOSH RF/Microwave Criteria Document
which will serve as one basis for modifying the current OSHA RF/Microwave
Exposure Regulations. Determination of human RF biological thresholds is
absolutely essential if the modified OSHA RF/Mlcrowave Exposure Regulatlons
are to be valid from 10 to 300 MH=z.

The need for human data poses a difficult problem since RF/Microwave
biceffects research must be done with experimental animals. A relatively
new modeling technique has recently been utilized to assist in extrapolating
from animal exposure thresholds to human thresholds. The modeling technique,
perfected by Dr. Arthur W. Guy of the University of Washington, has been
accepted by the RF/Microwave research community as a reliable method to
determine the extrapolatiom factors for RF (10-300 MHz) radiationm.

Prior to obtaining human RF exposure thresholds from animal data, the
relationship between RF-induced power absorption patterns in humans and
animals must be reproduced under various exposure conditions. This report
describes the research performed to obtain the RF-induced power absorption
patterns in models of humans and animals and to extrapolate the results to
humans.
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ABSTRACT

The 0SHA Radiofrequency (RF)/Microwave Radiation Personnel Exposure
Regulation includes radiations in the frequency range from 10 MHz to 100 GHz.
However, little is known about RF biclogical effects from 10 to 300 MHz.
(The vast majority of industrial sources operate within this frequency
range.} As a result, an acknowledged RF research gap exists in this regula-
tion from 10 to 300 MHz. Thus, NIOSH has initiated a program to determine
human RF exposure thresholds from 10 to 300 MH=z.

Since animals are used in RF/Microwave bioeffects research, extrapola-
tions from animal to human exposure thresholds are necessary. To perform
this extrapolation, the relationship between RF-induced power absorption
patterns in humans and animals. must be ascertalned under various exposure
conditions. . . 1 : ' '

Various models of animals and humans were exposed to RF fields produced
by differing sources. Power absorption patterns and the rate of power
absorption at specific anatomical locations within the models were thermo-
graphically recorded. These parameters were recorded under simulated RF
industrial exposure conditions using a near-field synthesizer. The results
of the modeling research demonstrate the validity of this technique for
predicting the magnitude and distribution of RF-induced power absorption in
humans and animals. The utility of the technique for extrapolation to human
RF exposure thresholds from animal data was firmly established. This report
was submitted in fulfillment of Interagency Agreement NIOSH IA-75-30, by the
USAF, School of Aerospace Medicine, under the sponsorship of the National
Institute for Occupational Safety and Health.
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I. INTRODUCTICON

The interaction of high frequency (HF) electromagnetic fields with
objects of various shapes, including figurines representing man {(composed of
synthetic muscle material), has been studied and reported previously (1) (2).
The objects were exposed to very high frequency {(VHF) electromagnetic fields
in a resonant cavity designed to simulate HF exposure conditions under
various field impedance conditions. The frequency of exposure, size, and
conductivity of the objects were scaled appropriately to simulate exposure
of larger objects to HF electromagnetic fields. Since the cavity operates
at a frequency of approximately 144 Mz, models of 1/5 scale or smaller can
be used to simulate both near-field and far-field exposure conditions for
full scale objects below 30 MHz.

An electrOmagnetic near-field synthesizer of another type was con-
structed by the National Bureau of Standards for the United States Air
Force School of Aerospace Medicine (USAFSAM) at Brooks Air Force Base, Texas,
during the same period (3). The synthesizer provides independent excitation
of high level electric and magnetic fields in the frequency range of 10 to
30 MHz. The system was designed to expose various test animals under near-
field conditions to assess the biclogical effects of HF fields.

The purpose of this report is to present a summary of the results of
measurements taken by University of Washington, Bioelectromagnetics Research
Laberatory (UW BEMRL) personnel while on a field trip to USAFSAM to compare
the near-field synthesizer delivery system to that of the VHF resonant
‘cavity system at the University of Washington. Some of the other USAFSAM
exposure systems were also used to expose various biological models.

One was a high frequency stripline exposure system designed to provide
high level HF electromagnetic fields in the frequency range 5 - 40 MHz for
exposure of biclogical models and animals (4). Another exposure system

1. Guy, A.W.; M.D. Webb; A.F. Emery; R.H. Willard; and J.C. Lin, "High
frequency electromagnetic fields in phantom models of man and measured
electrical properties of tissue materials," BEMRL, Dept. Rehab. Med.,
Univ. Wash. School of Med., Seattle, Sci. Rpt. No. 3, July 1974.
USAF3AM Contract No. F41609-73-C-0002. ’

2. Guy, A.W.; M.D. Webb; and C.C. Sorensen, '"Determination of power absorp-
tion in man exposed to high frequency electrcomagnetic fields by thermo-
graphic measurements on scale models," IEEE Trans. Biomed. Eng.,
September 1976, (in press).

3. Development and Construction of an Electromagnetic Near-Field
Synthesizer. NBS Tech. Note 6532, May 1974.

4. Mitchell, J.C., "A radiofrequency radiation exposure apparatus,'
SAM-TR-70-43, USAF School of Aerospace Med., Brooks Air TForce Base,
Texas.




allows plane wave exposure of actual or phantom biological objects to high
level electromagnetic (EM) fields in the frequency range 300-3000 MHz (UHF)
to microwaves (5). No comparisons were made of the effectiveness of the
latter exposure system, however, since the UW BEMRL did neot possess similar
facilities at the time of the work.

II. DESCRIPTICON OF THE WCORK

The comparisons of the measurements at USAFSAM were made from March 17,
1975, to March 28, 1975. Thermographic equipment, model forms, material for
constructing biological models, and related equipment used to thermographi-
cally obtain the field distribution pattermns in models exposed in the UW
BEMRL resonant cavity were transported to USAFSAM. The usc of the same
thermographic equipment and medel molds for the exposure work performed at
USAFSAM facilitated the comparison of the delivery systems by decreasing the
number of variables. Biological model forms used in the experiments at
USAFSAM were:

1. 6-cm diameter sphere

2. B.6-cm diameter sphere

3. ll.l—ém diameter sphere

4. 2:1 prolate spheroid, a = 6.82 cm

12.57 cm

5. 5:1 prolate spheroid, a

16.81 cm

6. 7.73:1 prolate spheroid, a
7. 3,13:1 prolate sphercid, a = 19.6 cm

8.  1/4.62th scale human being, h = 37.7 cm
The 8.6-cm and 1l.1-cm diameter spheres, the 5:1 prolate spheroid, and
the scale model human being were used at the UW BEMRL to evaluate the absorp-
tion in man exposed to HF frequencies by exposing the models to VHF frequen-
cies in the resonant cavity. These models are the basis of the verification
and comparison of specific absorption rate (SAR) patterns produced by the
USAFSAM near-field synthesizer and the UW BEMRL VHF resonant cavity. During
the interval between the initial test in the VHF resonant cavity and the
verification tests in the near-field synthesizer, a new technique for model
sectioning was developed at UW BEEMRL. The previous techniques developed
by Guy et al., (6)(7) for measuring power deposition patterns in biological

5. Tech. Bull. 31~2, "Eccosorb Anechoic Tapered Chamber Kits," Emerson &
Cuming, Inc., Canton, MA.

6. Guy, A.W., "Analyses of electromagnetic fields induced in biological
tissues by thermographic studies on equivalent phantom models,' IEEE
Trans, Microwave Theory Tech., 19:2 205-214, February 1971,

7. Guy, AW., "Quantitation of induced electromagnetic field patterns in
tissue and associated biological effects,” Biologic Effects and Health
Hazards of Microwave Radiation, Proc. Int'l Symp., Warsaw, October 1973,
Polish Medical Publishers, Warsaw, 1974, pp. 203-216.
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tissues exposed to EM fields by thermographic measurements using phantom
models were limited to symmetrical models exposed to a linearly pelarized
field. The power absorption patterns in such models could only be measured
in the median plane, which was aligned parallel to the incident electric
field. This restriction was imposed because the flat surfaces of each half
of the model were covered with a thin sheet of plastic to facilitate their
separation. The plastic sheet interrupted any induced currents that would
normally flow nonparallel to the median plane of separation. This limited
the use of the oclder model to cases where such currents did not exist. The
important dosimetry problem, however, of measuring the SAR iIn a regular
shaped body such as man exposed to arbitrary fields requires a more general
technique. In order to extend the old technique to handle this new class of
problems, the phantom models simulating the biological objects were modified
so the proper electrical contact could be maintained between any two sections
of the bisected model (8).

The new technique utilizes a silk screen layer in place of the plastic
sheet glued over each half~section of the model. After the synthetic tissue
gel is poured and set in the two halves of the model, the models are placed
together with the silk screen surfaces in contact. Good adhesion and
electrical coupling between the two halves are obtained through the gel
flowing into and through the silk screen boundary. The models can easily be
separated and rejocined repeatedly without loss of adhesion or electrical
tontinuity. The new sectioning technique was used almost exclusively during
the tests in the USAFSAM exposure systems. Several tests were made using the
old model sectioning technique in the near-field synthesizer so comparisons
between the two exposure systems could be made.

