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I.

Introduction

This report covers the period from 15 August, 1980 through 30
September, 1980 and describes the initial work performed on the project.
The report was due on 5 October, 1980, but has been delayed by the
absence of the Project Director, James J. Gallagher, who has been in
Europe for attendance at Conferences and visiting of laboratories
engaged in related millimeter wave research. The delay, however, did
provide the opportunity to report an European work relevant to this
program. Papers presented at the Wurzburg Infrared and Millimeter Wave
Conference included the topic of millimeter/submillimeter wave
spectroscopy of biological species, and a visit to The Max Planck
Institut fiir FestkOrperforschung (Stuttgart) provided an opportunity to
discuss and to view the experiments (biological) of Dr. Fritz Keilmann
and Dr. Ludwig Genzel. Keilmann discussed his work in detail and showed
the experimental apparatus. Copies of publications not previously
included in our bibliography are attached.

II.

Summary of Work Performed

During the six week period (15 August - 30 September) of this
program, plans were made for both the experimental and theoretical
investigation of non-thermal resonance absorption in the millimeter
wavelength region.
been made.

A detailed search and survey of the literature has

A listing of the bibliography is attached, and copies of

papers can be provided if they are not available to Edgewood personnel.
The bibliography has been confined mainly to non-thermal absorption
processes. The bibliography is given in Section V of this report and
comments on the literature relevant to this program are given in Section
VI.
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The nature of the experiments to be performed on biological
aerosols differs from those that have been performed thus far. The
aerosol experiments will require an observation of resonant absorption
similar to that for a spectral line absorption. No such observations
have been made in the millimeter wavelength region as yet. Experiments
performed thus far have employed the observation of the effects of
irradiation on a particular biological characteristic, e.g., growth
rate. The observations have been performed on aqueous suspensions of
the species in order to maintain the species as a living system. The
major absorption has been due to liquid water absorption with no
resonant spectral features but varying smoothly throughout the spectral
region. It should be noted that the liquid water absorption is for pure
water and a possible spectral effect resulting from a water/biological
species cannot at present be ruled out. In the case of aerosols, the
bulk water effect will not be present but both Mie absorption and
scattering will have to be taken into consideration in treating the
broad band continuum absorption which will probably be experienced in
the aerosol experiments. In all experiments (both aerosol and bulk
materials), the effects of standing waves in the millimeter wave system
will have to be avoided [Reference 1]. Some such effects have been
evident in the work performed thus far, but techniques exist to
discriminate such effects from the true absorption.

In the experiments that are planned for this program, the initial
efforts will emphazise simplicity although even these observations must
be performed with caution to avoid standing wave effects and other
artifacts possible in such experiments.

The following experiments will be performed during the program:

1)

Absorption measurements performed by spraying aerosols on thin

(mylar) films.
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2)

Absorption measurements performed by spraying aerosols into a

chamber for irradiation by a millimeter wave source.

3)

Absorption measurements in resonant (Fabry-Perot) chambers.

4)

Untuned resonator observations.

5)

Fourier Spectrometer measurements.

6)

Comparison measurements with (unirradiated) control specimens,

similar to those performed thus far by Keilmann et. al.

These experiments are briefly discussed in the next section.

III. Details of Initial Experiments

The experiments that are listed above will be performed in the
order listed unless developments during the program will change the
course of the investigations. Comments on each of these experiments
follow:

1.

The initial observations to be performed consist of a

transmission measurement performed on aerosols sprayed on a thin
transparent film. The spectral region which is being covered by this
experiment is from 65-75 GHz, where effects have previously been
observed. The sample, currently being set up, consists of a transmitter
feeding a horn/lens system to propagate through a thin (mylar) sheet
sprayed with the aerosol of biological species. The detection system
will allow us to observe both the reflected signal and the transmitted
signal relative to the film which will be placed at an angle to the
transmitted power. For increased sensitivity, a chopper and lock-in
amplifiers can be used with the output being displayed on a chart
recorder as a function of frequency. It is necessary to avoid standing
wave effects which can be interpreted as absorption effects; Power
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levels will also be kept low in order to prevent thermal effects.

In

addition, the signal attenuation, which will result from liquid water
absorption and which will be continuous and increasing toward higher
frequencies, must not be interpreted as the resonant nonthermal
absorption due to the biological species. An alternate form of this
apparatus is to add a parallel arm with phase shifter and attenuator to
provide a bridge configuration.

The initial biological species for which measurement apparatus is
being assembled is Biotrol 16K which has been furnished by I. Bardich.

The observations will be performed by slowly scanning the region
from 65 GHz to 75 GHz with no aerosol on the mylar and then repeating
the scan with aerosol placed on the film.

2.

A chamber, approximately

long, has been constructed for

absorption measurements, to be performed by spraying aerosols into the
path of the millimeter signal. The chamber is being arranged so that it
can be exhausted into a fume hood. The millimeter apparatus will be the
same as employed with the film system.

3.

Absorption measurements will be performed in a Fabry-Perot

interferometer, but techniques will have to be employed to avoid coating
of the interferometer plates by the aerosol. Because of large fields
within the resonator, saturation and heating of the biological material
will have to be avoided.

The Fabry-Perot interferometers which are

available will provide coverage from 40 GHz to higher frequencies.

4.

An untuned resonator which will permit measurements above

approximately 30 GHz has been purchased and will allow boardband
coverage when it becomes available. Cleaning of this apparatus will be
difficult, but observations on materials in bulk form will be possible.
An instrument such as this was described at Wurzburg by D. LlewelynJones and by G. Izatt in separate papers.
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5.

R. A. Bohlander of this laboratory has been putting into

operation a Fourier Transform Spectrometer (FTS) which will cover the
spectral region from approximately 2.5 mm to 0.5 mm and this should
provide a broad coverage in a search for resonant effects. Both
aerosols and bulk materials can be investigated in the FTS, which can
actually operate at wavelengths much shorter than 0.5 mm.

6.

In addition to the measurements to be performed on aerosols,

it is important, during the development of technique for producing
biological materials, that observations he made on specimens in solution
by

comparing

the radiated with unirradiated control specimens.

Techniques described by Keilmann in the papers included as Appendix 1
will have to be employed.

Many other experimental schemes will have to be considered for
cases where experimental apparatus is available. Raman spectra might be
explored. The recent visit to the Max Planck Institute stimulated ideas
on how the millimeter wave signal can be detected when observing effects
on solutions of biological materials. For reasonable thickness of
solutions, the opacity can be too great to permit transmission of a mm
signal through the solution. As a result, radiometric techniques
devised to observe emission from samples rather than absorption by the
same appears to be a technique for further consideration.

IV. Biological Species for Investigation

The biological materials which will be explored during the program
will include several materials and others which are indicated by the
contract monitor. Initially, the following will be prepared and
studied:
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Biotrol 16K, which is 3.2% bacillus thuringiensis Berliner
and 96.8% inert materials. It must be mixed with water.

Baking yeast in sugar water

Yogart in water

Half and half milk

Chicken broth

Glucose in water

Several other materials in the literature can be investigated.
Keilmann has been successful with yeast cells suspended and stirred in a
nutrient medium. Several materials of biological interest are discussed
in the Russian literature (Sov. Phys.-Usp. 16, 4, 568-579 (1974)). The
possibility of dried powers (freeze dried) can be considered but the
need for keeping the species alive may be hindered in this case.

V. Bibliography

During the first period of the program, a literature survey has
disclosed

considerable

activity in the area of millimeter wave

abasorption by biological materials. The major interest in the
bibliography which follows has been in nonthermal resonant absorption
processes.
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VI. Work to be Performed Next Month

During the next month, work will continue on the apparatus for
performing observations in the 65-75 GHz region. Measurements will be
made initially on Biotol 16K, followed by the other materials as they
are prepared. The construction of the absorption box will be finished
and the device will be employed in measurements. From the available
literature, particularly the work of Frbhlich, measurements at
frequencies above 100 GHz must be investigated. A letter has been
preparied to invite Dr. Chris Cox to spend some time at EES for
participation in these investigations. His expertise will contribute
significantly to an understanding of the biological processes.
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Appendix 1

Papers from Max Planck Institute

The attached papers, made available by F. Keilmann, are significant
to the work of this program.
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MULTICHANNEL PHOTOMETER-NEPHELVETER

FRITZ KEILMANN, DIETRICH BOHME AND LANNIANTI SANTO
MAX - PLANCK-INSTITUT FUR FESTORPERFORSCHUNG
7000

STUTTGART 80 , FED. REP. GERMANY

Abstract

We describe an instrument for monitoring either

trans

ted or scattered light intensity or both simultaneous
up to eight channels. The use of a laser light

source

632.8 nm wavelength) provides high accuracy and
range: Optical density can be measured from
6 and a scattered light fraction down to 10
solved. Built-in thermostat and

dynar

0.0004

-6

can

be

ma9neti ,

stirrer: allow precise monitoring of aqueous microbic7,
growth over a practical range of 4 orders of magnitu6 ,
celontrai.

;
:n

- 1 -

Introduction

Photometric measurements have become standard methods in

a

areat variety of laboratory applications. With optically
homogeneous samples a measurement T directly relates

to ar-

sorption (disregarding reflection):

T = P

/P. = exp (-DL) = 10 -E

outin

where P out and P in are the transmitted and incident light
powers, respectively, a is the absorption coefficient, L
the length of the sample and E the extinction or

optical

density.

Microbial cell cultures /1,2/ are however optically inhomognneous since (i) cells differ in absorption coefficient
and in refractive index from the culture medium and (ii)
cell diameters are of the order of optical wavelengths.

In

this situation light scattering occurs. Nevertheless en. ( 1 )
still applies with the extension

E =

(a 4- cE)

L/2.303

(2)

where c and E are now concentration and scattering cross
section, respectively, of the particles. Thus the trans-

- 2 -

mission measures typically the sum of two contributions: absorption of the medium described by a, and scattering losses
described by the "turbidity" coefficient cr3.

On the other hand the scattered light can be detected separately. The scatteredlight power P S integrated over all
angles can be found from eqs. (1) and (2) for the case of a
transparent medium (a = 0)

P

P

in

- P

out

= P in (1 - exp (--c L))

(3)

which simplifies to

P S = P in cln'

(4)

in the optically thin limit c(31., << 1.

In practice only a certain fraction g of the scattered light
power . isdetected by a given light collection optics. This
fraction depends on the geometry of the apparatus, the size
and shape of the particles and on the absorption a of the
medium. Assuming these parameters stay constant we can use
eq.(4) to define

S = gP s /P in

as a normalized scattering efficiency, and state

(5)

- 3 -

(6)

S =

in the limit of eq. (4). Notice that this limit also excludes
complications which could arise from the occurrence of multiple scattering.

Comparing now the expressions for E (eg.2) and S (ec.C)

We E

that both quantities depend linearly on the cell concentration. The usable range of either observable may however be
quite different: S is limited to the optically thin region
E << 1 but it can be observed down to P N /P in here P N is the
noise equivalent power of the detector. E on the other hand
is limited to a minimum value of ,/2.3 where A is the relative uncertainty in the measurement of T (e.g. = 0.01 fo3:
1% uncertainty). The upper bound of E can be far in the optically thick region, up to the value - log (P N /P lir) if limited by detector noise. In case of such strongly turbid samples the scattered light has a chance to be re-directed by
multiple scattering into the forward direction, an effect which
may then limit E to a maximum value.As an example consider I] - C.
This means the scattered light emerges roughly isotropic.
hus we have, in the average, 10

P
in

scattered into a solid

angle of 4w • 10 -6 which corresponds to an angular aperture
of 0.2 ° . This aperture is larger than necessary to accept a

collimated laser light beam. Therefore a suitable design
can provide a linear range of turbid optical density up
to E > 6.

Design Principle

Our instrument is designed to cover

a

wide range of cell
single

concentrations. This is achieved b7 combining in a

system both transmission and scattering measurements.

The

latter is of advantage at low concentrations where the
tered light signal is on a virtually zero background

and

where a transmission measurement, on the other hand, has
discriminate a small signal change on a large and

possibly

fluctuatinc* hackground. At high cell concentrations

(E

only a measurement of optical density provides a linear
response.

Multichannel operation is advantageous whenever

a large nu

ber of samples has to be measured, especially when long

0:-

servation times are needed for each sample. Our immediate
application is the study of

a

non-thermal microwave irradi

tion effect on microbial growth /3/ where in the case of
yeast the observation time is 10 hours. Here

a

much higher

reproducibility in the starting conditions of the cell cul
tures can be expected when many irradiation and control
ments

exr.eri-

can be done simultaneously rather than seouentially.
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Or system uses eight light beams from a single

laser, eigt

standard cuvettes and eight hybrid diode detectcramplifier combinations. Each channel can be used either for
transmission or for scattering measurement. Channels can be
connected in pairs to measure simultaneously transmission
and scattering on up to four sample cuvettes. The use of t,e
laser allows a very high collimation of the measuring ligh t
beam and thus a high

discrimination between transmitter

and scattered light. The system is compactly mounted on a
heavy aluminum plate and thermostatted at the sample temp-7:rature.

Close access space is provide d

both below and above the cuvettes. It can be used for attachment of magnetic stirrers, irradiation waveguides etc.

Opticalstem

As indicated in Fig. 1 the laser is mounted on a separate
base plate which is firmly attached to the main instrument.
This may facilitate accomodation of other lasers. We use
He-Ne laser (Spectra Physics 120) emitting 7 mW at 632.8 rm
in TEMoo mode.Polarization is linear with the electric

fie3d

parallel to the plane of Fig. 1. The beam has a collimated
spot diameter of 0.8 mm and passes through one rotatable
and one fixed polarizer which can be used for attenuation.
Dielectric

beam splitters are used with approx.

50:50

- 6 -

reflection/transmission ratio. Fixed-diameter apertures
be inserted just in front of the sample cuvettes, usually
2.3 mm in diameter. Standard glass cuvettes are used with
10 x 10 mm

2

inner cross section. The beams pass at a h(_-_fc'
-

of 15 mm. The detectors have a sensitive area 10 ram in c-iimeter,but we shield part of it using an aperture of 4.5 r.
diameter. The distance between sample and detector is 20
Thus we have ample tolerance of It 0.7 ° for accomodatirn
small shifts of alignment which might occur, for example,
from slightly wedged sample cells. Transmission is thuE,
measured without using imaging optics. The detector aper
is equivalent to f/45 optics. Thus in the presence of =Hy
scattering in the sample only a. tiny part of the scatter=
light (i.e. light scattered within ± 0.7 ° from the for,-11.
direction) can reach the detector and interfere with the
transmission measurement.

In order to measure scattered light power a lens can be
serted to image the sample cell onto the detector. Rays ss .
° from the forward direction are coller_. terdupo±10.7
while the direct beam is absorbed in a beam dump, as are
rays scattered within ± 3.4 0 . Alternatively, the direct
can be guided onto a neighboring detector for simultanec: - :
transmission measurement, as shown in Fig. 1. There is a 'ood
reason for collecting mainly forward scattered light: As
known from Mie theory /4,2/ the scattered light distribut±:-,-
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becomes more and more peaked in the forward direction
the particle size increases from below to above

as

the wa7(.7 -

length used for the light scattering. Cell dimensions
of the order of 1 Um for Escherichia coli bacteria
for Saccharomvces

cerevisiae yeast cells. Any light

a

are
d
atte_:

which falls outside the collection optics is absorbeu at
blackened compartment walls. The detector surfaces

n-

clined at about 2 0 to avoid direct beam reflections IJa.,c

the laser.

Sample Cell

Glass cuvettes are inserted from above into copper
holders. Stainless steel springs ensure close therm

arm)1,(72
c(mtl

at two side walls. Water from a thermostat is pumn
closed c"cle through the sarple holder and through
the base elate, and then through bores in the laser
plate. To further oetimize the thermal contact

bet. ,,, •r

and conner provision is made to add some liquid .

5

and filling the cuvette with 2.5 ml water we measurL , a
thermal equilibration time constant of 40 sec betwe.... t±e
(stirred) content of the cuvette and the copper holu.r. F:a
this we calculate that in order to maintain 1 0 C excs ter
rature in the cuvette it would be necessary' to anpl
of heating power e.g. by microwave irradiation.

1/4
relr-

tively small irradiation power, therefore, should re .alt
negligible sample heating only.

The upper end of the cuvettes sticks out through appropriat,
bores in the aluminum lids covering the instrument.

of the suspension is possible from above as in /3/.
dition we provide magnetic stirring from below:

Stirring
In ac-

Teflon-ccaied

spin bars are put in the cuvettes and rotated by the force 'Thf
permanent magnets located just underneath the cuvette hold e rs.
Rotation at 6.75 Hz is found sufficient and is achieved with
high stability using an individual synchroneous motor unoer
each sample cuvette.

Signal Collection

UDT-500 detector-amplifier combinations are used (from United
Detector Technology). They have a spectral response from 311!D
to 1100 nm, a rise time below 10 -4 sec and a linear response
of output voltage to input light power over a very large dynamic range. The biasing circuits (apart from an external

d.c. supply) are located next to the detectors (not shown in
Fig. 1) on the photometer base plate. The following external
controls are available at each channel:

(i) responsivity in three steps 0.02 - 0.2 - 2 V/04, and
variable up to ± 0.02 VAIW. Maximum output voltage is 15 V.
Smoothing time constant is set at 0.1 sec in all three ranges.

9

(ii) Dark zero is adjusted so that in the absence of light
the output is zero on all three ranges. (iii) Backgroun ,f
compensation may be adjusted so that in the presence of a
fixecR background light power the output is zero on all th11
ranges.

Low frequency noise and drift of the output signals is
in ± 10, 100 and 1000 01 for the three ranges respective
i.e. equivalent to ± 0.5 nW input light power. This is ab'
10 6 times smaller than the power of the unattenuate
beams which is 1 mW. A relatively large drift of up to J.
occurs in the laser power. It affects all channels aljke,
the drift can be greatly eliminated by using one of

the

nels as a reference (channel 2 in the example of Fl(.
taking ratios . The remaining drift between the signals f
the eight channels is found to amount to one part

i-, tho .J.

at maximum on the order of hours. This limit is probably
to slight alignment fluctuations.

With appropriate peripheral electronics the full rane
detectors can be utilized. Thus optical

of

density can he

ured from aminimum of 0.0004 to a maximum of 6.

The normE:1,_cl

scattering efficiency S (eq. (5)) can be measured down tc
10

-6

.

-

10

-

Performance in Microbial Growth

In practice the limits of measurement are reduced because of
irregularities, i.e. scratches and dirt in the sample cuve - tes: After filling with "clean" water, different new cuvettc
show differences within ± 0.001 from an average optical de Fty

near 0.04. They also give rise to scattering powers S

ing between 0.0002 and 0.0003 of the incident power. If teious
zero setting is to be avoided for each filling, the practic:7-,_
range is limited to optical densities E above 0.004 and scit4
tering efficiencies S above 10 . Let us now estimate whot
these limits mean in terms of microbial cell concentratio

As shown by Koch /2/ the total scattering cross section.
of bacteria obeys a relatively simple approximate relatio ship:

4
2
E = 0.05 d /X

(7)

where d ist the diameter of a soherical cell and X is the
(vacuum) wavelength. This expression assumes refractil7e
dices of water and cells to be 1.34 and 1.40, respectivel'
/2/.

For our wavelength of 632.8 nm use of ea.

(7) leads to .--,

cross section within ± 20% of the true value as long as 0.5
< d < 4 om /2/. Furthermore the cross section comes out to

be quite insensitive to a deformation of the spherical

shape leaving the volume constant. Let us now estimr7tc

to

total scattering cross section of two types of microcl- c:ar
using eq. 7. Inserting d = 1 um and 3 Um, respective:,
Escherichia coli and Saccharomyces cerevisiae cells,
p =1.4 • 10

-9

and 1.1 • 10

-7

we ch -u

2
cm , respectively.

Next we experimentally determine the scattering cros sections. We used stationary-phase cultures which had

grown overnight on a rotary shaker at 33 ° C. At

suir ablc

dilutions in nutrient medium the concentration c
mined by microscopic counting. Furthermore the optical
sity E and the normalized scattering efficiency S wcI•L.
measured in our photometer-nephelometer. From this
tain, using eq.

2, values of 8 = 3.8 • 10 -9 and 2.9 •

respectively, for E. coli B and S.

cerevisiae cells.

'2hcsc

numbers come out to be larger than estimated above.
course such numbers can serve as a guideline only.
significant variability existing in a cell's size,

share

refractive index a separate calibration is appropriates
any change of experimental conditions.

The latter is even more important when the scattered lict
is measured, since the calibration factor g in eq. 5 does

not only depend on the total cross section 6 but also on
details of the angular distribution of the scattered lic_,Tht.
For the calibration experiment just mentioned we

- 12 -

using eas. 3 and 5, values of g = 0.17 and 0.23, respectively,
for E. coli B and S. cerevisiae cells. This then demonstrates
that quite a large percentage (i.e. 17 and 23%, respectively)
of the scattered light is collected and detected in our instrument.

For the two specific cell cultures just calibrated we can
now state the following lower range limits in our instrum?nt:
An optical density of E > 0.004 corresponds to c > 2.4. 10
-3
4
-3
cm for E. coli B and c > 3.2. 10
cm
for S. cerevisiae.
A normalized scattering efficiency of S > 10
to c > 1.6. lo

5

cm

-3

-4

corresponds

for E. coli B and c > 1.5. 10

3

cm

-3

for S. cerevisiae. Thus the nephelometric measurement (S)
is about 20 times more sensitive than the optical density
measurement (E) for both samples.

Let us now find the upper range limits for the two calibrated
cell cultures. These limits were briefly discussed in the
introduction. From the onset of occurrence of multiple scattering (cEL

0.1) the value of S does no longer linearly

vary with c. Thus measurement of S is limited to c5. 6.10
for E. con B and c < 8 .10

5

cm

-3

7

cm

for S. cerevisiae. On the

other hand, multiply scattered light does not affect the
optical density measurement until its fraction along the
forward direction competes with the magnitude of the transmitted beam. In our instrument a 10% influence on the reaching
of the optical density is calculated to occur when the turbi,:-

- 13 -

ity rises to E > 3.7 in the special case of isotropic scattering. For the case of microbial cells the limit is still
lower because of the strongly peaked scattering patterr..
While a detailed evaluation would be quite involved we
estimate the limit to be near E , 3 for E. coli B and E
2 for S. cerevisiae. The upper range limit is therefore
9
-3
reached at c < 1.8 • 10 cm
for E. coli
10 7 cm

-3

B and c < 1.6 •

for S. cerevisiae.

Altogether we find that a practical range of 4 orders of
magnitude of concentration can be measured for any given
microbial culture of the type considered. While the lower
third of this range can be measured nephelometrically only,
the upper third can be measured photometrically only and
the middle third is accessible to both of our instrument's
modes of operation.

Finally we show an example of bacterial growth (and influence of an antibiotic) as recorded in our multichannel photometer-nephelometer (Fig. 2). For this experiment an overnight culture of E. coli B, grown at 35 °C in tryptone-yeast
medium, is diluted in fresh medium. Standard photometer
cuvettes are used with 2.5 ml fillings, stirred as des0

cribed above at 35 C. Different amounts of penicillin
G are added at the beginning of the registration. The
traces are obtained by taking appropriate ratioes and logarithms of the detector signals, with a common amplifier senuenti-

- 14

ally switched to obtain the four E curves. It is interesting
to see the marked growth and lysis pattern at the higher penicillin concentrations which we found quite reproducible in
several runs. The scattering signal S of the control culture
levels off as multiple scattering sets in; in the beginninc
it shows a higher rate of exponential growth than the optical
density E of the same culture. The latter might be due to a
time-dependent value of g (eq. 5) expressing shape and/or
size changes of the cells.
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FIGURE CAPTIONS

Fig. 1
Schematic top view of multichannel photometer-nephelometer.
A collimated laser beam is split into eight beams which represent equivalent measurement channel:. Various modes of
measurement are indicated, (i) laser power monitoring on
channel 2, (ii) sample transmission measurement on channels
1, 7 and 8, (iii) light scattering measurement on channels
5 and 6, and (iv) simultaneous transmission and scattering
measurements on sample 3 using detectors 3 and 4.

Fig. 2
Simultaneous recording of growth parameters of four cultures
of E.
coli B, differing by amount of penicillin G addeC.E de________
notes optical density measurement, while S denotes measurement
of normalized scattering efficiency. A single control culture
was used for both E and S control recordings (like sample
3 in Fig. 1). Time zero is offset between E and S recordings
because of the two-pen recorder employed.

SAMPLE CUVE:1TE

DETECTOfl

LASER

TECHNIQUES IN MICRONAVE STUDIES*
FRITZ KEILMANN
MAY-PLANCK-INSTITUT FOR FESTKoRPEF;FORSCHUNG
7000

STUTTGART 8O, FED, REP, GERMANY

This talk relates to microwave influences on living objects.
Let me emphasize at the outset that (i) highly interesting
effects have been observed /1-4/ which (ii) are very far
from being understood /5,6/.Illustrating some of these
effects, I shall discuss methods of handling high frequency
microwaves and as a main point,

I shall highlight common

types of pitfalls in designing irradiation experiments with
living objects.

The experiments /1-4/ were done at frequencies between 40
and 140 GHz and showed a surprisingly strong dependence or.
the frecuenc'7. Many other reports /7/ describe effects at
lower microwave frequencies, in particular 2.45 GHz used
for ovens, but with no mention of freq,uency dependences;

I shall not include those in my discussion. Some of the
effects /1-4/ occur at very low irradiation intensities,

too small to cause noticeable heating. The observations

* IBM Conference on Tissue Growth, Bad Neuenahr,

22.--24. November 1979

,er

p.

(Aft

111
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demand therefore the existence of a narrow-band absorber.
Notice now that such millimeter microwave photons have
energies much smaller than kT, the equilibrium energy in
each degree of freedom of any :physical system at room (or
better,; -, ody) temperature )/. Therefore, one possibility of a
basic interaction mechanism would be to think of some coherent superposition or cooperative function of at least
hundreds of these photons in the absorber. Interaction with
nonlinear oscillators (limit cycle model /8/) has been
hypothesized. Anyway, our knowledge is scarce and to my
feeling will remain so until further experimental material
will become available.

Let me start with a brief mention of our experiment /4/ where
we observe the arowth of yeast cells which are suspended and
stirr ed in nutrient medium. The observation parameter is the
optical extinction or "turbidity" as measured in a spectrophotometer. After a certain lag period the growth of the non irraCiated control culture manifests itself by an exponential rise of the observation parameter
with time:
("

The pertaining rate constant 1_1 is found to be well reproducible in a long series of experiments. Microwave irradiation has been seen to affect the growth rate 1J both posi-
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tively and negatively, depending on the frequency.

With such results it is very important to check effects ac
temperature and heating due to the irradiation.

is cener-

ally the case in biology,a strong temperature der)endence
is found. Growth typically is decreased both at too low
temperature (thermally decreased reaction rates of enzymes)
and too high temperature (thermally increased denaturation
rates of enzymes).

Thus with an experiment at T o we would expect growth enhancement for

moderate heating (a) but growth reduction for stronger

heating (b). To rule out such simple thermal effects in
such investigations, it is necessary to control and measure
the temperature. This may prove difficult in some cases,
especially with very small objects. Certain arrangement ,:-,
allow a measurement of the absorbed microwavepower/which
can be used as additional check for microwave heating effects.
As an example I show a plot of growth rate, irrespective of
irradiation frecuency, v.s. P as taken from experiments
39 to 62 in /4/:

(

1

- • -- • 1 • -I
•
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No correlation between power and growth rate can be seen
here.

Let us now turn to various aspects of a microwave irradiation
system. Microwaves are totally reflected by metals and can
be propagated with very low loss in metallic tubes. Usually
^ ; •

one uses a rectangular cross section.

This has the advantage that (for the special frequency band
f

o

to 1.5 f

o

where f

o (GHz) = 9.6/a(cm)) both the direction

(i.e. polarization) and the cross sectional distribution of
the electric field are uniquely defined. Since cross sectional dimensions become tiny for the frequencies considered
here, high prices have to be paid for waveguides and related
components. This "monomode" propagation however allows a
well-defined beam-steering and control of monochromatic
microwave radiation from source to various "loads" through
- if necessary quite complex - waveguide networks. Especially, the power of both the wave running forward and backward
in the waveguide can be measured with high precision.