The near-field synthesizer shown in Fig. 1 has the capability of
producing fields of several combinations. Two horizontal plates spaced
75 cm apart produce a uniformly distributed vertical electric field between
them. In the center between the plates, the loop inductor provides a
magnetic field parallel to the axis of the loop. Since the loop can be
rotated over any angle with respect to the plate, the relative orientation
between electric and magnetic fields can be varied from parallel to perpen-—
dicular. The major compariscns between the near-field synthesizer and the
VHF cavity were made using electric fields alone and magnetic fields alone.
In addition, tests were made where the models were also exposed in the
USAFSAM near-field synthesizer to both electric and magnetic fields with the
field vectors aligned parallel.

Although.such a configuration is not realistic in terms of simulating
most near-field situations, it provides ancther means of evaluating the
system, since the components of electric field induced in the model due to
the applied electric and magnetic fields are crthogonal and the SAR contrib-
uted by each should add directly. This particular field configuration could
not be produced in the VHF resonant cavity, so the results of this exposure
were compared only to available theoretical solutions. The models were also

8. Guy, A.W.; M.D. Webb; and J.A. McDougall, "A new technique for measuring
power deposition patterns in phantoms exposed to EM fields of arbitrary
polarization - example, the microwave oven,' IMPI Microwave Power Symp.,
Univ. Waterloo, Waterloo, Ont., Can., May 1975, pp. 36-47.
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Figure 1. USAFSAM Near-Field Synthesizer

Figure 2.

USAFSAM Stripline Exposure System
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Fipure 3. UBAFSAM Anechoic Chamber Exposure System



a

Figure 4. University of Texas Brain Deactivator Systems



b

Figure 4. University of Texas Brain Deactivator Systems



exposed to 19 MHz HF fields in the USAFSAM stripline exposure apparatus,
shown in Figure 2, and to a 1600 MHz plane wave FM field in an anechoic
chamber, shown in Figure 3. Thermographic measurements of SAR were also
made of 40 gm mice and 200 gm rats exposed to high power microwave brain
deactivators used at the University of Texas Medical School, shown in
Figure 4, and at USAFSAM,

ITI. EXPERIMENTAL RESULTS

A. Near-Field Synthesizer

The majority of the phantom models used at USAFSAM were scaled
according to the procedures reported in (1). Thus, even though the models
were being exposed to 19 MHz electric and magnetic fields in the near-field
synthesizer, they were actually simulating full-scale 70 kg objects being
exposed to lower frequency electric and magnetic fields. The one exception
to this was the full-scale 3.13:1 ellipsoid model used to simulate a full-
scale monkey. Table I lists the dimensions and scale factors for these
models and the simulated frequencies for an exposed full scale 70 kg model
both at' the USAFSAM facilities and the UW BEMRL facilities.

" It is obvious from the table that direct comparisons cannot be made
because the simulated frequencies are not identical for the.two exposure
systems. However, by assuming that the specific absorption rate is directly
proportional to frequency squared (fZ2), the measured SAR at USAFSAM may be
multiplied.By the' ratio of the two simulated frequencies and then compared
with the measurements in the VHF resonant cavity at UW BEMRL. Thus, for
models with a scale factor of 4.62, the SAR frequency scale factor (FSF)
equals (31.0/4.11)2, and for those with scale factor of 5.95, FSF =
(24.1/3.19)2. Table II illustrates the actual field conditions and measured
SAR values as a result of exposing various models in the near-field synthe-
sizer at 19 MHz. The first column lists the size and type of object, the
scale factor, and the type of interface between the two halves of the model.
The second column illustrates the polarization of variocus field components
at the plane of separation of the model. The third column illustrates the
input power to the near-field synthesizer; the fourth column illustrates the
electric field strength; the fifth column illustrates the magnetic field
strength; the sixth column the exposure time; the seventh column the maximum
increase in temperature, measured thermographically as described in the
following sections; the eighth column the maximum SAR, as calculated from the
temperature rise; and the last column the maximum theoretical SAR where
applicable.

In the normal application of the thermographic technique for measuring
SAR, the model is first exposed to the particular source of interest, except
at a considerably higher power level. The higher than normal power level is

needed to heat the phantom model in the shortest possible time. After the
short exposure, the model is quickly disassembled and the temperature pattern
over the surface of the separation is observed and recorded by means of a
thermograph. Exposures are normally applied over a 5-60 sec time interval,
depending on the source. After a 3-15 sec delay for separating the two
halves of the model, recording is done within 1/16 sec. Since the thermal
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TABLE 1

DIMENSIONS, SCALE FACTORS, AND SIMULATED
FREQUENCIES OF PHANTOM MODELS

Model Scale Simulated Frequency | Simulated Frequency
Factor Simulated Model USAFSAM UM BEMRL
Spheroid
a/b=1 a=4.3cm | 5,95 51.2 cm dia.sphere 3.19 MHz 24.1 MHz
afb=l a=5.6cm | 4.62 51.2 e¢m dia.sphere 4.171 MHz 31.0 MH2
2:1 prolate
afb=2 a=6.82cm| 5.95 spheroid 3.19 MHz 24.1 MHz
a=40. 6cm
5:1 pralate
a=12.57 p
. sphergid 3.19 MHz 24.1 MHz
a/b=5 cm | 5.95 3274 8cm
- 7.73:1 prolate .
aiper ORI o | spheroic 3.19 Hiz 26.1 MHz
’ a=100cm
70kg h=1.74 in
Human 4.62 human 4.1 MHz N.0 MHz




diffusivity of the model is low, the difference in measured temperature
distribution before and after heating will closely approximate the heating
distribution over the flat surface, except for regions of high temperature
gradient, where there may be some error due to heat diffusien. In this in-~
vestigation, however, due to power limitations, most of the exposure times
using the USAFSAM facilities were far in excess of 60 min, as shown in

Table II, so we can expect considerable error due to heat diffusicon. An
analysis by the General Electric Company, appearing in one of our reports (9)
indicates that a significant error (for instance, up to 57%), can result in
the thermographic recording, from thermal diffusion effects during a 5 min
exposure time with the assumption that the heating volume corresponds to a 1"
diameter sphere. The error can even be greater if the heating area is
smaller or is nonuniform.

The SAR data obtained by the thermographic measurements, which are
scaled to full-scale models and normalized to a squared electric field inten-
sity (Ez) for the electric field exposure and magnetic field intensity (H2)
for magnetic field exposure, are tabulated in Table III. The measured wvalues
from the USAFSAM exposures were compared to the results obtained from the UW
BEMRL exposure system by scaling them up in frequency by the FSF factor
described above. In addition, for the case of the spheroids, the measured
values were compared to theoretical values based on the analysis by Durney
and Johnson (10). Equations were programmed on a Hewlett-Packard 65 hand
calculator to facilitate rapid computation. This program and user instruc-
tions are given in the Appendix. Detailed discussion of the exposure methods
and thermographic results are discussed below.

1. Exposure of Sphercidal Models

a. Electriec Field

All of the models exposed to the electric field configuration were
oriented with their sectioning plane parallel to the electric field vector
between the plates of the near-field synthesizer shown in Figure 1. The
spheroids exposed in this configuration were irradiated for 5 min. As dis-
cussed previously, this is much longer than the usual exposure time for
thermographic measurements, but the long exposure was required to obtain
discernible temperature differences. In some cases, this exposure time was
insufficient to produce a measurable temperature increase, as was the case
for the sphere exposed to the electric field with the results shown in
Fig. 5-a for simulating the full-scale exposure to 4.11 MHz, and in Fig. 5-b
simulating a full-scale exposure to 3.19 MHz. The upper left photograph of
the figures illustrates the intensity scan where brightness is proportional

9. Guy, A.W.; M.D. Webb; and J.A. McDougall, "Assessment of the EM field
coupling of 915 MHz oven door leakage to human subjects by thermographic
studies on equivalent phantom models,'' BEMRL, Dept. Rehab. Med., Univ.
Wash.” School of Med., Seattle, Sci. Rpt. No. 7, March 1976. General
Electric Co. Contract No. PO 112-ZA20-224549-P.

10. Durney, C.H.; C.C. Johnson; and H. Massoudi, 'Long-wavelength analysis of
plane wave irradiation of a prclate spheroid model of man,' IEEE Trans.
Microwave Theory Tech., 23:2: 246-253, February 1975.
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to temperature and SAR. The upper right photograph of the figures is the
profile scan (a vertical array of single line scans where the vertical
deflection of each scan is proportional to the temperature or SAR).