-fi (
Thus the power absorbed by a sample located in the waveguide/
can be determined as the difference between incident and
reflected plus transmitted powers.

Living biological samples often require nutritional (and
other) environments which can not be supplied inside tiny
metallic tubes. The problem of heat sinking has already
been mentioned. One possibility is the use of a "taper" section to gradually increase the cross section.

A drawback is that the absorbed power can not always be
measured as just described, because any surface irregularities and other inhomogeneties of the sample excite higher
order modes which can be trapped and partly absorbed in the
taper walls. Often an open taper section ("horn") is employed to launch the wave into free space:

Reflection at the end of the horn is typically very small,
so the power of the outgoing wave can be conveniently measured. Intensity distribution and beam spread are governed
by diffraction in a complex manner and are not easily measured. A special warning concerning "sidelobes": I have seen
people putting an "irradiated" petri dish containing a bacterial culture in the center of the beam and the "control"
dish nearby; some power could have reached the control,
perhaps even enough to induce the same effect as in the
irradiated sample, if the response curve was suitably non-

6

fes!Donsa

linear:
(Y1

Cv1511

01‘
cov-41-0C

"irra_cL;akoL"
such a response curve has been measured /2/ and is theoretically conjectured in the model of Fr6hlich /5/.

Next let me consider the amount of heating of a living biological

sample under continuous irradiation. To calculate

this we do not need to have knowledge of specific absorption
properties of the sample, since water is to be a major constituent, and we know that water is a very strong microwave
absorber which exhibits a power penetration depth of only
about 0.02 cm for the millimeter waves discussed here /9/.
Thus we consider a freely suspended planar geometry like
for example a leaf, a wet filter paper or a petri dish filled with agar:

d

; s-3; 01--L,
c e,c,C; 02

In steady state,
all the absorbed intensity I o has to be balanced by infrared emission and convective loss. The emitted infrared intensity is at maximum 0.6 mW•cm -2 • ° C (for a black body near
30 °C), while the convective loss can be estimated to be
0.3 m14.cm -2 • ° C, so that we get, with two surfaces, I o = 1.8 mW-2 o
cm • C. This means that with a typical irradiation inten-

7

sity of 10 mW/cm

2

(absorbed) such a sample is heated to a

steady-state overtemperature of 5 ° C! The characteristic
time to reach the steady state depends on the thickness d.
Assuming good thermal conductivity inside the sample we find
this time to be of the order of 3 min x d where d is measured in millimeters.

Such a high temperature rise is clearly not acceptable. Since
I can not rule out that it may have occurred in one or the
other of the less well described experiments in /1-3/, I
would like to show how heating could lead to strongly frequency-dependent effects because of "standing waves". For this
we consider a simple transmission line of length L between
source and sample.R

S 0 Ck ,CC 2

er:if

--->
A

Reflection occurs in general at both ends, with power reilction coefficients R 1 and R 2' Thus the transmission line is
1/4
eauivalent to a P.P. interferometer with finesse f = T (P. 1 R 2 )
/(1_(R

l- R 2 )

1 / 2 )/10/. This produces a periodic variation of power de-

livered to the sample as a function of frequency, even if we assume
both R 1 and R 2 and the source output power to be frequencyrow/), iv11-0 sayvyT(e
independent.
Fko e Ue.(r)c ilv
0

//

t,J l)

C_

C_

Thus the presence of resonance in the transmission line can
modulate a possible heating effect as a function of frequency.
For typical length in the laboratory of L = 1 m the periodicity in the spectrum isc/21,- 200MHz. To estimate the depth and
linewidth-factor f we insert R 2 = 0.5 as typical value for
a vacuum/water interface at millimeter frequencies /9/. For
a well-matched source ("uniline") R 1 can be as small as
0.01, which yields f= '3.9 and thus a modulation of t 14%
only, whereas higher

modulation can be expected from

a higher source mismatch. For the practical situation sufficiently well-designed matching elements are commercially
available to eliminate most standing wave problems of transmission lines.

With the irradiation system in our yeast experiment /4/ we
used L = 50 cm and did observe periodicities of forward
going power on the scale of 300 MHz, but with relatively
small modulation depth (f

2). At that time we could not

eliminate the transmission line resonance. However as mentioned above we did measure the absorbed power directly by
calorimetry.

Let me now describe two irradiation geometries in some detail.
The first one already mentioned before, is the cuvette of
ref. /4/ usable especially for a suspension of larger cells.

Such cells require constant mechanical stirring of the suspension to prevent the cells from settling at the bottom,
where their nutrition would be inferior and not well-defined.
The presence of the free liquid surface is advantageous since
it allows free exchange of oxygen and other gases. The whole
cuvette can be thermostatted e.g. by heat conduction at the
outside so that the microwave heating of the suspension as
a whole can be made negligibly small. The cells themselves
are conductively cooled by the nutrient medium (see calculations below). The microwave intensity can not be made
homogeneous in this system, because the cuvette can not be
made small enough: at least one dimension would have to be
smaller than or about 0.02 cm (penetration depth of millimeter waves into water). An inhomogeneous intensity distribution is not too bad a compromise, however, when we consider
that due to the stirring, all cells alike pass through low
and high intensity regions. To adduct the microwaves a metal
guide is just submerged into the liquid so that, again because of the small penetration depth in water, no radiation
can escape into the outside air space. At the end of the
waveguide we attach a piece of microwave-transparent ifaterial
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(teflon) in order to prevent liquid from wetting the waveguide inside and for cleaning and sterilization reouirements,
but mainly also to have a well-defined antenna surface. This
could now be shaped so that the field distribution inside
the dielectric was of a simple form; we decided however, to
use a fork-shaped form (see scale drawing Fig. 5 in /4b/),
in order to achieve a possible large dielectric/liquid inter2
face area (11 cm ), keeping at the same time an opening for
the photometer be

2
with a cross section of 45 mm . With this

structure we can estimate that about 9% of the liquid volume
is exposed to more than 37% of the interface intensity. Half
of the liquid volume is exposed to more than 1% of the interface intensity. The irradiated volume fractions are somewhat
increased in a slightly changed "fork" to be used in a new
spectrophotometer /11/ which employs now a laser beam of
only 1 mm

2

cross section.

As a second irradiation geometry I would like to discuss
planar cells.

iG r oc-J0, 0 e_

.41 101,
11\

The liquid thickness d can be made small so that the irradi-

ation intensity can be made quite homogeneous throughout the
whole volume. Microwave heating can be minimized here by heat
conduction e.g. through the bottom material. Such cells were

built by us out of plexiglass and sapphire and used in a
recent search for millimeter microwaves effects on enzyme
or protein functions /12/. Some numbers on heat conduction
may be informative here. One-dimensioned steady-state heat
transport follows the simple relation /13/

T+ oT

where LT is the steady state temperature difference and ),
the thermal conductivity of the material (diamond 6.0, gold
2.0, silicon 1.2, sapphire - 0.3, stainless steel 0.16, quartz
crystal - 0.05, ice 0.02, quartz glass 0.015, glass 0.014,
water 0.006, plexiglass 0.0014 Wcm-lo C
L = 300 mW/cm

2

-1

). For example

is conducted across a 0.2 mm thick water layer

at a temperature difference of 1 ° C. This then shows that a
0.2 mm thick water layer in the planar cell mentioned above,
ii thermostatted from below, would be heated by less than
2
1/30 ° C at an absorbed radiation intensity of 10 mW/cm .

In practice a thin planar water layer with free surface is
not manageable because of waves as well as evaporation at
the surface. A solid lid, however, is not compatible with
perspiration requirements of most types of microorganisms
and tissue cultures. To overcome these problems, I hay:
recently come up with combining a new type of petri dish
having a gas-permeable membrane bottom (Heraeus) with a
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cooling lid made of sapphire (sapphire in contrast to a metal
is transparent to microwaves andto visible light, enabling
thus microscopic observation from above):

c
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The sapphire plate is thermostatted by water flowing through
a ring along its circumference. The heating power produced
by microwave absorption in the biological sample (water) is
effectively conducted upwards and then conducted radially
to the edge of the sapphire plate. To have some numbers
we inspect heat conduction in a cylinder.
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T f GT

the mantle temperature is held constant at T and we apply
a homogeneous heating L/d throughout the cylinder's volume
the steady state solution /13/ is an overtemperature,on the
2
axisof T = Lr o /(4),(3) which is
only 0.17 ° C for our sapphire lid at L = 10 mWr/cm 2 .

At this point I would like to show some further numbers on
microscopic heat euuilibration, in response to a question
raised by Dr. Landauer. This does not bear on the technical
design of a microwave irradiation system but possibly on
the clarification of some restraints on the basic interaction
mechanism responsible for our effects, as well as shed
some light on the old quarrel of thermal vs. nonthermal
microwave effects.The problem is whether there exists some
region within a living cell which may absorb microwaves,
possibly in a resonant fashion, so strongly that it becomes
overheated with regard to its surrounding. Although it
seems impossible that a cell could contain some "bulk" material
X which would absorb millimeter microwaves much more strongly
than water, let us nevertheless imagine that X absorbs 1000
times more strongly than water. This would mean a penetration

- 14 in X
3
depth not 0.2 pm and a power deposition of A = 500 W/cm at
an irradiation intensity of 10 mw/cm. For an estimation of
the steady-state overtemperature AT inside X we assume X to
be of spherical shape and to be embedded in water
4,

a

1,1

E

cvNeTe-02.4-1,\NR_...

at

e_

+-0

For simplicity we assume the thermal conductivity of X substantially higher than that of water, and a negligible
thermal barrier of the interface. Then we obtain the simple
expression /13/

AT = A • a 2 /(12X).

Inserting A = 500 W/cm 3

and the thermal conductiv-

ity of water we obtain AT = 7 • 10

-11 °

C and 7 • 10 -7 ° C,

for a = 10 R and 1000 R, respectively. We thus come to the
conclusion that even if a strongly absorbing material existed in a cell, it could not be substantially heated by
typical microwave intensities because of conductive cooling
to the surrounding water. As a point of interest note the
microwave power absorbed in sphere X of the example just
discussed, which is A •

7 •

a 3 /6 or 3 • 10 -19 W and 3 •

10 -13 W, for a = 10 R and 1000 R, respectively.
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Finally, as it seems impossible that bulk heating could be
responsible for the biological effects of millimeter waves,
let me return briefly to the possibility of resonant molecular absorption as mentioned at the beginning. Such a specific
excitation could formally be described as raising the temperature T of the specific

degree of freedom involved. Let's

assume that doubling of T is about necessary to produce a hiclogical consequence.then we can write down the
wave power absorbed to be P = kT/T where

T

necessary micro-

is the energy

relaxation time representing all de-exciting processes.
Since we know from Heisenberg's uncertainty relation that
T

cannot be shorter than the inverse resonance width of the

absorber, and since the latter seems to be about 10 MHz from
-14
7
W,
our experiment /4/, we get the result P
10 kT = 4 - 10
compatible with what is available in the experiment.

Altogether my conclusion is that we deal here with non-thermal effects and not with thermal effects, defined as effects
which originate from a mere temperature rise of all degrees
of freedom of some part of a living cell.
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Introduction

Photometric measurements have become standard methods in e
great variety of laboratory applications. With optically
homogeneous samples E. measurement T directly relates to absorption (disregarding reflection):

T = P

/P. = exp (-DL) = 10 -E
out in

where P out and P in are the transmitted and incident light
powers, respectively, a is the absorption coefficient, L
the length of the sample and E the extinction or optical
density.

Microbial cell cultures /1,2/ are however optically inhomoge,neous since (i) cells differ in absorption coefficient
and in refractive index from the culture medium and (ii)
cell diameters are of the order of optical wavelengths. In
this situation light scattering occurs. Nevertheless eq. (I
still applies with the extension

E = (e 4 cE) L/2.303
-

(2)

where c and B are now concentration and scattering cross
section, respectively, of the particles. Thus the trans-
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Recent observations of nonthermal, resonant biological responses to weak millimeter microwave
irradiation have led us to investigate whether similar influences exist on enzymatic functions in
vitro. We chose (i) the reduction of ethanol in the presence of alcohol dehydrogenase and (ii) the
cooperative binding of oxygen on hemoglobin. Using an irradiation intensity near 10 mW:cm 2 the
frequency was continuously varied from 40 to 115 GHz with a resolution of a few MHz. No microwave influences were detectable within our experimental sensitivity - of about 0.1% of the reaction
rate in (1), or of the amount of bound oxygen at half saturation in (ii).