Finally, at the bottom of each figure, there is z double exposed line
scan, one trace taken before exposure and one trace taken after exposure
along the line section marked on the intensity scan. For these cases, the
resolution was very poor and resulted in calculated SAR values far in excess
of the theoretical values. This was due principally to diffusion of heat
from the foam container to the synthetic muscle material contained therein.
Since the electric field values are quite high in foam as compared to the
muscle as the result of the large ratio in dielectric constants, even a
small loss factor in the foam can result in SAR values higher thamn that in
the synthetic muscle. Over the long time pericd of exposure, this heat
diffused into the synthetic muscle material increased its temperature and
resulted in calculated SAR values far in excess of theoretical wvalues.

The SAR values are calculated for the position on the line scan
indicated by the arrow, usually corresponding to the maximum temperature
change. Thermographic results of exposing prolate spheroids to an electric
field are shown in Fig. 6-a for a 2:1 axial ratio; 6-b for a 5:1 axial ratio;
and 6-c for a 7.73:1 axial ratio. The heating in the ellipsoid with the 2:1
axial ratio was negligible and the calculated SAR values could not be ob-
tained. The heating for the ellipsoids with the larger axial ratios, however,
was sufficient to produce calculated SAR values much closer to the theoretical
values, since the SAR increases markedly with axial ratic. In these cases,
the measured values are somewhat lower than the theoretical values, however,
since the thermal diffusion now results in heat flow from the heated syn-
thetic muscle to the foam casing. This is to be expected, considering the
long 5 min exposure times based on the analysis reported in (9). The re-
sults, when compared in Table III to the UW BEMRL exposure results for the
5:1 axial ratio spheroid, agreed within approximately 407%. Since the UW
BEMRL results, which are based on very short exposure times, agreed much more
closely with theory than the USAFSAM results based on 5 min exposure times,
we would expect the disagreement between results to be due to the thermal
diffusion problem.

b. Magnetic Field

Two orientations of the spheroidal models were used when exposing to a
magnetic field configuration. One corresponded to the sectioning plane
being aligned parallel to the magnetic field vector, and the other aligned
perpendicular to the magnetic field vector. In both cases, the model was
placed in the center of the loop shown in Fig. 1. Since the magnetic field
couples energy much more strongly to the spheroids, the exposure time was
decreased to 2 min. Even with the shorter exposure time, however, the period
is still much longer than that normally required for accurate results. This
exposure condition does eliminate the heating of the foam container, how-
ever, since the magnetic heating of such material is negligible. Fig. 7-a
illustrates the thermographic results in predicting the SAR patterns for 'a
70 kg sphere exposed to a 4.11 MHz magnetic field perpendicular tc the plane
of separation. Note that the measured value, though slightly lower,

12



SPHERE R=256c¢m E=1V/m® sf=462 f=41/MHz
SECTION PLANE || TO E FIELD

SINGLE B
LINE §

=
N

MEASURED W=232 nW/kg  THEORETICAL W=724 pW/kg

a

SPHERE R=256cm E*=IVYm® sf=595 f=319 M7
SECTION PLANE || TO E FIELD

MEASURED W=555 riW/kg  THEORETICAL W=447 sii/sc
‘ b

Figure 5. Thermograms and maximum values of SAR obtained from sphere models
exposed to electric fields. (All values pertain to full-scale
exposure canditions. )}
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PROLATE SPHEROID @=406cm a/b=20 E%=IV7m
sf=595 =319 MHz

iﬂf[[[(((((

T
ih

|
i

!
|

MEASURED W=00 nW/kg THEORETICAL W=165 nW/kg

a

PROLATE SPHEROID o=748cm a/b=50 E’=Ivim
sf=595 =319 MHz

ey AN
Illliilllll
MEASURED W=125 nW/kg THEORETICAL W=160 nW/kg

b

Figure 6. Thermograms and maximum values of SAR obtained from prolate
‘ spheroid models exposed to electric fields. (All values pertain
to full-scale exposure conditions.)
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PROLATE SPHEROID a=100cm a/b=773 E*IV7m’
sf=595 f=319 MHz

siNGLE B
LINE

MEASURED W=208 nW/kg THEQRETICAL W=558 ry Wi

c
Figure 6. Thermograms and maximum values of SAR obtained from prolate

spheroid models exposed to electric fields. (All values pertain
to full-scale exposure conditioms.)
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TABLE III

MAXTMUM SAR CALCULATED FOR FULL-SCALE 70 kg SPHEROIDS

USAFSAM NEAR-F1ELD SYNTHESIZER ’ "L BEIRL VIIF RESDUANT CAYITH
FAX [T SAR gl SAR FREQUINGY SCALED MAX MU' SAR HALIHING SAR
MEASURED THEQRETICAL MAZ PR SAR THEQRETICAL MENSURLD
H/kg Mk - ’“C?ﬂm Wha Wkg
EPPLIED TLECIAIC FTLLD PARALIFL T SECTION PLANE €° = 3 vomd
ELLIPTICTTY =12 Scaled to F=29.1 Miz =28 M
arh - 5.55 v 1079 0317 < 10°Y 13 e 1a7? 25 1 x 1077 2600
arp = 2 0.0 185« 109 on 83.2 x |EJ‘g
a/b 5 125 107? 160 x 107" ] o717 e in°" 0:99 5 10" 1t 10k
arh s 7.73 20.8 £ 10°° WR k1070 | Ha e 1078 3162 1078
rearmg Scaled to T 0 M f 31,0 M
ab = | 23.2 x 107? 0 28 x 1077 T3z 0 un? 8.9+ 1072 ] .00
APPLIED MAGHTTIC FIFLD PCRROTMEJLAR T0 SECTION PLASE HZ - 1 8%l
f=32mu Scaled to f-24 1 Mz £ 2400 Moz
a/b = | 3.93 ¢ 1077 FElx 100 2.7 0 359 0. 156
Wb s 2 | oske ie? 1ma .10 .79 T
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SPHERE R=256cm H=1A/m? sf=462 =4 MHz
SECTION PLANE L TO H FIELD

=

-— e T .

INTENSITY PROFILE

SINGLE I
(INE I |

MEASURED W=970 mW/kg THEORETICAL W=11.3 mW/kg

a

SPHERE R=256c¢m H*=I1AYm® sf=595 f=3(3 MHz
SECTION PLANE L TO H FIELD

SINGLE |
LINE B

MEASURED W=393 mWkg THEORETICAL W=66| mW/kg
‘ b

Figure 7. Thermograms and maximum values of SAR obtained from sphere models
exposed to magnetic fields. (All values pertain to full-scale
exposure conditions.)
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apparently due to thermal diffusion, is relatively close to the theoretical
value.

Fig. 7-b illustrates the thermographic results for 3.19 MHz exposure.
In this case, the measured values are somewhat less than the theoretical
values. Table IIT does indicate, however, that the extrapolated values do
compare reasconably well with the UW BEMRL exposures. Fig. 7-c and 7-d
illustrate the results for the case of the magnetic field applied parallel to
the sectioned plane of the model. Again, as shown on Table III, the results
compare reasonably well. Fig. 8 illustrates the thermographic results in
exposing prolate spheroids to magnetic fields perpendicular te the sectioning
plane for axial ratios of 2, 5, and 7.73. In these cases, the measured SAR
values differ from the theoretical values by a greater amount than the UW
BEMRL results, as seen in Table III. Since the volume of the region heated
for these cases is significantly smaller than those for other cases, we would
expect the thermal diffusion process to be more seriocus for these particular
configurations, so we attribute the differences to this problem.

¢. Combined Magnetic and Electric Fields

Although the near-field synthesizer can produce various électric and
magnetic field configurations, during the testing period it was only possible
to illuminate the models with electric and magnetic fields parallel to each
other, with a field impedance of 180 {i. This combination was necessary since
the loop in the near-field synthesizer had already been oriented and tuned to
this particular position, and any rearrangement would have used more time
than was available tc conduct the experiments. Only the spheres were exposed
to this field configuration. The measured specific absorption rate were
normalized to the square of the magnetic field (H2). Theoretical values were
obtained by adding the S5ARs separately for the electric and magnetic fields
by means of the calculator, using the programs in the Appendix.