Millimeter microwave irradiation has been reported to influence a variety of organisms in a most
striking manner [1 — 5]. For example changes of
metabolism and growth rate were seen, of both
positive and negative sign, which depended strongly
on the frequency. The irradiation intensity was
thereby very weak ( <10 mW/cm 3 ). In some cases
heating effects were clearly ruled out as a possible
origin of the irradiation effects. Specific absorption
of biological entities has however not been found
at millimeter wave frequencies, probably because of
the strongly dominating water absorption [6] in
this region. In view of the possibility that millimeter microwaves might specifically interact with
subunits of living organisms, we investigated here
whether such irradiation had an influence on the
function of enzymes and proteins in vitro.
Alcohol dehydrogenase is a well-known enzyme
[7] with a molecular weight of approximately
144 000. In our experiment, it catalyzes the reaction
of ethanol with NAD+, resulting in acetic aldehyde
and NADH. NAD+ and NADH are the oxidized and
reduced forms, respectively, of the coenzyme nicotinamide-adenine-dinucleotide. The molecular weight
of NAD+ is 656. NADH shOws a strong UV absorption band centered at 340 nm where NAD+ is
transparent, so that measuring at 340 nm provides
a convenient way of monitoring the progress of the
reaction [8].
• Present address: Seaver Chemistry Laboratory, Pomona
College, Claremont, CA 91711, USA.
Requests for reprints should be sent to Dr. F. Keilmann,
Max-Planck-Institut fiir Festkorperforschung, Heisenbergstr. 1, D 7000 Stuttgart 80.
-

We employed a constant-flow technique out of
two thermostatted flasks (25 ° C) containing the two
reagents. These were (a) 60 ml ethanol added up to
1 1 with 0.05 m sodium pyrophosphate buffer of
pH 10.5, and (b) 0.5 NAD+ (Sigma) and 7 to
50 me i (depending on the flow rate) yeast alcohol
dehydrogenase (Boehringer) in the same buffer but
at pH 8.5. A common peristaltic pump was employed
and mixing of (a) and (b) occurred at a T-junction provided in the silicone rubber tubing of
0.5 mm inner diameter. Here the reaction started
and the coenzyme was converted from the non-absorbing to the absorbing form, at the high rate of
approx. 400 /4, 1mol per min per mg enz.me under
the given saturating condition. 10 cm downstream,
the solution entered a measuring cuvette constructed
of bladk plexiglass where the flow expanded along
a taper section into a rectangular cross section of
1 cm 0.6 mm, for a length of 1 cm, after which it
was compressed back again. The UV transmission
was measured by looking sideways through this
straight section, i. e. the UV beam passing through
c;uartz windows had an aperture of 1 cm x 0.6 mm
and a pathlength of 1 cm in the liquid. We were
thus observing a volume of 0.06 cm 3 which was
separated from the point of mixing by a volume of
about 0.05 cms. The flow rate was varied between
0.02 and 0.4 cm 3 /sec giving characteristic sample
exchange times between 3 and 0.15 see. The optical
employed a 70 W incandencent lamp system which
after filtering was imaged through the measuring
curette. For filtering we used a combination of a 1 cm
saturated CuSO 4 solution, a blocking filter UG 11
(Schott) and an interference filter at 337 nm with a
bandwidth of 3 nm (Oriel). The transmitted light was
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imaged on a silicon photodiode. This signal showed
a monotonic decrease from its initial value S, when,
at a given flow rate, more and more enzyme was
introduced in solution (b). Conditions were usually
set so that a constant signal of about 5 1 /2 was
observed. The noise on the photodiode signal, about
10 -3 to 10 -4 S, in a 10 Hz bandwidth, was dominated by effects connected to the liquid motion, probably Schlieren effects. Detector and source noise together were only 2 x 10 -5 S, .
Microwaves were now brought to the measuring
cell to irradiate the 1 x 1 cm 2 surface of the straight
section at normal incidence. Since the absorption
coefficient of water varies between 45 cm -1 at GHz
and 90cm -1 at 120 GHz [6], a high attenuation
factor between 15 and 220 occurs for this frequency
range in the 0.6 mm thick water layer. The microwaves were generated in backward wave tubes tunable either from 40 to 60, 60 to 90 or 75 to
115 GHz (Siemens), which were driven from a
model 702/703 C sweep power supply (Micro-Now).
Standard rectangular waveguide about 40 cm in
length was used to connect the tube to the experiment. The waveguide contained a 20db (1%)
coupler for power monitoring purposes. Just before
the measuring cuvette the guide was tapered up to
a 1x1 cm 2 cross section and fixed to the plexiglass wall. The latter had a thickness of 3 mm and
was highly transparent to microwaves. According to
the tube's supplier, up to 80 mW of power can be
generated in the central regions of the tuning ranges, so that with the strong reflection at the plexiglass/water interface the absorbed power in the
liquid can be estimated to have been between 10 and
50 mW throughout the spectral range investigated. To
estimate the upper limit of microwave heating we assume 80 mW and thus get 1.3 W/cms absorbed
power density in our sample. At the slowest liquid
flow rate used, corresponding to an integration time
of 3 sec, this amounts to a maximum possible heating by 0.9 °C. In order to better distinguish possible microwave effects we periodically switched the
power on and off, at a frequency corresponding to
the liquid exchange time in the cuvette, and detected
the synchronous component of the diode signal
using a PAR 124 A lock-in amplifier set at a time
constant of 1 sec. For each •irradiation period we
thus assured a fresh sample to be present. The microwave frequency could be tuned by band or slowly
swept electronically. At least two runs were made for
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each frequency range, where the liquid exchange
rate and the chopping rate were 2.5 sec -1 , and the
microwave tuning rate was only 3.5.MHz/sec. No
effect could be observed on the noise background
which amounted to less than 6 x 10 -4 S, in each
case. The conditions were thus that even a very
narrow-band resonance of 10MHz width [4] would
not have escaped our attention. We conclude from
this experiment that the radiation could not have
changed the turnover rate of alcohol dehydrogenase
by more than 0.1%.
Hemoglobin and its function of oxygen transport
have been extensively investigated [9 — 11]. It has
a molecular weight of 67 000 and consists of four
subunits. Each of these can bind an oxygen molecule, and the affinity of binding at a given subunit
depends on the oxygen binding status of the other
three subunits (cooperativity), as is manifested in
the shape of the oxygenation curve. Visible red
light absorption provides a convenient means of
measuring the amount of bound oxygen. For example, at 633 nm the absorption coefficient of
human hemoglobin at full oxygenation is only 73%
of that in the deoxygenated state.
In our experiment we used human hemoglobin
in its half-oxygenated status. While the oxygen
partial pressure (approx. 30 Torr) was kept constant we tried to find out whether microwave irradiation could change the amount of bound oxygen.
Starting from citrated blood, erythrozvtes were first
prepared by centrifugation (15 000 x g, 15 min)
and washing in sodium chloride solution, then lysed
by dialysis against water (24 h). Then the stroma
was removed by centrifugation (48 000 x g, 20 min)
and the resulting solution containing about 70 g/1
hemoglobin was equlibrated to 0.05 m sodium phosphate buffer at pH 7.0 by dialysis. 30 ml of this
solution was then constantly stirred in a thermostatted (25 ° C) flask, with one drop of octanol
added to prevent foam development. Either nitrogen
or air could be bubbled through the solution in
order to change the partial pressure of dissolved
oxygen. Measurements were done in a thermostatted
cuvette (25 ° C) providing a pathlength of 0.5 mm
and a cicular aperture of 2 cm in diameter, with
4 mm thick sapphire windows. One of the windows
had two bores to adapt liquid flow in and out
through silicone rubber tubing of 0.75 mm internal
diameter. A closed-cycle flow connecting to the
oxygenation flask was activated by a peristaltic
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pump. The optical absorption was measured in the
same setup as in the enzyme experiment before.
This time a combination consisting of a blocking
filter OG 519 (Schott) and an interference filter at
633 nm with a bandwidth of 3 nm (Oriel) was used.
The light beam was inclined a small angle (10 ° C)
away from the normal on the sapphire windows and
the beam aperture was 7 mm at the cuvette. The
detector signal could now be observed as the hemoglobin solution was constantly pumped through the
cuvette. It was seen to decrease by about 10% as the
oxygen was admitted to the flask and vice versa,
with full reversibility. Let in the following S, denote
the signal change corresponding to this step. To
prepare half-oxygenated hemoglobin we stopped the
bubbling when a change of S 2/2 was readied. After
experimentation we regularly checked whether the
system had possibly drifted away from this status,
by further oxy- and deoxygenating procedures.
From tis we found it necessary to keep a flow of
about 0.08 ems/sec through the measuring cuvette,
since for a resting solution some slow changes of
the oxygenation status were observed in the cuvette.
Under these conditions the noise on the detector
signal was again dominated by flow effects, most
probably from some turbidity due to denaturated
hemoglobin. In the 3 Hz bandwidth used here the
noise varied from 5 x 10 -4 to 2 x 10 -3 S2 for the
different runs.
Microwaves were applied using a similar waveguide as above, but with the taper section (horn)
leading to a final 2 x 2cm 2 cross section, so that
the irradiated area was four times that of the preceeding enzyme experiment. The horn was also inclined at 10 cC from the normal, but in the direction
opposite to that of the red light beam. The latter in
fact passed through one side wall of the born which
was made out of •thin metal mesh having 8 wires per
mm, thus providing 100% reflectivity for the microwaves. The microwave reflectivity at the sapphire
surface is about 25%. Since the absorption in sapphire is negligible, we can estimate the absorbed intensity reaching the hemoglobin solution to be between 3 and 13 mW/cm 2 throughout the spectral
region investigated. Maximum microwave heating
could have been 20 mW/om 2 corresponding to
0.4 W/cm 3, which could from a simple heat conduc-

fion estimation have led to a maximum temperature
difference of only 0.03 ° C between solution and
sapphire. The irradiation experiment was now performed again by modulating (at 0.5 sec -1 ) and
synchroneous detection. No effects were seen in the
noise limits stated. We furthermore tried a muds
higher microwave modulation frequency of 600 sec -1
restricting thus the experiment to probe irradiation
effects which were reversible within a millisecond.
Although the noise level was thereby greatly reduced to 10 -5 S2 no effect was detected in the range
from 60 to 90 GHz. Altogether, we thus conclude
that the irradiation is not able to shift the equilibrium oxygen constant of half-oxygenated hemoglobin by more than 0.4%.
We can not conclude from these two in vitro
experiments that millimeter microwaves could not at
all change the function of the two molecules tested,
since we do not know the amount of possibly nonlinear amplification with which such changes could
manifest themselves in an active biological environment. It might well be that e. g. the 20%
growth rate changes of yeast observed in [4] originate from much smaller changes in some key molecules or processes. In this view i4 might be advisable to repeat the experiments at increased signalto-noise ratios. A longer exposure time seems, however, not necessary since we feel a small system
like an isolated macromolecule should adapt to new
environmental conditions well within one second.
We might further speculate that possible interaction
frequencies of the rnoiecules tested exist but lie
outside our present frequency range (4010 115 GHz),
possibly above. Larger molecules or entities might
then have resonance frequencies in our range and
should be candidates for future testing. This view
is supported by the theoretical concept of H. Frohlich [12] which tends to give larger biological
entities a greater likelihood to be susceptible to
irradiation effects, because of their greater likelihood to make use of (microwave frequency) oscillations for biological control purposes. Practical
suggestions of such interdisciplinary cooperation
will be most welcome.
We are greatly indepted to K. W. Kussinaul for
his design and construction of the measurement
ouvettes.
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NONTHERMAL MICROWAVE RESONANCES IN LIVING CELLS

Fritz Keilrnann
Max-Planck-Institut fur Festkeirperforschung
7 Stuttgart 80 - Fed. Rep, Germany

1. INTRODUCTION
In this contribution I would l ike to make you acquainted with
a fascinanting new topic in spectroscopy: microwaves at extremely small power levels are able to induce drastic changes in living
systems, and these effects are highly resonant in respect to frequency. I cannot give you any proven explanation of these effects,
but I will just try to describe to you a theoretical concept due to H.
FrOhlich who has predicted such effects in the right frequency region. The basis of this model is a very high single-mode vibrational excitation within, for example, a protein molecule switching
on its enzymatic activity. Any speculation on the nature of such an
oscillator has to account for the narrow resonances observed: It
has to explain how a vibrational I inewidth in a condensed system
could be as small as in a gas with a pressure of a few Torr.
At this stage I consider it important to give you in some detail
the experimental results obtained by us together with those of previous workers in this field. Note that in addition to the spectroscopic and physical interest in this subject there may be fundamental consequences for our understanding of biology. The way microwaves interfere directly in biological processes suggests that
microwaves are actively used by living systems. Nonthermal microwave effects might also be applied in many related areas like medicine or agricul lure, Microwaves are already used for many purposes
("microwave pollution"

1 ). Economical and political consequences

seem likely when a severe safety limit e, g. of 10 pw/cm 2 is esta347
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Wished internationally as has been in existence in the USSR since 1960 1 .
2. EXPERIMENTS ON NONTHERMAL BIOLOGICAL EFFECTS
OF MICROWAVES
A great number of investigations were undertaken to study possible health hazards of microwaves to living beings. From the beginning of the era of high frequency radio half a century ago it
seems that researchers in the USSR paid much more attention to
these question the n in other countries 1 . An up-to-date bib; iography compiled in

lists about 4000 relevant publications. The ma-

jority of these deal with thermal effects. For example, detrimental heating of the low thermal-conducting fluid of the eyeball causing protein coagulation may occur at relatively low intensities.

2
Suchazrdsveltofin asetylmof10W/c

since 1958 in the western countries.
On the other side there are many reports about microwaves influencing nervous action or blood pressure, to cite only two,
where a thermal explanation is not satisfactory. Even quasisensorial perception of microwaves ("hearing the radar pulse") has
been observed. These experiments deal with very complex systems.
The data obtained are rather incomplete, e.g. , frequency or power dependences are generally not available, excluding explanations in most cases. I shall not comment further on these experiments apart from stating that they seem to provide sufficient evidence to motivate large scale investigations, from which a coherent picture of their mechanism might evolve.
2. 1 Resonances at Millimeter Wavelengths
The first spectral study of a nonthermal biological microwave
effect, to my knowledge, was performed by Webb and Booth 3 .
They irradiated aqueous suspensions of living Escherichia col i
bacteria and measured the growth rate as well as the metabolic
intake of radioactive substances. Both measurements gave a clear
indication that (i) the growth rate could either be accelerated or
decelerated while no significant temperature change occured, and
(ii) the effect strongly depend on frequency which was set in 1 GHz
steps from 65 to 75 GHz (fig. 1). Note here that water absorption
is very strong but varies smoothly from 45 to 90 cm -1 in the frequency range from 40 to 120 GHz (at 30°C) 4 . No spectral feature
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Fig. 1 - Growth Response of Escherichia col i to weak microwave irradiation after Webb and Booth 3 (upper diagram) and Berteaud et at. 5 (lower diagram). In both
cases the parameter measuring the growth is normalized to the value without irradiation.

could be related to water absorption as is visible in fig. 1.
The results of Webb and Booth were T rroborated by a repetition of the experiment by Berteaud et al. They also used a liquid suspension which this time was kept constant in temperature. 2
Alsothemicrwavnsykeptcoanbu10mW/c.
Adjusting the frequency in steps of 0.5 GHz they found a similar
frequency dependence (Fig. 1). Their results are compatible with
resonance structures with a width of 1 GHz or less. In both experiments 3,5 it was found that the death rate was not increased by
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the irradiation. In ref.

a microwave influence on the mutagenic

rate was not observed.
Independently a great effort had been conducted in the USSR
on nonthermal biological effects of millimeter microwaves in the
frequency range from 39 to 60 GHz. In a session of the USSR
Academy of Sciences in 1973 6 results were reported on a dozen
different experiments at different locations. The objects investigated ranged from enzymes to the highly organized animal level.
The overall tenor seems that striking effects occurred where one
looked for them. More specifically, two fascinating aspects are common to a greater part of the experimental results: li) The frequency dependence is even stronger than in Fig.

1. Typically, re-

sonance widths of only 0. 15 GHz or less are compatible with the
data. (ii) The dependence on microwave intensity exhibits a threshold region below which no biological effects occur and above which
they occur independently of intensity.
As an example we reproduce here the results by Smolyanskaya
and Vilenskaya in 6 . They measured the activity of Escherichia
col i bacteria to synthesize col icin. The coefficient K (Fig. 2)
measures the number of cells that synthesized col icin in a given
period, during which radiation was applied, divided by the respective number in an unirradiated control. Fig. 2 shows that after
a certain period of the order of one hour K has been increased

by

up to about300% by the irradiation. While no decrease in K was
reported, increases were seen for widely different wavelengths,
5.8, 6.5 and 7. 1 mm. The spectrum in Fig. 2 is compatible with

a resonance bandwith of about 0. 1 GHz. At first sight the periodic
spectrum in Fig. 2 points to a thermal effect because interference of transmitted and reflected waves propagating between oscillator and sample cuvette could change the net power delivered to
the sample in a frequency periodic fashion. With a monomode transmission line one would expect the observed periodicity of 200 MHz
for a totale length around 1 m. However, the saturation evident
at intensities above 10

W/cm 2 certainly contradicts a thermal

explanation for the observed effects.
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Fig. 2 - Relative number K of Escherichia col i bacteria synthesizing col icin after microwave irradiation (K-1
for unirradiated control). Left diagram shows frequency dependence, right diagram intensity dependence at 6.50 mm (vacuum) wavelength, after
Smolyanskaya and Vilenskaya 6 .

2.2 Yeast Experiment
We have recently begun an experiment which is designed to (i)
test one of the experiments mentioned in Sect. 2.1 and to (ii) possibly have a system usable for further experimental work and testing of pertinent theoretical models. Entering this field from the
laser spectroscopy side required first of all to find a biologist
who knew his material and who shared a mutually understandable
language. Old ties and an incidental discussion on a winterly Alpine summit worked favourable in our case. So the expertise of
Werner Grundler's laboratory on yeast of the type Saccharomyses
cerevisiae quickly put us in the position of having a reproducible
sample to work on I . We cultivated '`fresh" yeast cells daily in
stirred aqueous suspension.

They were taken from a stock supply

F. KEILMANN

352

kept "sleeping" on Agar plates in a refrigerator (4°C). After a
certain "wake-up" period in the nourishing suspension (at 32°C)
which lasted some hours, the cells reduplicated about every 75
minutes. The corresponding exponential growth rate could be reproduced within a maximum scatter of only + 3„ from day to day
over many months. The measurement of the cell's number density
was achieved by a continuous recording of the transmission of visible l ight through the sample cuvette. Light extinction occurred predominantly through elastic scattering by the yeast cells. Their
diameters were distributed over a certain range around 3 um, but
this distribution stayed approximately constant.
The (aqueous) suspension of the yeast cells was chosen in order to avoid any overheating of the cells by absorption of microwaves. We estimated from simple heat conduction arguments a
characteristic time of 50 ps for the thermal equilibration of an
overheated cell.

A steady-state overtemperature of the cell above

its surrounding by 1°C would therefore require a heating power
of 10 NW per cell. Let us discuss whether one could imagine such
a value in our experiment. As seen in Fig. 3 the microwave entered
into the aqueous suspension through a teflon interface approx.
2
10 cm in area, The penetration depth in water is 200 )JM at 42
4
GHz
, so the intensity decays rapidly with the distance from the
interface. With a total absorbed microwave power of 30mW (ref.

2
belowtmasurnechiq)tavrgnesiyw3mW/c

just inside the aqueous suspension. Locally this value mght have
been enhanced up to a few times, i.e. to about 10mW/cm , because
of standing wave interference in the teflon structure.

tinder

these circumstances an absorption of 10pW per cell would indeed
require a very high hypothetical absorption cross section per cell:
with the typycal cell density of 2.10 5 cm -3 in our experiments,
this cross section would have to be Very large (1 mm 2 ), so that
it would have reduced the penetration depth to 4 pm. Such a strong
absorption seems totally unrealistic. Since the partial volume occupied by the cells was only about 10 -5 this would mean, roughly,
that the absorption in the cells was something like 10 6 times larger than in water, for which we cannot conceive any mechanism.
Overheating might in principle occur in moderately absorbing
but thermally isolated regions. Nothing is known of their existence
within a living cell.

Let us however, imaging, for a moment

a two-level system resonantly absorbing at

v

42 GHz with a
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Fig. 3 - Schematic drawing of microwave irradiation experiment on yeast 7 . The extinction of the photometer
beam is used to observe the growth behaviour of the
stirred aqueous cell suspension. Millimeter microwaves enter through a metallic hollow waveguide from
above into a teflon antenna structure, from where
they penetrate into the aqueous suspension over an
interface area of about

10 cm 2 . Also shown is a ty-

pical growth curve (without irradiation); note that
the freshly prepared culture acquires exponential
growth after a few hours.
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homogeneous I inewidth v /Q. Such a system can have a minimum
energy relaxation time of Q/),/ which would be 24ns for a Q--factor
of 1000; h1).))/Q = 10 -15 W then gives the magnitude of the absorbed power which would suffice to drive such an absorber into saturation. This remark is given here only to indicate how small powers, if applied coherently to a resonant system, can actually lead
to a significant heating of a particular degree of freedom. If this
heating were able to directly initiate e.g. a chemical process we
would however call it a nonthermal effect, since it occurs before
equilibration of the absorbed energy over all degrees of freedom.
Turning back to our experiment (Fig. 3), we have also considered
the possibility that some cells might become overheated when they
escape from the suspension into the foam which forms above the
surface due to the stirring motion. No specific measurements have
been conducted up till now, but both the size and the sign of our
results below make such an influence very unlikely.
The sample temperature was continuously monitored using thermocouples. Moreover, the microwave power absorbed could also
be absolutely measured by using the sample cuvette as a calorimeter, i. e. by monitoring also the temperature difference between
the cuvette and its surrounding. A temperature difference of 0. 5°C
was calibrated to correspond to an absorbed power of 24 mW. This
was a typical value for all of our irradiation experiments. Due to
slow temperature cycles in the laboratory the sample temperature
did vary by up to + 0. 5°C during each growth experiment. A typical
growth curve is shown in Fig. 3. When microwave irradiation was
to be applied, it commenced from the beginning of the est inction
recording, about

1

hour after preparation.

The resulting exponential growth rate without irradiation, as
a function of sample temperature, is shown in Fig.

4. The small

scatter of up to + 3% about a mean curve is clearly evident. In
Fig. 5 we show the results of the irradiation experiments. Here
the normalized growth rate is shown with an error margin of +3%,
demonstrating the reproducibility we obtained for the growth rate
without irradiation. As for the irradiation frequency, we had both
a short-and long-term stability of + I MHz, but a resettability of
our measuring cavity of only + 3 MHz. Fig. 5 clearly shows irradiation-induced positive and negative changes in the growth rate.
In addition to the considerations above, the nonthermal origin of
the effect can be demonstrated by examining Fig.

4. This indicates

that overheating could lead to only a modest increase of the growth
rate by up to 10 , while further overheating beyond 37°C is known
to again decrease it.
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Dependence of exponential growth rate of yeast culture 7
on temperature (solid curve). The points result from
measurements without irradiation taken in between the
irradiation experiments (Fig. 5).
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Fig. 5 - Exponential growth rate of irradiated yeast culture 7
correct for differentvs.frequncyNomalizt
temperatures is done by dividing by the unirradiated
growth rate at the same temperature, as taken frorn
the solid line in Fig. 4.

F.KEILMANN

356
Since at any instance only a small

part of all cells in the cuvette

is either near the teflon surface or in the foam, the observed
growth rate, which is an average over all cells, could not he increased by e. g. 15% due to overheating at these locations. Also,
our data do not show any correlation between the growth effects
and either the temperature or the absorbed microwave power.
A smooth curve is drawn in Fig. 5 to connect all data rectangles. It indicates that resonances as narrow as 0.01 GHz exist
in the range we investigated. We had selected this region for our
experiment because it was used previously by Devyatkov in 8 .
He irradiated a different yeast, Rhodotorula rubra, and found a
growth increase effect, at 7. 18 mm, and a decrease at 7.16,
7. 17 and 7. 19 mm. Possibly due to our spectral resolution our
experiments reveal a much finer structure. Clearly we were not
prepared to find such narrow resonances. A better frequency
measurement is necessary to fully resolve the structure. Furthermore this will allow an observation of the _intensity dependence of
the microwave irradiation effect.

3.

THEORETICAL CONSIDERATIONS
The mechanism leading to the experimental observations above

is unknown. The general result of highly resonant, nonthermal response to millimeter microwave irradiation poses the question of
an unknown sensitive absorber, which is capable of frequency discr imination . and which is able to initiate an unknown process leading
to the observed response. While a number of different narrow-band
absorption mechanismus is at hand for the high frequency microwave region, only one of them, the excitation of giant dipole vibrations has been theoretically I ihked to biological activity, as
early as 1968,

by Frt5hlich 8 (see next section). The other types

of absprbers include, for example, electronic spin-flip transitions
which occur at millimeter wavelengths in magnetic fields of a few
Tesla. While these types of transitions usually exhibit narrow resonances, they are not likely to play a role here due to the absence
of the required field strength in biological specimens. Other
possibilities like transitions due to ionic reorientation in weak
potentials or vibrations would require an unusuale high degree of
isolation from disturbing interactions e.g. in a cage-like environment, in order to exhibit the narrow resonance widths observed.
For example, guided acoustic waves have been suggested travelling along the inner hydrophobic parts of membranes 9.
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3.1 Frohl ich Theory
Since his original conjecture

8

Frbhlich has developed a ge-

neral concept of long range coherence in biology

10 .

We shal l re-

peat here some of his thoughts because they possibly contain the
relevant basic physics needed to explain our experimental results.
On the other hand we cannot, at this point, expect any disclosure
from his theory on the identity of the absorber we are looking for,
not on the biochemical reaction which was influenced in our experiment.
Biological systems have the interesting property - when they
are alive - that they are not in thermal equilibrium since energy
is continuously pumped through them. Frbhlich has put forward
a close analogy to lasers

12 where now the source of "biological"

pumping is chemical energy ultimately coming from food or sunlight
(in photosynthesis), He has then conceived the existence of a threshold pump power at which the system would react and undergo a
Bose condensation, so that instead of the many modes available all
the power would be cXangeelled into a single mode or a small number of modes

The excitations theMselves are hereby conceiThe

ved as the relatively low-frequency vibrations which exist in biomolecules (for example proteins), membranes or even more complex structures and which are coupled to electric dipoles. The
latter prerequisite does not impose any restriction at all since
these structures show extraordinary dielectric properties

10 due

to strong interaction of their charged groups with the surrounding
water. For example a strong dipolar layer of 10 -6 cm thickness
exists across membranes giving rise to electric field strengths of
5
10 V/cm. In fact one may ask which task such a field must fulfill,
if one accepts the principle of biologiCal evolution on a molecular
scale lo . Here Frbhlich has pointed out that strong electric polarization might be induced e. g. in biomolecules (e. g. embedded in
membranes) which would be accompanied by a mechanical deformation, i.e. a conformational change. The new state could be longlived because of stabilization through rearrangement of counter ions
etc. It is this metastable polar conformation of a biomolecule which
is considered capable of high-amplitude vibration (nh1) ,>> T) in a
single mode under a strong biological pumping conditions.
Such a strong vibration of a polar molecule has been linked
by Frohlich 8 to biological activity. One knows that e.g. enzyme
molecules possess relatively small "active" sites which are directly involved in the chemical reaction, On the other hand their enzymatic activity does depend critically on changes at quite distant
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locations in the big protein body (tyro. 50

A in size). The reason

for such stringent requirement of the structural order of the molecule is not clear. In answer and in addition to this Frtthlich has
set the requirement of motional order which could activate e.g.
an enzyme molecule. The mechanism of this is based on long•range
dipole forces which occur between systems capable of giant dipole
vibrations. It is shown in ref. 3 that these forces are selective,
i.e„ they lead to attraction of systems having equal vibration frequencies, and that they either occur when the background medium
shows strong dispersion at the relevant frequency ("dispersion
forces") or when the vibrati on is strongly excited. In the latter
case thus a vibrational excitation (e.g. through biological pumping)
could switch on a long-range attraction force which can be envisaged to bring reaction pertners together more quickly and thus enhance the overall activity. In extension these forces could be the
basis for coupling larger entities and provide a control, for example, of homologous pairs of chromosomes or cell arrangements.
Let me conclude at this point with two remarks on our experiments. Here we were concerned with microwave frequencies near
10 11 sec -1 . It was just this frequency range which Frbhlich originally proposed to be of relevance 8 before any of the experiments
in refs. 3, 5, 6, 7

were performed, He had found this number by sim-

ply dividing a sound velocity of 10 5 cm/sec, corresponding to a
typical soft material, by the diameter of a big biomolecule, 100 A,
in order to find its lowest mechanical vibration frequency. Note
that with a molecular w eight of 10 5 about 10 4 more vibrational
frequencies exist up to about 10 14 sec -I . Now at 10 11 sec -1 , the
vibrational quantum energy is only 1/60 th of the thermal energy,
so that pumping to a very high quantum number is necessary to surpass a purely thermal excitat i on. Indeed one can imagine that

op-

tical pumping in the cited experiments (at intensities between 10 and 10 -2 W/cm 2 ) has suf ficed 14 to activate specific enzymes
which happened to be on resonance. These would have influenced

7
specifbohmalreswichntaeofurxpimnt

would have led to the resulting change of the overall growth
rate. Intuitively more often a slowing than an acceleration of the
growth is expected by this external influence, as is observed.Finally, note that the saturat i on observed in some of the experiments
(e.g.Fig.2) strongly supports the view of microwave pumping of a
"Fr/3hlich state".
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1. Summary

of Work Performed

During this reporting period, the apparatus which will be employed
has been assembled. Initially, the experiments will be performed by
spraying aerosol of the biological species on a thin film of mylar.
The system is arranged for detection of transmitted and reflected
signals. Currently, Schottky barrier diodes are being assembled to
serve as detectors. An absorption chamber (box) has been assembled for
further observations with the aerosols blown in by spray bottles.
During this period, R. A. Bohlander has assembled afourier spectrometer
(for another project), which can be used for observations on this task.
A glass-pipe cell has been assembled as an observation chamber.
Computer programs used with an on-line processor will provide almost
-1
real-time data of absorption from approximately 9 cm
to 30 cm
1
(270 GHz to 900 GHz). This broad spectral region should be the region
in which molecular vibration, rotation and torsional- motions occur.