It should be noted that the peak SAR values would be somewhat higher if
the electric and magnetic fields were applied perpendicular to each other,
since the vector addition of the two parallel electric fields set up in the
sphere result in larger net absorbed SAR. Thermographic results and measure-
ments are shown in Fig., 9-a for the smaller diameter simulating a 70 kg
sphere exposed to the 3.19 MHz fields polarized parallel to the plane of
separation, and Fig. 9-b for the small sphere exposed with the fields applied
perpendicular to the plane of separation, Fig. 9-c for the large sphere
exposed with the fields parallel to the plane of separation, and in Fig. 9-d
for the large sphere exposed with the fields perpendicular to the plane of
separation. The SARs calculated for the exposure with the plane of separa-
tion parallel to the fields are higher than theoretical. The plane of separa-
tion can interrupt the current flow in this case if there 1s poor contact.
This can produce higher field levels at the interface, producing greater
heating 1o that region. This may have been the problem. Extreme care must
be exercised to prevent this. Since data reduction did mot occur until later,
there was no way to confirm this.
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SPHERE R=256cm H*=|A/m" sf=595 f=3|9 MHz
SECTION PLANE || TO H FIELD

B}
sasdscdcan
MEASURED W=719 mW/kg THEORETICAL W=661 mW/kg

c

SPHERE R=256cm H'=IAY/m* sf=462 f=41IMHz
SECTION PLANE|| TO H FIELD

! l =

INTENSITY PROFILE

SINGLE B
LINE

MEASURED W=825 mW/kg  THEORETICAL W=113 mwW/kg
d

Figure 7. " Thermograms and maximum values of SAR cobtained from sphere models
exposed to magnetic fields. (All values pertain to full-scale
exposure conditions.)
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PROLATE SPHEROID a=406cm a/b=20 H*=IA/m
sf=595 =319 MHz

MEASURED W=686 mW/kg THEORETICAL W=106 mW/kg

a

PROLATE SPHEROD a-=748cm a/b=50 H=1AYm
sf=595 -39 MHz

MEASURED W=348 mW/kg  THEORETICAL W=833 mW/kg
b

Figure 8. Thermograms and maximum values of SAR obtained from prolate
spheroid models exposed to magnetic fields. (All values pertain
to full-scale exposure conditions.)
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PROLATE SPHEROID a=100c¢m a/b=773 H*=|AYm"
sf=595 =319 MHz

MEASURED W=2 70 mW/kg THEORETICAL W=65I nw‘ui'?t;

Figure 8. Thermograms and maximum values of SAR obtained from prclate
spheroid models exposed to magnetic fields. (A1l values pertain
to full-scale exposure conditions.)
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2. Exposure of Large Spheroid Model

The prolate spheroid, with a/b = 3.13, a = 19.6 cm, was fabricated by
the University of Utah to simulate a 3.5 kg monkey. The synthetic tissue
filling the sphercid had electrical properties equivalent to human muscle.

.This full-scale model spheroid was exposed to the parallel electric and
magnetic field configuration in the near—-field synthesizer for 2 min. Since
. the magnetic field provides the major part of the coupling fer this field
configuration, the measured theoretical SARs were normalized to the square of
the magnetic field, with the thermographic results illustrated in Fig. 10 and
tabulated in Table IV. The deviations between the theoretical and the experi-
mental values are probably due teo a .combination of problems. First, an ex-
cessively long exposure time led to diffusion which resulted in measured
values that are lower than theoretical values, and pcoor contact between the
two halves of the assembled model could lead to measured values higher than
the theoretical wvalues.

3. Exposure of Man Model

The 1/4.62th scale model man was exposed toc 19 MHz in the near-field
synthesizer to simulate a full-scale man exposure at 4.11 MHz. Two configura-
tions of the model were used. One was secticned using the old technique of
covering each half with a thin plastic film or tape, and the other involved
the use of the new silk screen technique. In the former technique, since
symmetry is necessary on each side of the sectioning plane, two back halves
of the man model were used, whereas, in the newer technique, the front and
the back were joined at the frontal plane. The old type model was exposed
independently to electric and magnetic fields, and the new model was exposed
to parallel electric and magnetic field configurations. Since the latter
configuration could not be tested in the VHF resocnant cavity, and there is no
theoretical sclution, only experimental results were obtained for the model.
The results are illustrated in Table II for the actual values measured in the
models, and in the figures discussed below for thermograms and values extrap-—
olated to the full-scale man. The results of exposures of both types of
model men in the near-field synthesizer and the VHF resonant cavity are
presented in Table V.

a, Electric Field Only

_Fig. 11 illustrates the 1/4.62th scale model man exposed to an electric
field parallel tc the axis of the man.  In this case, the model was sectioned
according to the old technique along the frontal plane involving two backs.
In this case, the exposure time was 60 sec, which was short enough to allow
thermal diffusion to be neglected in most areas. There is excessive heating
in the foam near the head and feet of the model due to the high concentration
of electric fields in this region. Thermograms indicate that some of this
heat is transferred to the model from the foam at the head and feet. The
absorbed power pattern is very similar to that produced by the VHF resonant
cavity, except that the knee and neck heating seems to be somewhat less, as
illustrated in Table V. The SAR ratios relative to the value in the knee are
shawn at the top of Table VI, and the SAR ratios for the same regions for
near-field synthesizer exposure compared to the resonant cavity exposure are
tabulated at the top of Table VII.
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SPHERE R:=256cm H=|AYm? sf=595 $:319 MHy
SECTION PLANE || TO BOTH E AND H FIELDS
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SINGLE ©
LINE p

MEASURED W=I08 mW/kg " THEORETICAL W=662 mw/kg
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SPHERE R=256cm H'=IA%Ym’ sf=595 f=319 MHz
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e
—_———— =
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INTENSITY  PROFILE

gnGLE
LINE

MEASURED W=574 mW/kg  THEORETICAL W=662 mW/kg
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Figure 9. Thermograms and maximum values for SAR cbtained from sphere models
exposed to a parallel combination of both electric and magnetic .
fields.. (All values pertain to full-scale exposure conditions.)
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SPHERE R=256cm H=IAYm® sf=462 f=4]l MHz
SECTION PLANE || TO BOTH E AND H FIELDS

MEASURED W=[21 mW/kg THEORETICAL W=1l.46 mW/kq

SPHERE R=256cm H =1AYm" sf-462 f=41IMHz
SECTION PLANE LTO BOTH E AND H FIELDS

SINGLE
LINE

MEASURED W=123 mW/kg  THEORETICAL W=II46 mWrkg
d

Figure 9. Thermograms and maximum values of SAR obtained from sphere models
exposed to a parallel combination of both electric and magnetic
fields. (All values pertain to full-scale exposure conditions.)
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PROLATE SPHEROID a=196cm asb=313 H=1AYm" =19 Mk,
SECTION PLANE L TO BOTH E AND H FIELDS

1

INTENSITY

YA ----:ar

unuii--in-
VEASURED W=435mW/kg  THEORETICAL W=234 mw/k.

a

W
S

PROLATE SPHEROID a=196cm a/b=313 H*=1A%Ym® =13 MHz
SECTION PLANE || TO BOTH E AND H FIELDS

MEASURED W=240 mW/kg ~ THEORETICAL W=334 mW/kg -
. X |

Thermograms and maximum values of SAR obtained from prolate
spheroid models exposed to a parallel comblnatlon of both elec-

tric and magnetic fields.
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TABLE 1V

MAXIMUM SAR CALCULATED FOR FULL-SCALE 70 kg SPHEROIDS

Elliptjeity

Freguency
MHz

Maximum SAR
Measured
W/ kg

Max1mum SAR
Theoretical
W/kg

Section Plane

Parallel to Both Electric and Magnetic Fields H% = 1 A%/ml

a/b = 1 3.2 10.8 x 1073 6.62 x 1073

a/b =1 4.1 19.1 x 1073 11.5 x 1073

a/b = 3.13 19 24.0 x 1073 33.4 x 1073

Section Plane Perpendicular to Electric and Magnetic Fields H2 =] AZ.’m2

N -3 -3

a/b = 1 3.2 5.74 x 10 6.62 x 10

a/b = 1 4.1 12.3 x 1073 1.5 x 1077

a/b = 3.13 19 43.5 x 1073 23.4 x 10°°
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COMPARISON OF MEASURED SAR FOR MAN EXPOSED IN
NEAR-FIELD SYNTHESIZER AND VHF RESONANT CAVITY
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b. Magﬁetic Field Only

The thermograms of the same model exposed to the magnetic field are
illustrated in Fig. 12. 1In this case, the exposure time in the near-field
synthesizer was 90 sec, therefore, the diffusion effects cannot be completely
neglected. Again, the power absorption pattern is similar to that produced
by the VHF resonant cavity with maxima appearing in the axilla and the
perineum regions. In this case, the magnetic field was perpendicular to the
frontal plane and parallel to the transverse plane of the medel. The SAR
ratios of all areas relative to that of the axilla are shown at the bottom
of Table VI. The SAR ratios for the same regions in the two different ex-
posure systems are tabulated at the bottom of Table VII. Both the arm-
shoulder area and the lateral thorax areas absorb much more power for ex-
posure in the near-field synthesizer than in the VHF resonant cavity. This
could be due to diffusion. Table VII indicates that the SARs produced by
the near-field synthesizer are as low as one-quarter of those produced by
the VHF resonant cavity. This could be due to the long exposure time re-
sulting in diffusion and also could be due to the fact that the model
occupied a large area of the source loop, producing a perturbation which
modified the magnetic field patternm.

c. Magnetic and Electric Field

Models sectioned according to the new technique were exposed to the
configuration of parallel electric and magnetic fields in the near-field
synthesizer. The model was exposed to three orientatiomns relative to this
field configuration, and the exposure time of the test was 60 sec. The SAR
values were normalized to the square of the electric field for these cases.
Fig. 13 illustrates the thermographic results in exposing the model with the
E and H fields parallel to the frontal plane and perpendicular to the trans-
verse plane. The SARs were similar to those produced in the electric field
exposures, indicating that the electric field coupling is dominant in this
case.,

- In the second orientation, the model was exposed with both the magnetic
field and the electric field oriented perpendicular to the frontal plane of
the model and parallel to the transverse plane. In this case, it can be seen
from the thermograms in Fig. 14 that the SAR patterns are similar to those
for man exposed to the magnetic field only, oriented perpendicular to the
frontal plane. This indicates that the electric field component couples
very little energy to the model, as compared toc the magnetic field compomnent.