The current effort is being performed as follows:

Each material to be investigated will be subjected to three
observation schemes 1.

Sprayed on the mylar film and observed for absorption (in

transmissions and reflection) over the frequency range from 65 GHz to 75
GHz.

Initially a swept source will be employed. If greater detail and

frequency stability is needed, particular frequency ranges will be
examined with phase-locked klystrons. The spectral region was chosen to
correspond to that in which Webb and Booth, and Berteaud et al have
performed observations.
2.

The material will be sprayed into the chamber box and observed

in the same spectral region.
3.

The material will be sprayed into the glass-cell and observed

with the Fourier Spectrometer.

Because of the long observation time

-1
required for the Fourier Spectrometer runs (20 minutes for 1 cm
-1
resolution and 2 hours for 1/3 cm
resolution), an automatic
spraying system is being assembled. It will also be used for the mm
observations in the chamber. The biological species will be those
discussed in the last report with biotrol being the first to be
investigated.

II.

Work to be Performed Next Month
During the next month, observations will begin on the biological

materials. The measurements on film at 65-75 GHz will be performed
first while the automatic stirring system is completed. Biotrol,
followed by baking yeast in sugar water, yogart in water, half and half
milk, chicken broth and egg yokes in water be investigated.
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I. Summary

During this past reporting period, several advances were made. A
visit by Chris Cox and Stan Mumford was extremely helpful in initiating
the measurement program. A transmission/reflection apparatus has been
assembled and employed initially at 70 GHz. Tests were performed with a
Fourier Spectrometer, but changes in the experimental apparatus are necessary for improvement of the spectroscopic results.
Observations with the millimeter wave system were thus far limited
to baker's yeast. The Fourier spectrometer observations were performed
on glucose, BG, neutrient broth, and Trypticase Soy. Cells have been
constructed, although not used as yet, for observations of sprayed aerosols
with both millimeter and Fourier spectroscopic systems.

II. Discussion of Work Performed

Prior to the visit of Chris Cox and Stan Mumford, apparatus had been
assembled for millimeter wave observations; a Fourier Transform Spectrometer,
employed by Ron Bohlander mainly for filter testing, was also available
for transmission measurements on biological materials.
A brief description of each measurement setup is given below:
1. Millimeter Wave Transmission/Reflection System
This apparatus is outlined in Figure 1. The millimeter
wave signal is generated by swepted oscillators, klystrons, IMPATTS
or harmonic generators driven by one of these sources. In the case
demonstrated, the signal is generated by a harmonic generator
driven by a 35 GHz swept oscillator. The frequency range generated
is in the vicinity of 70 GHz, the second harmonic of the swept
oscillator. Whereas the swept oscillator is capable of covering
the range 25 - 40 GHz, the instantaneous bandwidth of any particular
sweep is limited by the bandwidth of the individual multipliers and
detectors. The CW signal is chopped and detected in reflection

1

Figure 1. Millimeter Wave Transmission/Reflection Apparatus
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Figure 2. FAR-IR Fourier Spectrometer
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and transmission using lock-in amplifiers. A mylar film can be
used for spraying aerosols on or a frame without mylar can be
employed for mounting powders. All detectors and the harmonic
generator are biased.
2. The Fourier Spectrometer
This system employs a mercury vapor lamp as source.
The sample is placed directly in front of the source. The chopped
signal is detected in a Golay cell, amplified in the PAR Lock-in
Amplifier and processed in the HP6942A. The interferogram and
spectrum are produced on the Tektronix Model 4631 Hard Copy Unit.
The spectra of biological materials, and saran wrap before and
after the observations on the materials are recorded normalized
to air. The original spectra were normalized to 100% maximum
amplitude for each trace. This format was not satisfactory for
the measurements of interest to this program. Chris Cox modified
the program to provide transmission with peak values on a relative
scale, not all normalized to 100% for their peaks. The program
input made by Dr. Cox is attached for reference (see Figure 3).
The end result is that strong attenuation results for many of the
materials tested. In all the observations performed, a large
loss of intensity occurs at about 18 cm -1 due to the beam splitter
and a water vapor absorption at 25 cm -1 from the water in the
air exists. Glucose, neutrient broth and BG showed strong absorption.
Information available from the data indicates a broad absorption
but, because of the noise level, it is not possible to identify any
fine structure.
A few of the traces of the runs is given as attached figures.
Figure 4 shows a run made on the saran without a biological sample.
The saran-air-saran (empty container) has a peak maximum of 70.411.
Each division on the horizontal frequency scale is 5 cm -1 . Note the
vary large dip at 18 cm -1 due to the beam-splitter and the H 2 O
absorption at 25 cm -1 . Figure 5 shows the transmission of neutrient
broth and Figure 6, that of glucose. Notice the scale difference
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LIST
100REM
THIS PROGRAM CAN BE USED TO GRAPH
110 REM
THE RATIO - OF.TWO POWER SPECTRA,
120 REM
IT WAS WRITTEN ON MONDAY, NOVEMBER 24, 1980
130 REM
AND MOST RECENTLY MODIFIED ON
140 REM' MONDAY, NOVEMBER 24, 1980
150 REM
A. MCSWEENEY
200 INIT
210 PAGE
220 PRINT 'HOW MANY-DATA VALUES PER FILE ?"
230 PRINT " 16, 32, 64, 128, 256, 512, OR 1024 7";
240 INPUT N .
250 DIM B<N),S(N),R<N) 9 X(N)
255 DIM A(N) 9 P(N)
260 FOR I=1 TO N
270 X(I)=130*I/N
280 NEXT I
290 PRINT
300 PRINT "WHICH FILE CONTAINS THE BACKGROUND SPECTRUM ?"
7 10 INPUT F
320 FIND F
330 INPUT &33:T1 9 8'
340 REM GRAPH BACKGROUND SP E CTRUM
350 CALL "MAX",B,M9J
360 PAGE
370 WINDOW 09130 9 09M
380 AXIS 139M/10
390 MOVE X(0980)
400 DRAW X,B
410 PRINT "GG"
420 INPUT AS
430 PAGE
440 PRINT "WHICH FILE CONTAINS THE SAMPLE SPECTRUM ?"
450 INPUT F
460 FIND F

70' INPUT= en Te's '*
480 REM GRAPH SAMPLE SPECTRUM
490- 0ALL"MAX."0S0Ma'
509'PAGE'505 M=69.56
-51% WINDOW 0,139,0 M
520 AXIS 13,M/10
539 MOVE X(1),S(1)
40 DRAW X I S
50' PRINT "GG"
560 INPUT AS
570 PAGE
588 FOR I=1 TO N
590 R(I)=S(I)/B(I)
600 NEXT I
700 WINDOW 00130,-0.1,1.1
710 AXIS 13,0.1
720 MOVE X(1),R(1)
730 DRAW X,R
740 PRINT "GGG"
750 INPUT AS
760 PAGE
765 INPUT Q
778 FOR 1=1 TO N
780 R(1)=S(I)/0-8(I)
799 NEXT I
800 WINDOW 00130,-20,10
810 AXIS 13,2
820 MOVE X(1),R(1)
en DRAW X0R
840 PRINT "GGG"
850 INPUT AS
860 PAGE
979 PRINT "AIR FILE NO"
886 INPUT F

-

,

-

890
900
910
940
950
960
970
980
990

FIND F
INPUT @33:T301
PAGE
WINDOW 0,130,0,100
AXIS 13,10
MOVE X(1),A(1)
DRAW X,A
PRINT "GGG'
INPUT A$
PAGE
1010 FOR I=1 TO N
1020 P(I)=-R(I)/A(I)
1030 NEXT I
1040 WINDOW 0,130,-0.1,1.1
1050 AXIS 13,0.1
1060 MOVE X(1),P(1)
1070 DRAW X,P
1080 PRINT "GG"
1090 END
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from that of the previous figures. The glucose is a very strong
absorber with the larger absorption occurring on the high frequency
end of the spectrum. It is probable that the peak absorption occurs
beyond the high end of the spectral range covered. The ratio of
transmission of neutrient broth to the saran surfaces is given in
Figure 7. From 20 - 50% absorption, for the layer thickness used,
is observed. The very large absorption of glucose is demonstrated
by Figures 8 and 9 which show the ratio on two expanded percentage
scales. Thus, less than 1% transmission occurs for the thicknesses
employed. The case of percent absorption is shown in Figure 10 for
neutrient broth and in Figure 11 for glucose.
3. Results on Millimeter Wave Measurements
For the millimeter wave runs with the apparatus shown above,
the baker's yeast showed strong absorption in both transmission and
reflection. Figures 12 and 13 show the reflection of the saran
holder only and the yeast respectively. Both traces have the same
amplitude scale and the same horizontal (frequency) scale. An arrow
marks the same frequency point on the two figures. Figures 14 and 15
show the transmission through saran only and the yeast. The diode
was not as sensitive as that used for the reflection measurements,
but this has been improved. The reflection and transmission both
show considerable attenuation. Frequency dependence of the attenuation
must be determined.

III. Current and Future Work
The results obtained thus far are only preliminary and must be improved
and extended to other spectral regions and materials. During this period,
efforts have been made to improve and quantify the measurements. The Schottky
barrier diode on the 70 GHz transmission has been improved. A precision
attenuator has been inserted in the 70 GHz line. Because of the breadth of
the yeast attenuation, a continuous spectrum will not be taken, but a spread
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of frequency points or regions will be observed. A survey of the working
condition, frequency range, etc., of available klystrons is now being made.
As each spectral region is covered for all materials that we are to investigate,
observations will also be made on captive aerosols and on free aerosols in
the box configuration that has been assembled.
In the case of the Fourier spectrometer observations, the beam-splitter
is being changed to move the large intensity loss further out (to higher
frequencies) than the region that we have been investigating. A cryogenic
detector is also being set-up to increase sensitivity and possibly minimize
noise. The aerosol cell assembled from glass pipe for use with the Fourier
spectrometer will also profit when used with the He-cooled detector. Hank
Rainwater is currently looking at the optics for use with the aerosol cell.
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Figure 12. Reflection Measurements for Saran container only at 70 GHz. Sweep range = 69.80 - 70.20 GHz.
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I.

Summary
During the past reporting period, transmission/reflection measure-

ments were made at 58 GHz on baker's yeast and yogurt starter in powder
form. Several experimental difficulties were encountered with yogurt
starter, but these have been corrected. Experiments are proceeding on
all samples in various forms and will continue through the next reporting period.

II.

Discussion of Work Performed

Measurements have been made on the transmission and reflection of
powdered yogurt starter and baker's yeast at 58 GHz. Because of the
amount of material available, smaller samples of the yogurt starter have
been employed. The yogurt starter showed less attenuation than the
baker's yeast. The value of attenuation obtained was 2.0 + 0.2 dB for
the yogurt starter. Again, negligible reflection was observed, indicating that the attenuation was probably absorption within the sample.
The spread of +0.2 dB resulted from standing wave effects which were
observed as the sample was moved along the propagation path. This effect
has been corrected by using smaller apertures with lenses so that, while
standing wave effects are not completely eliminated, they can be compensated for to some degree by moving the specimen on an optical track
along the propagation path. The small holders, constructed for the FTS
observations, have been employed. The larger holders previously employed for baker's yeast observations result in considerable shifting of

the material and a non-uniform cross-section for attenuation measurements. The mylar sheets, which are very low loss, also yield or stretch
as material is put in the small holders. A more rigid window is needed,
although materials other than the thin mylar have been shown to be lossy
or highly reflective.

It is not possible with the currently used holders

to obtain quantitative data on the various materials. Thin low loss
glass or quartz will be tried.

III. Work To Be Performed During Next Period

The measurements of powders, captured aerosols and free aerosols on
several materials will continue during the next two months. All apparatus
is available for such measurements. Work will continue on improving
cells. A trip to Aberdeen is planned for the end of July to report
project status and to discuss arrangements for the visit of C. Cox and
S. Mumford in August.
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I.

Summary
During the past reporting period, transmission reflection

measurements were continued at 58.4 GHz on several powder materials.
Suggestions made by Dr. Chris Cox were followed in performing
measurements on samples of small quantity. A visit to the Chemical
Systems Laboratory at Aberdeen allowed a brief discussion of program
status and an opportunity to outline the work for the next six weeks.
This period will include the visit of Dr. Cox on August 17 to Georgia
Tech.
II. Discussion of Work Performed
Measurements continued on transmission and reflection of powdered
materials at 58.4 GHz. In the case of material of which we did not have
large quantities, Dr. Cox had suggested that we make reflectivity
measurements on the materials in a metallic container so that
transmission twice through the material can be made and compared with
the reflection from the empty metallic: containers. The sample holders
were made with depths of 1.5 mm, 3 mm and 6 mm. The technique also
allows quantitative measurements since known amounts of the material can
be leveled in the horizontal containers.
Some variations in the measurements are noted, but these can be
satisfactorily minimized. Thus, small intensity changes occur as the
sample is moved along the propagation path. This is a standing wave
effect, which is readily taken care of. The changes are small for small
excursions of the sample, i.e., excursions on the order of several
wavelengths, so that misalignment is not an additional problem. This
change amounts to '3.4% of the transmission loss. By averaging the
standing wave peaks and nulls, or by optimizing by reorienting the
sample surface normal to the direction of the millimeter signal, it is
possible to minimize the variational effect. Some materials are also
extremely hygroscopic so that care in utilizing controlled atmospheres

is important. An enclosure for use with the measurements is now being
prepared. This was particularly the case for nutrient broth. The
nutrient broth, in addition, was one of the materials of which we did
not have a large quantity. As a result, the measurements on this
material may be questionable due to variation of thickness of the broth
layer. Observations on the reflected signal may have been seeing
through to the metal plate, not evenly covered by the broth layer. The
measurements will be repeated with an adequate quantity of the material.
The results for the meaurements thus far on the powders at 58.4 GHz
are the following:
Material

Attenuation (dB)

Yogurt Starter*

3.63

Baker's Yeast*

1.15

Nutrient Broth

1.18

Eagles + 10% calf serum

1.19

Tryticase Soy

3.98

Baker's Yeast

2.05

*These results are for straight transmission through the material for
which thickness of the material is not well defined.
The last four materials listed with their attenuations are for a
total thickness of 6 mm. Because of these measurements, several minor
changes in the holders and the handling of the materials are currently
underway. These are described briefly in the following section together
with a discussion of the scheduled measurements for the next five weeks.