The final and third orientation, which was not tested in the VHF reso-
nant cavity, involved exposure of the model with the electric and magnetic
fields parallel to both the frontal plane and the transverse planes. The
thermograms are illustrated in Fig. 15. Note that the specific absorption
rates are an order of magnitude lower than those obtained when the man was
exposed to the electric field parallel to the frontal plane and perpendicular
to the transverse plane. The results indicate a small degree of electrical
coupling with the areas absorbing power corresponding to the abdomen, arms,
and neck.
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MAN

Figure 11.

BACK h=174m E*=(V¥m’ sf=462 f=41f MH;

W=0476 uWkg W=171  uW/kg

b

Thermograms and maximum values of SAR obtained for 1.74 m high
70 kg man exposed to electric fields. (All values pertain to
full-scale exposure conditions.)
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.TABLE VI

COMPARISON OF SAR RATIOS FOR MAN EXPOSED IN
NEAR-FIELD SYNTHESIZER AND VHF RESONANT CAVITY

Near«Field Synthesizer

VHF Resonant Cavity

Near-Field Synthesizer

Locatiod D1d Model New Model
Reference _ Parallel Electric .
' Location L. 2 2.2 and !faanetic fFields
‘ ) - Electric Field Only E~ =1 V°/m 2 2 2
o - E® = 1 v¥/m
Ankle Y
Knee . - 3.38 »2.06 4.1
Neck '
Knee 0.33 0.41 n.52
Abdomen
Knee 0.17 0.26
. ‘ 2 2 o Parallel Electric
Magnetic Field Qnly H® =1 A%/m* and Magnetic Fields
“ Hz = Azfmz
\Perineum ,
Axilla — §.65 0.82 0.64
Shqulder 0.7 0.26 0.77
Axilla .
Lateral Thorax 0.73 0.95
Axilia
Sternum
Axilla 0.26 C.28
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TABLE VIT

RATIOS OF SAR OF NEAR-FIELD SYNTHESIZER EXPOSURE TO
VHF RESONANT CAVITY EXPQSURE FOR = MAN

Near~-Field VHF Near-Field VHF
Synthesizer / Resanant] Synthesizer /Rescnant
Location Cavity Cavity
. . Parallel Electric
Electzr'lc FIezleDnIy and Magnetic Fields
£ =1 vo/m E2 = V2/ﬂ12
Ankle - 1.08 C.63
Knee 0.66 0.30
Neck 0.54 0.40
Abdomen
. . . Parillel Electric
Magnetic Fw:?]d 20n1y and Magnetic Fields
W = 1 a%/m 2 a1 Al
AxiTla 0.28 Q.29
Perineum 0.22 0.23
Shoulder 0.74 0.84
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MAN BACK h=174m H*=IA/m° sf=462 f=411 MHz

W=9 95 mwW/kq W=154 mW/kg

MAN BACK  h=174m H=145m° sf=dgz =41 W

o
:@@&:*

INTENSITY SCAN W=109 miW/ka
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Figure 12. Thermograms and maximum values of SAR obtained for 1.74 m high
70 kg man exposed to magnetic fields. (All values pertain to

full-scale exposure conditions.)
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MAN h=174m E%IV¥m’ sf=462  f=41l MHz

W=122 nW/kg W=102 1W/kg

MAN h=174m  E’=IVY/m’ 5f=462 f=411 MHz

W=0.235 LW/kq W=0965 LW/kg

b

Figure 13. .Thermograms and maximum values of SAR obtained for 1.74 m high
70 kg man exposed to electric and magnetic fields parallel to
the frontal plane and perpendicular to the transverse plane.
(All values pertain to full-scale exposure conditions.)
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MAN h=174m H*=IA/m° sf=462 =411 MHz
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Figure 14. Thermograms and maximum values of SAR obtained for 1.74 m high 70
kg man exposed to electric and magnetic fields perpendicular to
the frontal plane and parallel to the transverse plane. (All
values pertain to full-scale exposure conditions.)

MAN h=174m EZ=IV¥m® sf-462 f:4 1 MHz

N oo e
A N

M NEBT
NEEEL SREEN Rl

W=362 nW/kg  W=869 nWkg W=113 nW/kg

Figure 15. Thermograms and maximum values of SAR obtained for 1.74 m high 70
kg man exposed to electric and magnetic fields parallel to both
transverse and frontal planes. (All values pertain to full-scale
exposure conditions.)

H.
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B. HF Stripline

The HF stripline exposure system at USAFSAM, shown in Fig. 2, is a
symmetrical parallel plate structure used for simulating plane wave exposure
conditions when the exposed object is small compared to the spacing between
the center strip and the surrounding chamber. The tests performed using this
exposure system were done at 19 MHz. The 3.5 kg prolate spheroid with an
axial ratio of 3.13:1 and the man model used in the previous experiments
were irradiated for 5 min. The electric field strength during exposure was
1680 V/m and the field impedance (E/H) was 352 Q corresponding to an incident
power density of 802 mW/cmz. The experimental results of the actual exposure
conditions are tabulated in Table VIII, and.the details concerning the
thermographic results are discussed below.

1. Exposure of Spheroid Model

The 3.13:1 prolate sphercid was exposed in three different orienta-
tions as described in Table VIII, and the thermographic results depicted in
Fig. 16. With the exposure time of 5 min, the only discernable temperature
rise in the phantom model was that due to diffusion of heat from the foam
material. This is not surprising since an absorbed power density of 12 W/kg
or more was required to raise the temperature 1° for an exposure time of 5
min, assuming no diffusion effects. It can be shown theoretically, using the
calculator program in the Appendix, that the stripline power density was
capable of inducing a maximum of only 3.57 W/kg in the prolate ellipsoid
used in the experiment.

2. Exposure of Man Model

The 1/4.62th scale man model was irradiated in the two orientations
depicted in Table VIII. Thermographic results for 5 min exposures are il-
lustrated in Fig. 17, 1In the first orientation, the model was exposed with
E and H field components simulating plane wave irradiation with the E
parallel to the long axis of the man. The coupling should be predominantly
by means of the electric field for this orientation. When the electric
field is perpendicular to the long axis of the man, the coupling should be
predominantly due to the magnetic field. Thus, the results from the USAFSAM
HF stripline can be indirectly and roughly compared to the UW BEMRL VHF
resonant cavity results, even though the latter were measured for the model
exposed to single field components. This comparison is made in Table IX,
which illustrates the SAR values for the full-scale man exposed to 4.11 MHz
and the results of the frequency scaled to 31 MHz for the full-scale man.
The latter results compare favorably to the results obtained in the VHF
cavity representing a full-scale man exposed toc 31 MHz.

C. Anecheoic Chamber

The models were irradiated in an anechoic chamber with power density
levels of 176 mW/cm? at a frequency of 1600 MHz. Exposure times from 30 sec
to 2.5 min were used. The six objects exposed in the chamber were the 3.5 kg
prolate spheroid, the model man, the 6 cm diameter sphere, a 200 gm rat, a
40 gm mouse, and a phantom 40 gm mouse. The only model in which the frequency
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TABLE VIII

MODEL EXPOSURE CONDITIONS IN

USAFSAM STRIPLINE CHAMBER AT 19 MHz

INCIDENT
INPUT POWER EXPOSURE ' |TFMPERATURE | Max. SAR
POWER DENSITY TIHE RISE Hr
oBJECT ORIENTATION | (1 cusTTs)| (musemd) |  (sec) (c) (W/kq)
3.13:1 Ellipsaid cutlle, L H
2219.6 em E]] Tong axis 50 802 300 0.4 4.79
Scale Factor = 1.00 tutile, || H
E[l long axis 50 802 300 0.5 5.32
Silk Screen Interface Cut |[H. LE .
H}}long axis 50 80z 300 - e
1.74 o Yan  True Shape cutlle alln
E” long axis 50 802 300 1.4 40.7
Scale factor = £.62
CutlE, Hn
S11k Screen Interface H||Tong axis LV I 802 307 0.3 3.9
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PROLATE SPHEROID a=196cm a/b=313 E?=1V¥m® =19 MHz

X-Z PLANE Y-Z PLANE
INTENSITY j‘ k—H -
PROFILE
SINGLE
LINE e
A-A
W ° T ]
| RN
B-B’ . D-D "
THEORETICAL Wyax =127 uW/kg MEASURED W,.x =0 W/kg
‘ a

Figure 16. Thermograms obtained from 3,13:1 prolate spheroid exposed in
. HF stripline.
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PROLATE SPHEROID a=196cm a/b=313
E2=I1VYm® f=19 MHz

PROFILE SCAN
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Sonteacsa

THEORETICAL Wiyay=285 nW/kg  MEASURED W= O W/kg
b

Figure 16. Thermograms obtained from 3.13:1 prolate spheroid exposed in HF
stripline.
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and size were scaled was a man. The remaining objects consisted of phantom
models of synthetic tissue with proper electrical characteristics for 1600
MHz, or actual sacrificed animals. The results from actual exposure condi-
tions are tabulated in Table X. The thermographic results are discussed
below.