III. Work to Be Performed During Next Period

During the coming period from 26 July, 1981 through 31 August,
1981, an extensive measurement program on powders, captured aerosols and
free aerosols will be performed. The apparatus has been assembled to
perform the measurements. Additional reflectance holders for materials
will be machined so that materials can be stored in them in a
desiccator. New transmission holders will be made mainly for ter
prupose of being able to employ known quantities of materials. TPX
windows, much more rigid than the material currently used, will probably
cause some reflectance problems but these can be accounted for by
measurement of maximum and minimum values. In addition, enclosures for
performing measurements are being assembled for maintaining the relative
humidity of the environment.
The forthcoming measurement period will include the visit of Dr.
Cox beginning on August 17. With the millimeter wave apparatus,
measurements on powders, captured aerosols and free aerosols will be
performed whereas FTS measurements on powders and free aersols will be
performed. Approximately 20 powders and 17 aerosols are available but
these will have to be selectively used.
It is planned to perform the measurements approximately every 3-5
GHz from 20-100 GHz with an AIL, HP and IMPATT sweeper. Doubled signals
from the HP and AIL sweepers will cover the spectral region from 40 GHz
to 78 GHz. If any higher resolution details are observed, the
measurement interval can be reduced to 1-2 GHz or smaller. Selected
points at 130 GHz and 280 GHz will be observed using klystrons and
carcinotrons.

The aerosol work will be performed in the box which has been
prepared for the millimeter wave measurements and in the glass cell
assembled for the FTS work. The glass cell will require some
collimating optics for transmission through the cell and the FTS. The
captured aerosols will be observed only with the MMW apparatus.
It is expected that the powders, captured aerosols and free aresols
will be run in each spectral region before moving to the next. Several
samples of each medium will be investigated before Dr. Cox's visit. The
majority of FTS work will be performed during his visit.
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Summary of Work Performed

During the months of August and September, measurements were performed on several powders and one liquid sample. Mr. Stan Mumford and
Dr. Chris Cox visited the EES facilities and participated in the measurements. Reflectivity and transmission measurements were made at Ka
-band506GHzwithaderngofsult.Mrecamustb
exercised in avoiding standing waves and stray radiation. Of the millimeter wave observations that were made, no resonance effects were
observed although a general broad absorption was evident.
In the FTS measurements most samples showed a strong absorption
toward shorter wavelengths. In the case of the liquid DMMP, what appears
to be a resonance effect at approximately 12 cm 1 has been observed with
the FTS system. In order to check this, observations were made with an
optically pumped laser. The results tentativley verify that a resonance
effect does occur. Further measurements are needed for confirmation of
this effect.
A paper was presented on the FIR measurements by C. Cox, I. gardich,
O. Simpson and J. Gallagher at: the Sixth International Conference on
Infrared and Millimeter Waves, December 7-12, 1981.
A final report is currently in preparation and will be completed
during the week of 8 February 1982.
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INTRODUCTION
Real-time detection of microbial aerosols is a high priority
biological defense objective. Some observations of
microwave/millimeter wave phenomena have indicated possibilities
for biological detection with radiation in the microwave
wavelength region. Thus, an approach for detecting
microbiological aerosols might employ a remote sensing system in
the frequency range of 6 GHz through 340 GHz. In the case of an
in situ detection scheme, the useful spectral region could extend
well beyond 340 GHz throughout the submillimeter wavelength
region.
The objectives of this program have been to perform
preliminary measurements on some biological materials and to
explore the possibility of using electromagnetic radiation for
sensing in the above-mentioned spectral range. Various
techniques were investigated to observe attenuation of chosen
microbiological materials. Techniques which were readily
applicable with existing apparatus were employed to perform
limited experiments on some materials. Preliminary results have
been obtained by reflection/transmission measurements in the
frequency bands 30-40 GHz and 50-60 GHz. In addition, a Fourier
Transform Spectrometer was employed to cover the spectral region
from 10 cm -1 (300 GHz) through 35 cm -1 (1050 GHz). Due to the
tedious nature of the measurement techniques employed, only
preliminary results have been obtained, and these indicate needs
for improvement in the techniques employed. This aspect of the
problem will be discussed in detail.
A large spectral region exists for observations to be
performed, and this can be covered by millimeter and
submillimeter wave spectroscopic methods. Both coherent and
incoherent techniques can be employed. In addition, there exist
several techniques other than those that have been employed,
which provide greater precision, ease of operation and
I.
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sensitivity for the observation of absorption by biological
materials.
In utilizing the microwave/millimeter wave spectral region
for sensing biological species, the nature of the attenuation
process must be kept in mind. Since the species being sensed is
an aerosol, pressure broadening at sea-level does not figure in
the observed effect as would be the case for molecular vapor
species. Most chemical agents, however, would be in the form of
vapors and would probably not be remotely detected by
conventional techniques. However, in zitii sensing of
constituents at atmospheric pressure can be performed by using
semi-permeable membranes or cryogenic cooling for constituent
isolation. These techniques will be described in Section II.
It is assumed that the biological aerosols will have
characteristics of the bulk biological materials. The question
then is whether sufficiently narrow and intense absorption
resonances exist for biological aerosols to be remotely sensed in
the atmosphere at millimeter wavelengths. Some investigations
which have been reported in the literature indicate that
resonances do exist in biological bulk materials or solutions
containing the materials, but other investigations have
questioned the validity of the resonance observations. If broad
resonances occur for aerosols, the in Zitli monitoring schemes
should be applicable just as for monitoring molecular vapor
transitions at ambient atmospheric conditions.
In the remainder of this section, a brief discussion of
resonance effects in the spectral region of interest is
presented. The sections which follow in the report discuss
applicable millimeter/submillimeter wave techniques and describe
measurements performed. Conclusions and recommendations on
microwave-type investigations are presented. Appendices give a
survey of relevant literature and discussion of additional
information of interest to the program.
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During the course of the contract, the author has had the
opportunity to work with Stan Mumford and Iry Bardich of CSL and
Dr. Chris Cox of CDE, England, and has profited considerably from
this collaboration.
1. Biological Resonances in the Millimeter/Submillimeter
Wavelength Region
For a period extending back over at least 15 years, there
has been an interest in the possible existence of non-thermal
absorption or emission resonances in biological materials.
FrOhlich has postulated that giant-dipole resonances of
considerable intensity and narrow width should exist in the
Scattered
millimeter (and shorter) wavelength region.
measurements have been performed indicating the existence of nonthermal resonances but none has been able to confirm the FrOhlich
postulates. Most of the reported work has not given sufficient
detail of the observations for complete acceptance of their
validity by the community. A few efforts to reproduce the
results by other investigators have been unsuccessful. There
have been questions about experimental techniques. Despite the
skepticism about some work performed thus far, none has suggested
that the resonance possibility does not exist. Thus, it is
important that laboratory experiments continue on biological
materials in bulk form, wet or dry, and in solution. Once that
effects of considerable intensity are confirmed to exist and are
consistently reproduced, it will be necessary to determine their
characteristics for the material in aerosol form.
Probably the first indications of resonance effects were
reported by S.J. Webb and his co-worker [1] in 1968 and by a
group of Russians [2] who, presenting papers at the USSR Academy
of Science in January, 1973, discussed resonance effects in
several biological systems. The problem associated with the
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acceptability of these works has been the lack of detailed
information provided in the papers. Very little has been
discussed on the experimental techniques which were employed.
There has been criticism of both the thermal and frequency
stability of the apparatus used. Whereas the effects have been
presented as resonance effects by presenting data with a resonant
structure in a limited spectral region, there have been no
indications that the resonance does not occur continuously
throughout the spectral regions on both sides of the region
displayed.
The problem that most investigators have had is that they
have not emphasized the point that their observations of
resonances have been limited to the specific frequency range in
which they claim a resonance occurs. In fact, few ever • mention
that they made measurements outside the so-called resonance
region and found no effects. This is the point that Hershberger
[3] has made, namely that cyclic variations in measured power as
a function of frequency through biological materials have been
attributed to resonances in the materials but could in effect be
standing wave effects. Hershberger reviews two papers [4,5] to
show that the cyclic variation could result from reflections from
impedance discontinuities and warns that there is a need for
caution in interpreting the results. Impedance discontinuities
give rise to reflections. In the resulting standing wave
pattern, the effects of introducing a sample with losses over a
wide frequency range into the measuring system is to reduce the
magnitude of the maximum in the standing wave pattern and to
increase the magnitude of the minimum. To distinguish between
losses due to the sample and frequency selectivity of the system,
it is necessary to adjust the system for unity SWR. When the
system shows no frequency selectivity over the range of interest
(SWR=1), then the observation of a frequency selectivity when a
sample is introduced may be attributed to the material.
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It is interesting that the observation of resonances has
been performed differently by the investigators of References 1
and 2. Webb and his co-workers have, in several of their
investigations, employed absorption or emission effects at the
operating millimeter wave frequency. The Russians, on the other
hand, particularly in the work of Bazanova et al, have not found
any evidence of effects by absorption or emission spectra using
conventional spectroscopic effects. They, as other investigators
have done, used biological changes (e.g. change in growth rates)
to provide the indication of the effect. The heavy losses due to
water in some biological systems can obscure some effects when
observing the microwave signal.
In the case of microwave irradiation of biological
preparations [6], it has been stressed that the shape and nature
of the sample container could affect the actual field in the
sample.
Resonance absorption phenomena are theoretically possible in
biopolymers at —30 GHz and are a possibility in biological tissue
if the water content is low.
EM radiation interactions are of the relaxation type at
frequencies below lcm -1 , of the resonance type at frequencies
above 100cm -1 , and of an intermediate nature in the far-infrared
region.
The original reason for Webb and Dodds [7] to perform
biological cell measurements at 136 GHz is also of interest.
They were investigating the effects of dehydration on airborne
cells and had assembled a spectrometer to measure the quantity of
water present in airborne cells.
The work of Webb and Booth [8] at 65-75 GHz was a
continuation of the work at 136 GHz by Webb and Dodds [7]. They
do not in this work mention the effects being limited to the
spectral region of observation. The measurements were performed
as both attenuation measurements and as cell growth rate counts.

5

It was demonstrated that the cell growth rates either increased
or decreased as a function of frequency. The fact that growth
rates were inhibited as a function of frequency is not compatible
with the possibility that the effect is a standing wave effect.
If the measuring system had standing wave effects, then tuning
the frequency of the apparatus should either increase or decrease
the growth rate, but not affect the species in both manners. The
frequency change would cause the effect to go from maximum effect
to a minimum effect but not reverse the sign of the growth rate.
Webb and Booth [8] employed a spectrometer which allowed
reflection and attenuation to be measured.
Despite the independent observations and claims by several
observers, efforts to reproduce effects have not always been
successful. In particular, the consistent observation of
resonant growth rates has been difficult. The observations of
the Max Planck Institute group [9] are actually the most
acceptable. They irradiated yeast cultures in aqueous
suspensions and monitored the growth behavior by visible light
extinction, which was reproducible within ±3%. The growth rate
was enhanced, reduced or stayed the same as a function of
frequency. The widths of —10 MHz which they observed indicate
absorption rather than standing wave effects. They demonstrated
that effect was not of thermal origin. The changes in growth
rate were significant (on the order of 15% increase and 29%
decrease). Keilmann et al.are among the few investigators who
have indicated that little effect has been observed in the
neighborhood of the frequency range in which resonances are
reported.
Devyatkov [2] irradiated a yeast, Rhodotorula rubra, and
Keilmann [9] irradiated a yeast, Saccharomyces cerevisiae, in an
aqueous suspension. Keilmann's experiments showed a much finer
structure, which was not expected. The experiments were
performed in the range from 41.65 to 42 GHz with resonances as
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narrow as 0.01 GHz existing. Keilmann has indicated that better
frequency measurement is needed to resolve the structure fully.
The narrow resonance structure would cause one to eliminate the
possibility of the structure being a SWR effect, since the narrow
structure would correspond to impedance discontinuities on the
order of 20 meters, which is impossible in a laboratory
apparatus. Other work, such as the Russian investigations, had
observed periodicities on the order of 100-200 MHz which would
correspond to a system length of 1-2 meters, also a highly
unlikely apparatus length. The resonance periodicities analyzed
by Hershberger [3] were 2 GHz [4] and 1.3 GHz [5], corresponding
to two discontinuities separated by 5.8 cm and 9.2 cm
respectively. These distances are possible apparatus dimensions.
In the paper by Smolyanskaya and Vilenskaya [2], a point is
made concerning the fact that the effect is a non-thermal one.
They indicate that, at first sight, the periodic spectrum points
to thermal effects because of standing waves changing net power
delivered to the sample in a frequency periodic fashion.
However, saturation effects at intensities above 10 -5 W/cm 2
contradi hemlxpantiofrhebsvdfct.The
narrow resonances (-0.1 GHz) do not, in addition, lend support to
a SWR effect.
Raman work, performed by Webb and Stoneham [10], has shown
resonant absorptions in biological species at a frequency of
approximately 3 x 10 12 Hz. Frohlich sees this as being
supportive of his theory on coherent electric vibrations in
active biological systems.
In the early work of Webb and Dodds [7], the effects of
microwaves on cell metabolism were investigated. Cells of
Escherichia coli B were studied. The irradiated species showed
considerable inhibition of cell growth. It was estimated that
only 7 W of power was used. However, some questions remain on
their system. They did not describe the equipment sufficiently,
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nor did they mention that the effect was a resonant effect, as no
frequency change was indicated. There is also the question of
why they chose 136 GHz and not another frequency. It is assumed
that placing the samples (same size and thickness) on the
microwave horns resulted in the standing wave effects being
approximately the same for each sample so that changes in growth
rates were not the result of different power coupling into the
sample.
Webb has reported on the irradiation of normal cells and
tumor cells. The French group [11] also reported differences in
spectral absorption for cancerous and normal cells, but Gandhi
(Utah University) found no such results. Gandhi also observed no
growth rate changes in E coli. It has also been indicated [12]
that Dr. H. Schwan of the University of Pennsylvania has analyzed
the German data and is skeptical of the results. He has found
that there are not enough data points and that the frequency
drift of the oscillator was unacceptable.
The work of Gandhi [13] has raised several questions
concerning the millimeter wave observations. At what frequencies
can resonances be expected to occur? Why do they occur at this
frequency? What exactly should we look for?
The
Frohlich
theory
[14]
indicates
that
millimeter/submillimeter wave resonance effects should exist in
biological materials. The theory predicts a threshold for power
below which no effects are found. This resonance effect
corresponds to excitation of polar coherent modes which are
expected to occur in biological systems in the 100-1000 GHz
range. These vibrations are expected to involve regions of
biological membranes or substantial sections of giant molecules,
such as proteins, DNA, etc.
FrOhlich has attempted to associate the results observed
thus far in Raman and millimeter wave experiments as supporting
his theory. In particular, the Russian results demonstrated a