1. Spheroids

The 6-cm diameter sphere was exposed with two orientations, one with
the sectioned plane aligned parallel to the applied electric field vector,
and the other with the sectioned plane aligned perpendicular to the electric
field vector. The thermographic line scan along the center line of the
sphere was recorded for each case. Since the change in orientation is ob-
tained by merely rotating the sphere about an axis which is the center line
for the two exposures, the line scan heating patterns for the two cases
should be identical. As seen from Fig. 18, the general shapes of the pat-
terns are identical, but there is a slight variation (< 15%) in amplitude,
probably due to imperfect surface contact between the two sections of the
model. With the exception of being slightly lower, due to diffusion, the
values of SAR seem to agree very well with the thecretical value tabulated
at the top of the thermographic pictures.

The prolate spheroid was exposed such that the major axis was parallel
to the electric field and perpendicular te the magnetic field. The section
plane was an ellipse containing the major and minor axis of the ellipsoid.
Thermograms illustrated in Fig. 19 show that the irradiated surface of the
spheroid absorbed the maximum power. The power absorption dropped to a
negligible value with about 2.5 cm penetration into the ellipsoid, comparing
favorably with the theoretical penetration depth for 1600 MHz plane wave
fields of 2.4 cm.

2. Exposure of Man Model

The same model man used for the 19 MHz exposures was exposed to the
1600 MHz in the chamber. It should be realized that the phantom materizal
filling the model form was electrically equivalent to human muscle at 4.11
MHz. The observed results cannot be scaled according to the rules previously
reported, since the dielectric content is not the proper value. When this
variation is included in the scaling theory as reported by Sinclair (11), the
exposure of the model man to 160{ MHz actually simulated a 23" high man
weighing 5.8 pounds exposed to a 1200 MHz field having a field impedance of
437 Q. Practically, the results would probably correspond reasonably well
with those obtained for the exposure of a small, 5.8 pound infant to 1200
MHz plane wave field., The model was exposed in three different orientationms,
described in Table X. Thermographic results are illustrated in Figs. 20, 21,
and 22, and tabulated in Table XI.

11. Sinclair, George, ''Theory of models of electromagnetic systems,'" Proc.
I.R.E., November 1948, pp. 1364-1369,
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MAN h=174m E2=IV¥m’ sf=462 4| MHz
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Figure 17. Thermograms and maximum values of SAR obtained for 1.74 m-high 70-
kg man exposed in HF stripline. (All values pertain to full-

scale exposure conditions.)
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TABLE IX

COMPARISO‘N'OF MEASURED SAR FOR MAN EXPOSED
IN HF STRIPLINE AND VHF RESCNANT CAVITY

USAFSAM HF STRIPLINE

M UM BEMRL VHF RESONANT CAVITY

L Frequency Scaled
Maximum SAR W/kg Maximum SAR W/kg Maximum SAR W/kg
f-‘q.n MHz : ‘ f=31.0 Mz f = 31,0 MHz
Major axis It E any L H, Sect.ion plans nto: Major axis Il E and Section Plane
E, 0 to Hand L to k E<s1 V2/m Plastic_Film_Injerface
. Silk Screen Interface £2s1 y2/m
Ankle Knee Neck Ankle Knee Neck Ankle dnee Neck
3120077 [1.62210°8 |e.afxi077 | 178x1078 | 921078 |a7.8x1078 || 1500107 | sexia7® 29.6x1078
Major axis L E and i H, Section plans 4 to Frontal Plane L to H
€, 0l toHand Nl to k H2=) Al/m Plast'lc Film In%erface
5i1k Screen Interface He=] Al /o
Perineum Perineum Perinsum
-3
37.1x10 24 2.55
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TABLE X

MODEL EXPOSURE CONDITIONS IN USAFSAM ANECHOIC CHAMBER AT 1600 MHz

' INCIDENT
INPYT POWER EXPOSURE |TEMPERATURE| MAX SAR
POWER DENSISY TIME RISE W
0BJECY ORIERTATION (WATTS) (mW/cn®) (SEC) (°c) (W/kg)

§ cn Dia Sphere
Scale Factor = 1.0 Cut]] E.LH 400 176 50 5.4 324

Cut LE. |1 H 400 176 50 4.7 282
1.13:1 Ellipsaid
a=19.6cm Cut ]| E. L H ‘
Scale Factor = 1.0 £]l Tong axis 400 176 150 2.7 0.35°
1.74 ¢ Man
Scale Factor = 4.62 |Zut]) € and n

£ A long axis 400 176 120 5.7 173

Cot[lE. L n

E || Tong axis 400 176 k] 5.9 710

) Cut “ £ and H

E |f Tong axis 400 176 Kh] 3.5 424
Prhanton mouse

Cut || € and H

E}l Yong axis a0¢ 176 &0 8.3 arg
Real mouse

Cut [l € and H

E}] long axis 400 176 60 9.6 555
Rat

Cut ]l £ and H

E ]| long axis 400 176 60 5.4 s
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X—Z PLAN X—=Y PLANE

o 2 =

NTENSITY 2k
J.
.
DROFILE
EEEEEE EEEEEN
ENEEEN T
YIS A
- N L b s
. - - vl
T REEENE

N-159 Wka  W=184 Wrkg

. Figure 18. Thermograms and maximum values of SAR obtained for 3-cm radius
sphere exposed to 1600 MHz plane wave EM fields.
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Figure 19. Thermograms and maximum values of SAR obtained for 3.13:1
prolate spheroid exposed to 1600 MHz plane wave EM fields.



3. Exposure of Animals and Animal Models

Both the 40 gm mouse and the 40 gm phantom mouse were exposed while
contained in a polypropylene cvlindrical holder which was actually the housing
of a 30 ce hypodermic syringe. A 200 gm rat was exposed in a cylindrical
container, consisting of the tip of a 30 cc hypodermic syringe housing and a
1%" diameter polyethylene tube. In each case, the medial plane along the
long axis of the animal was oriented parallel to both the magnetic and elec-
tric fields such that the electric field was aligned with the long axis.

Each model was exposed for a period of 1 min. The thermograms shown in

Fig. 23 depict the SAR patterns and peak values obtained in terms of 1 mW/cm
incident power density. Note that the results between the phantom and real
mouse are quite similar, and the peak SAR for the larger animal (rat) is less
than that of the mouse.

D. Microwave Mouse and Rat Brain Deactivators

The 40 gm mouse and the 200 gm rat were also exposed to several types
of microwave brain deactivators. Such devices are used to rapidly deactivate
the brain tissue of test animals for neurvlogical research purposes. Two of
the units tested were located at the University of Texas Medical School, at
San Antonio, and the other system is at the USAFSAM facilities. The devices
are designed to apply a large amount of EM energy into the small head volume
of the animal in order .to sacrifice the animals as fast as possible while
rapidly deactivating the brain. The main criteria is to do this quickly so
that the animals' regulatory systems do not have time to react and attempt to
counteract the intrusion. This will hopefully leave the animals' regulatory
substances in their natural concentrations and at their natural locaticns.
The exposure time is so small that the magnetron power sources do not have
time to come up to full power, so that the SAR values cannot be normalized to
some incident power density. The experimental results of the actual exposure
conditions are tabulated in Tables XII and XITI. The details concerning the
thermographic results are discussed below.

1. The‘University of Texas Systems

The University of Texas Medical School has two microwave brain deacti-
vator systems. The 40 gm mouse and its phantom were exposed in both systems.
One was constructed such that the animal could be inserted into a hole in the
short sidewall of an S band waveguide, as shown in Fig. 4-a. The field con-
figuration around the head of the animal is illustrated in Fip. 24-a. The S
band waveguide system was fed by a magnetron which was controlled with a
timing relay. Exposure times of 1/60 sec were used for the phantom mouse,
and times of 1/720 sec were used for the 40-gm mouse. The mouse and its
phantom were exposed in two orientations in this system, one with the medial
plane parallel to the waveguide cross-sections, and the other with it perpen-
dicular to the waveguide cross-section. Thermographic rzsults are shown in
Fig. 25 for both the mouse and the phantom. The results show that the SAR
pattern for both the mouse and the phantom consisted of an annular ring in
the region of the brain. This is due to the magnetic field producing circu-
lar eddy currents which are at maxima at the periphery of the mouse's brain.
The peak values of SAR were 1.42 MW/kg for the phantom and 1.68 MW/kg for the
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MAN h=058m Rzl mWem?® sf=154 {=1200MHz

N

W/kg

W=136  W/kg W=25

a
Figure 20. Thermograms and maximum values of SAR .obtained for 38-cm high

2.6 kg man exposed to 1200 MHz plane wave EM fields. (All values
pertain to full-scale exposure conditions).
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Figure 20. Thermograms and maximum values of SAR obtained for 58-cm high .

2.6 kg man exposed to 1200 MHz plane wave EM fields. (All
values pertain to full-scale exposure conditions.)
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MAN h=058m Rzl mWem® sf=154 f=1200MHz

PROFILE SCAN

W=100 Wkg S W=104 Wkg

MAN h=058m P.=lmW/im® sf=154 {21200 MHz

b

Figure 21. Thermograms and maximum values of SAR obtained for 58~cm high
2.6 kg man exposed to 1200 MHz plane wave EM fields. (All
values pertain to full-scale exposure conditions.)
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MAN h=058m Rl mWem® sf=154  {=1200 MHz
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Figure 22, Thermograms and maximum values of SAR obtained for 58-cm high

2.6 kg man exposed to 1200 MHz plane wave IM fields. (A1l values
pertain to full-scale expigure conditions.)



MAN h=058m P.=lmWem? sf=154 =200 MHz

3
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Figure 22. Thermograms and maximum values of SAR obtained for 58-cm high
2,6 kg man exposed to 1200 MHz plane wave EM fields. (all
values pertain to full-scale exposure conditions.)
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TABLE XTI

MEASURED SAR FOR 0.58 m HIGH 2.6 kg .

INFANT EXPOSED TO 1200 MHz PLANE WAVE EM FIELDS

MEASURED SAR W/kg for Pinc =1 mN/cm2

Frontal plane ” to E,} Frontal plane H to E,} Frontal plane ” to E,
Hto H.and_Ltok ” to H, and _Ltok _Lto H, and ” to k
LOCATION Transverse planes ” Transverse planes _L Transverse planes _L
to E and__l_ to H. to E and H to H to E and ” to H.
Perineum 0.640
Axilla 0.487
Farearm 0.203 1.56 2.62
Arm 0.229 0.894 2.44
Ankle 1.02 1.36
Wrist 1.9
Neck 0.218 0.995 0.0
Hand 0.254 0.487
Caif 0.198
Shoulder 0.183 0.7 0.731
Hip 0.173
Thigh 0.162
Foot 0.142
Head 0117 0.223
Abdomen 0.091
Knee .47
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SAGITTAL PLANE |} TO ELECTRIC AND MAGNETIC FIELDS
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Figure 23. Thermograms and maximum SAR values obtained for 40 g mice and a
phantom mouse exposed to 1600 MHz plane wave EM fields.
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Figure 23. Thermograms and maximum SAR values obtained for 40 g mice and a
phantom mouse exposed to 1600 MHz plane wave EM fields.
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EXPOSURE CONDITIONS IN UNIVERSITY

TABLE XII

OF TEXAS MOUSE DEACTIVATORS AT 2450 MHz

MAX TMUM
INPUT | EXPOSURE  [TEMERATURE|  sAR
POWER | TINE QISE W
OBJECT ORIENTATION (WATTS) (SEC) {°c) (W/kg}
PRANTOM HOUSE cut|]E 5 K 1/50 6.8 1.42x10°
= 6
o B Cut LT 5 iy 1/60 8.6 1.79x10
v o=
S=
=g REAL HOUSE cut{lE 5 ki 17720 4.0 1.63x105
=
Cut LE 5 kit 1/720 4.5 .88x10%
Cut L Waveguide 4
- PHANTOM HOUSE Cross-section 600 1.2 11.4 3.30¢10
E Cut || w d y
u Havequide 3
z g Crissenetion 500 1.0 1.9 §.56x10
2 :
= Cut L Waveguid
8 REAL MOUSE Uerasseonciion | 600 1.9 7.2 | s.96x10*
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TABLE XITI

DEACTIVATOR AT 2450 MH=z

EXPOSURE CONDITIONS IN USAFSAM MOUSE

INPUT EXPOSURE JTEMPERATURE] MAX SAR
POWER TINE RISE W
0BJECT ORTENTATION (WATTS) (SEC) (oc) (W/kg)
MOUSE cur L wavecu1oe . 5
REAL CROSS-SECTION 2 ki .25 8.8 1.22x10
: cut L wavecuioe 5
PHANTOM CROSS-SECTION 2 kW .25 13.8 1.50x10
RAT cut 1 wavecuIoe .3
{cross-section 2 W 25 8.8 1.22x10
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Figure 24. Animal orientation and field configuration of microwave brain
deactivations zt University of Texas Medical School
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mouse. This illustrates that the secticning technique used feor the phantom
models also worked well for the animals.

The other unit consisted of a system where the animal was inserted into
a hole in the long wall of the waveguide feed system with power derived from
an International microwave oven (as shown in the photograph in Fig. 4-b).
The field configuration around the head of the animal is shown in Fig. 24-b.
The phantom mouse and the real mouse were exposed in the microwave oven power
device with the medial plane perpendicular to the waveguide cross-section.
The phantom mouse was also exposed with the field plane parallel to the
waveguide cross-section. The exposure times for these cases were 1-1.2 sec.
Thermograms in Fig. 26 show that the power was absorbed along the animal
midline for both exposure condiitions. The power abscrption was much larger
for the perpendicular orientaticn than for the parallel orientaticn. Again,
the absorpticn patterns for the real and phantom mouse were almost identical
and on the same order of magnitude.

2. USAFSAM Microwave Brain Deactivator

The exposure facility at USAFSAM was a modified Raytheon Mark II micro-
wave annealing oven. A 40-gm mous=, its phantom, and a 200-gm rat were ex-
posed in this system. The animals were inserted in the waveguide exposure
system with their medial plane perpendicular to the waveguide cross-section,
as shown in Fig. Z4~b. The exposure time was controlled with a timing relay
which was set to give an exposure time of .25 sec. Longer exposure times
resulted in temperature changes so large that the thermograph Zetector was
saturated. Thermograms of the rat contained in Fig. 27-a show that the
power absorptiomn is concentrated in the nose and head region of the animal.

The power absorption patterns of the phantom mouse and the real mouse
are illustrated in the thermograms in Fig. 27-b. The patterns are nearly
identical and of the same order of magnitude. The SAR pattern in the mouse
is more dispersed; however, the maxima is in the region of the brain for both
the real and the phantom subjects.

Iv. CONCLUSIONS

A1l objectives of the joint UW BEMRL and USAFSAM tests and comparisons
were satisfied. The tests show that both the UW BEMRL VHF cavity near-field
synthesizer and the USAFSAM near-field synthesizer will predict reasonably
similar results for exposure of man or tissue models to HF frequencies by
extrapolation from exposures of phantom scale models of man or tissue
structures of various shapes to electric and magnetic fieids at scaled
frequencies. The results indicate that exposure times of less than 120 sec
and temperature rises of more than 20 are required to obtain similar results
between the exposure systems., The short exposure times and the minimum
temperature rises are required to eliminate inadequacies due to thermal dif-
fusion. Under these conditions, measurements made in the USAFSAM near-field
synthesizer on tissue equivalent spheroids agree very well with theory and
the values measured in the UW BEMRL resonant cavity near-field synthesizer.
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Figure 25. Thermograms and maximum values of SAR obtained for 40 g mice
exposed in University of Texas microwave brain deactivateor.
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Thermograms and maximum values of SAR obtained for 40 g mice
exposed iIn University of Texas microwave brain deactivator.
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Figure 26. Thermograms and maximum values of SAR obtained for 40 g mice
exposed in University of Texas microwave brain deactivator.
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Figure 27. Thermograms and maximum values of SAR obtained for a 200 g rat
exposed in USAFSAM microwave brain deactivator.
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Figure 27. Thermograms and maximum values of SAR obtained for 40 g mice
exposed in USAFSAM microwave brain deactivator.



The results support previous conclusions that the SAR in spheres of
synthetic tissue exposed to magnetic fields is much greater than that produced
by exposures to electric fields with the same stored energy. Furthermore,
the results indicate that the SAR resulting from this coupling increases with
the square of the frequency of the exposure fields.

The results also show that the electric field coupling will increase
with the ratio of major to minor axis in prolate spheroids exposed to
electric fields, with the electric field oriented parallel to the major axis
of the ellipsoid. The measurements in the USAFSAM system obtained for a
phantom model of man exposed to an electric field predict the same maximum
SAR in the ankles as that predicted in the UW BEMRL system. The values
measured in the knee and neck, however, predict only half the values as pre-
dicted in the UW BEMRL system. The USAFSAM measurements, taken for the model
man exposed to the magnetic field, predict maximum SAR values of only 25% of
those predicted by the UW BEMRL exposure system. The SAR patterns observed,
however, are very similar to those observed in the UW BEMRL system. The lower
values are attributable to the fact that the models are exposed for much
longer times in the USAFSAM system than the UW BEMRL systems. The man models
are much more susceptible to diffusion errors than the spheroids, since the
volume of the various tissue appendices in the man are small compared to the
total volume of the spheroids and ellipsoids tested. The measurements on
phantom models of man exposed in the USAFSAM HF stripline exposure system
predict values of SAR that are very close to those predicted by the UW
BEMRL VHF cavity system. The values indicate that the SAR in man will vary
with the frequency squared similar to that for the sphercid and the prolate
spheroid exposures. The measured SAR in model spheres of tissue exposed to
16 MHz plane waves in the USAFSAM anechoic chamber agree very closely to that
predicted by theory. SAR values were measured for a variety of phantom
models of biological tissues, mice, rats, scale models of man exposed to
1600 MHz plane wave fields, and for mice and rats exposed to experimental
microwave brain deactivators. The results for the brain deactivator show
that maximum SAR values as high as 1.8 million W/kg can be produced in the
head of the animals with a power source of 5 kW. This SAR is capable of
producing temperature changes of B.6° in an interval of time less than 1/60
sec. The results of the experiments clearly indicate phantom models and
scaling techniques can be used to quantitatively determine SAR magnitudes
and patterns in full-scale tissue structures and man exposed to electro-
magnetic fields, and the results are reasonably consistent when cbtained from
exposures made with different exposure systems in different laboratories.
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APPENDIX: CALCULATOR PROGRAMS
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e Absorbed Pawer Lpng- kavelength Exposure of Spheroid Page_)__of _2
programmer _A:W._Guy HP-65 USER INSTRUCTIONS bate 1710776
/Rbsorbed Powar Soheraid EN0TA ) e )
EZ Ava % Max Totals J 4§ T4 R N | B
STEF" INSTRUCTIONS DA&?\%HS KEYS R gr‘".[\%%'rs
1.1 Load Program I in reverse direction [::]
2.] Xey in semi-major axis (a) a{cm) E afcm)
3.| Key in semi-minor axis (b) b{cm) :] b/2 {cm)
4.1 Load Program II in forward direction :E
5.1 Key in conductivity a(S/m) :I o(S/m)
6.| Key in frequency f{Hz) :] f(Hz)
7.| Key in electric field strength E ewm) (L1 _1
‘. Egc.'nga?ﬂymmgﬁ tolTowing three oplions [:]:
(a}exposure to electric po1ariz.ﬁ1ear all flags ) [___j PpelW/kq)
(b)expasure to magnetic polariz.}C'Iear flag 2 orgiouslv PPH(Wkg)
(c)exposure to cross polariz. LCTear flag 1 ;et E Ppg (M1/ka)
9.| Calculate average SAR - :] PAT(H/kq‘)\
10.] Calculate total absorbed power :] PT(W}
.| Calculate Maximum SAR (same result as in 8) :] Po(1/kg)
.| AT S T [ [ oteeres?
13: After any of steps 8-11 SAR !:‘E
or power due tov mzgnetic field component alone ! Ry E: PH(H/‘kg)
or due to electric field component alone E PE(W/kg)
14.] With 2 new geometry begin step 2. With new :[:l
| | freq. conductivity or field strencth beqi'n :]:]
with step 5. With new exposure pelarization E:
N set appropriate flags and calculate as E:][:
described in steps 9-11 in any order fcllowed :[::]
— by steps 12 or 13 as desired. %%’
C__1C__]|
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Tuwe Absorbed Power Long Wavelength Exposure of Spheroid EMOIA Page__2 of _2
Side II Max and Avg SAR

SWITCH T W/RAGM GﬂESS.__f_]EE TO CLESR MEMORY. HP-65 PROGRAM FORM

= - e -
e e COMMENTS ey | sri2N COMMENTS REGIST ER';I

g {¢ inz, f iny, E in x j[LBL Calc. peak SAR R1. A

n ] B Pat in x, Pam in v, Pap

X wE A in x and B in w

Z X B in x and w RoAH, Ar

X 2rE R+ Pac

X, 2nfL Enter

ik Enter PAE 1N X,Y.Z,B in w R4BE

X (2nfE)C RCL 8 (2nf/c}fox10°7 = K

X a{2nfE)? R+ B
o g ecf-1 R4Br

EEX JX BZ

? . X kBZ

3 g x 1049 Enter - R; V

3 L R+ Pag = K(A/a)“

STU (2nfE/c)c o X 1077 f Polarization test

Xy TF2 fiag Off-E or H, on -C {IRg ¢

STQ0 6 o4 t

LBL calculate average RTH Ppr c pol.

A spac.apsorp.rate(SAR) f : Ry By=0b/2
2RCL 3 Bg,electric =X £ Alg

RCL 1 Ar’polariz. X*ey 1 Kbe

T Test for polariz. £ Rg K=

TF1 and select constants ' K B (27FE7T) Saxt
RCL 7 By,magnetic t K (A/a + B] [
RCL 2 Ay‘polariz. =1 Re

f Test _for polariz. X

TF2 RIN Ppr or FoM

RCL 3 Bp cross polariz LEBL Calc Total LABELS
RCL 2 AcT C Absorbed Powar A Avg SAR
ZRCL 6 g a0A determine avg.SAR g Hax SAT

3 Alo RCL 5 V=total volume c Total 7 |
f-1 L Rt Pap oJ

VX (A/e)c X Prp total absarbted P €

RCL / b/2 RCL § electric field 0

. + AM 1

s .4 X P11 total absorbed P 2

X b/5 RCL 5 magnetic field 3

RCL 8 k R* PaT 3

X Kb/Z X 5
a0 XY (Afc)° oRIN Pr_total absorbad pwr. | ¢

Tstx K LBL Calculate current -

X Pag avg SAR {E field) 0 density 8

R+ kb/2 RCL 6 o 9

X PaM avg SAR (H fiaid) x gl

XLy B ] FLAGS
K+ 130 0 N 4 _HPol. !

t PaT avg SAR (L & HJ X ] ETAXSIN]

1stx Pam f ! 2 € _Pal.
Xty Par X
sc RTN Prr in x,PaAM in v.Pagind|-RTN J current density |
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1,2

Tte Absorbed Power Long Wavelength Exposure of Spheroid EMO1A Page o
T LN ANt svan.  HP-65 PROGRAM FORN
e SCPE{CC)}?'E\J COMMENTS ey | R COMMENTS REGISTERS
S10 7 ainy binx cL2 | u./2 in R; Az
£-1 - DI A ErYA I
JX b¢ RCL 3 uge - 1
CHS hd Rz Up/2 in
x*, ¥ RCL 4 1.2« E=Er
STO 6 ! 2
-1 £ R, 0ol —T
VX ac x| Br
t al - be q T
dstx ac s9/x | Rs Ug
XY §70 2 Ay=hApe T.2r
t RCL 3 ug? = 1 B
STD 5 Ugg RCL 3 I RS Unz
f —_I[RCL S ug2
vx t [qug2 - T .
STU & g : (U 21)12ug2-1)=b% ae+hAI R 2
1 i RCC 6 a ]
t ug + 1 X L
RCL 4 ST0 4 Be-abl/ (al+b°) A7 S
01 ~lstx a By
= Ug_-_1 i bd/{ac+k*)
+ : CHS Ra
T 1
In In(up+l/un-1) t al/(ac+be)
RCL 4 RCL 7 B R
x X
Z ST0 3 [Be=a2b/ (a2+b?)
LA 4 LABELS
ST 2 un/2 In( } Enter A
201 ‘ 0 3 B
- < C
RCL_S un2 q D
1 T €
- X . 4![/3 4}
ST0 3 | ug2 - 1 RCL 7 b 1
X [up2=TI(i- ug/Z In{ JJ 1| F1— 5
1 N5 Y4 3
- X ] 4
2 RCL 61 a 5
13 oy X Lan/2] abe 6
d EEx 7
X CHS 8
STO 4. .27 3 g
X X —
$T0 5 V={&rabex10>]/3 FLAGS
1/x RCL 7 5 ;
STO_1 Ar 2
RCL un T 2
RCL 3 u2 - 1 10 7 By = b/2
o = upf{ug2 - 1) =c RfS l
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