8

threshold predicted by theory.
The speculation on resonance effects has to account for
narrow resonances which are observed. The problem is to explain
how a vibrational linewidth in a condensed system could be as
small as in a gas with a pressure of a few torr or less.
The cooperative models, which state that highly cooperative
molecular phenomena and metastable giant dipole effects
contribute to biological resonances, apply to exceedingly high
frequencies above 100 GHz where water loses its dampening
properties. The models are considered to demand interactions
over extended regions or large volumes reacting to fields.
Whereas the Russian experiments have been criticized as
being incomplete, they have been quite specific in stating the
following:
1.) A strong frequency dependence exists.
2.) Resonance widths of 0.15 GHz or less were observed.
3.) The dependence on microwave intensities exhibits a
threshold.
4.) The variation of power over a broad range leaves the
magnitude of the effect practically unchanged, an argument
in favor of nonthermal effects of millimeter waves.
5.) Direct temperature measurements indicated that the
bacterial suspensions in experimental and control systems
had practically the same temperature during irradiation.
6.) The most effective (and most used by the Russians)
wavelength bandwidth for biological activity was 5.9 mm to
7.5 mm.
7.) The action of millimeter wavelengths is a general
biological one and is not limited by phylogenetic
differences between organisms.
8.) One of the papers, presented by S. E. Manoilov .et Al.,
indicated that radiation in the millimeter wave band has a
definite influence on the protein metabolism of bacteria.
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It is manifest in the forms of activation or inactivation of
proteolytic enzymes or in a change in the activity of
enzymes participating in the metabolism of the individual
amino acids.
9.) Other papers have indicated radiative effects on
various viruses, aqueous solutions of hemoglobin, and
aerobes and fungi. Kisilev and Zalyubovskaya referred to
possible controlled modification of viruses and microbes.
10.) In all experiments, biological changes provided the
indication of the effect. Absorption/emission studies by
conventional methods showed nothing as losses in the
biological studies were great.
11.) It's impressive that the Russians were able to
irradiate microorganisms and make direct observation of
their behavior during and after irradiation using a
comparison microscope. They showed pictures of controlled
and irradiated samples.
Several reports indicate that the in vitro exposure to cw
microwave radiation has an effect on the membrane permeability
and structural integrity of erythrocytes. Wavelengths of 3 and
10 cm have been effective. Hamrick and Zinkl [15] have repeated
the experiments of others, particularly those of Baranski et al
[16] and have found no effects. They indicate that it is almost
impossible to duplicate in every detail another's experiment and
state that they may have omitted just the factor needed to
reproduce the results.
Tuengler et al. [17], on the basis of previous observations
of non-thermal, resonant biological responses to weak millimeter
wave irradiation, investigated whether similar effects exist on
enzymatic functions in vitro. With an irradiation intensity of
—1 0 mW/c m 2 , the frequency of the source (Backward Wave
Oscillators) was continuously varied from 40-115 GHz with a
resolution of a few MHz. No influences due to irradiation were
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detectable within their experimental sensitivity. They chose to
observe the reduction of ethanol in the presence of alcohol
dehydrogenase and the cooperative binding of oxygen and
hemoglobin. They did speculate that possible interaction
frequencies of the molecules exist but lie outside, possibly
above, the frequency range employed. Larger molecules or
entities might then have resonance frequencies in the range and
should be candidates for future testing. This view is supported
by the theoretical concept of Frbhlich [14]. The Russian
experiments did investigate the radiation effects on enzymes.
Specific absorption of biological entities has not been found at
millimeter wave frequencies, probably because of the strongly
dominating water absorption in this region.
There have been several investigations recently of the
properties of water in biological materials and expected
anomalies in the dielectric properties of the material. Clegg
and Drost-Hansen have considered the characteristics of water
adjacent to surfaces in inanimate systems and indicate that this
water should differ markedly in its properties from ordinary bulk
water. Their calculations of the amount of intracellular surface
strongly suggest that a large fraction of intracellular water
should be perturbed by proximity to various ultrastructural
surfaces. Such "vicinal water" is important in interaction of
biological systems with electromagnetic radiation, particularly
in the microwave through submillimeter wavelength region. On the
order of 1/2 of intracellular water could be vicinal water so
that the properties differ significantly from bulk water.
Schwan and Foster [18] have differed in the effects of
"bulk" water and "bound" water. They have reviewed the data for
dielectric permittivity and conductivity of tissues up to 10 GHz.
They find a Debye relaxation for tissue water centered at 20 GHz
at room temperature, the same for bulk water. They have also
shown that the free water accounts for about 70% of the tissue
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weight, indicating that most of the tissue water has rotational
mobilities similar to those in the bulk fluid. This contradicts
the hypothesis that most of the cell water has motional
properties greatly different from those of the pure water.
Schwan [19] has stated that known interactions of
biopolymers with electromagnetic fields at frequencies up to 100
GHz are of the relaxational type. The viscous properties of
water appear to preclude resonant type interactions. The
relaxation responses result in part from the polar properties of
the biological macromolecules and from counter-ion displacement
effects. The work of Illinger and of FrOhlich are both only
suggestive, according to Schwan, and pertain to frequencies above
30 to 100 GHz.
Grant [20] has discussed the determination of bound water in
biological materials, emphasizing the differences between bound
water and free water in aqueous materials. The bound water is
that water carried by a biological macromolecule when the
macromolecule exhibits dielectric relaxation in EM fields of
frequencies -,10 MHz.
Grant shows the variation of the specific energy absorption
with frequency in Figure 1 for free and bound water (arbitrary
units for the ordinate). The graph shows that, according to
Grant's model, a frequency range exists where the absorption of
energy per unit volume of bound water is considerably greater
than that of free water. There is a cross-over, however, at
about 4 GHz so that bound water absorption is much less than free
water absorption above 4 GHz.
Among the considerations of the dielectric properties of
biological materials, there are several papers which emphasize
important aspects of the absorption process. Takashuima and
Minakata [21] have discussed the dielectric behavior of
biological macromolecules. Proteins in this category can have
very large dipole moments, on the order of 200-1000 Debye, so
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that one should expect large absorption effects in the
microwave/millimeter wavelength region. They have also discussed
the dielectric properties of absorbed water in protein
molecules--powders and crystals.
Schwan [22] has discussed interactions of microwave fields
at the cellular and molecular level and has indicated that he
does not believe that resonance effects occur. Czerski [23], on
the other hand, points out that the approach of Schwan is limited
and that it may require quantum mechanical models to better
understand and predict biological phenomena.
Raman spectroscopy can provide information on the effects of
radiation on biological materials. Raman lines are observed when
the biological system is metabolically active but not when it is
nonactive. The Raman spectrum of an enzyme (lysozyme) in aqueous
solutions exhibit broad bands in the region of 100 cm -1 (3 x
10 12 Hz).
If the biological cells are synchronized (i.e. all are in
the same stage of development) and are supplied with an
appropriate nutrient, then a number of relatively strong Raman
lines appear in a range between 7 x 10 10 and 5 x 10 12 Hz. For a
nonthermal excitation arising from metabolic pumping, we need the
ratio of the intensities of anti-Stokes and Stokes lines to be R
= 1, large compared with thermal excitation. Webb et al [24]
have performed Raman experiments on synchronized E coli B
bacteria and have shown the existence of strong excitations. The
Raman line, during the life cycle of the bacteria, shifted from
118 cm -1 to 125 cm -1 (3.75 x 10 12 Hz) and had R = 1.01 ± 0.09 for
the 118 cm -1 line and R = 0.93 ± 0.13 for the shifted 125 cm -1
line. The thermal equilibrium values are respectively R o = 0.57
and R o = 0.55.
Sheridan et al [25] have used Raman techniques to study the
effects of microwaves on membranes. The technique was used to
probe molecular order as a function of CW and pulsed microwave
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radiation. Raman spectroscopy was used to first characterize the
order of lipids within the membrane, which was then radiated by
microwaves. The Raman scattering showed lipid chain disorders
induced by 10 mW/cm 2 in the 2 GHz frequency region. These
observations were made in naturally occurring bovine sphingomylen
materials. The measurements should be performed on both Stokes
and anti-Stokes lines to place the Raman work in the context of
coherent vibrations. Illinger [26] has referred to many Raman
observations in conjunction with microwave irradiation.
Illinger has also indicated, as one might expect, that some
modes that might occur in the coherent spectrum may not be IR or
sub-mm active, but may be Raman active. Under these conditions,
Raman spectroscopy may be the only way to observe these modes.
Under the resolution available with Raman spectrometers, it is
not possible to observe near-laser lines on the order of 100 GHz
(3.3 cm-1 ).
Optical methods are being used increasingly to probe
biological systems and materials. Perhaps the outstanding
example of such a new biological tool is Raman spectroscopy.
Although the use of submm methods as a biological probe is
undeveloped, there are indications that it may prove very useful.
These indications are based on the nature of bio-molecules
and on the behavior of liquid water in the submm range. From
qualitative arguments and from known results in complex
molecules, it appears that heavy, complicated bio-molecules often
have low frequency modes which are in the submm range. Such
behavior may be especially true for systems containing relatively
heavy metallic molecules, such as hemoglobin and chlorophyll.
Moreover low frequency modes might be expected to arise from
intermolecular interactions so that the submm range might be well
suited to aggregated behavior in bio-systems.
The second important consideration lies in the fact that
bio-systems either contain water or are most realistically
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studied in aqueous solution. Since water absorbs very heavily in
the middle infrared, conventional infrared spectroscopy is very
difficult in this wavelength range; in fact this behavior
accounts for the popularity of Raman spectroscopy which is
insensitive to the presence of water. In the submm range,
however, the absorption coefficient of liquid water becomes
relatively small. Thus a 2 mW submm laser operating at 200
microns would produce as much power transmitted through 0.1 cm of
water as would a 1 watt CO 2 laser, with the added benefit that
the heating effect of the former would be much less.
A large number of low frequency measurements, using infrared
transmission, Raman scattering, or both, have been made in many
bio-materials in the last few years. Typical work includes
transmission measurements in globular proteins [27] and the
enzyme lysozyme in the crystalline state [28]; low frequency
Raman scattering [29] and submm transmission [30,31] in
chlorophyll in aqueous or non-polar solution; extensive low
frequency Raman measurements in compounds related to thyrsine
[32]; and submm electron paramagnetic resonance of the Fe 3+ ion
in hemoglobin [33].
Protein molecules are highly charged with the number of
positive and negative charges nearly equal and the charge
distribution on the surface highly uniform. Due to large
dimensions of the molecules a relatively small asymmetry in the
charge distribution results in a large dipole moment. Typical
values of dipole moments are 200-1000 Debye.
Illinger's work has examined the possibility of fieldinduced quasi-resonant transitions for frequencies greater than
10 GHz. The probability exists that coherent vibrational modes
can be excited at such frequencies by electromagnetc radiation.
This aspect of Illinger's works is similar to the work of
Frohlich. It has been pointed out that molecular vibrational
relaxation times for biological systems are significantly longer

16

than rotational relaxation times induced by :Lower frequency
fields.
Prohofsky [34] has also investigated the induction of
molecular vibrational modes by electromagnetic fields. Low-lying
longitudinal vibrational modes of DNA molecules could be induced
or enhanced by electromagnetic fields at microwave frequencies.
Vibrational modes exist but modal frequencies are uncertain. It
has also been speculated that induced modes could produce
conformational changes in DNA resulting in biologically
significant functional alterations.
Because of the complexity of biological molecules, several
mechanisms exist for absorption. At low frequencies, processes
in ordered, extended structures such as the a-helix have been
described as quasi-lattice vibrations of the helix perturbed by
molecular collisions. The spectrum of normal modes of vibration
may be divided into three regions:
a) group vibrations, involving vibrations of small numbers
of atoms with associated frequencies on the order of 10 3 cm -1
inthefrad;
b) vibrations which correspond to the distortion of the
unit which comprises the building blocks of the overall
polymer, e.g. a single turn of the helix in a helical
system, with frequencies on the order of 100 cm -1 or
3000 GHz;
c) vibrations which comprise distortion of essentially the
entire polymer and which, for a quasi-infinite system, would
be the lattice vibrations. These are the vibrations of
interest for biopolymers in the microwave and millimeter
wave region. Illinger [26] has discussed the vibrational
distortional effects in DNA which occur in the region from
—1 cm -1 to 21000 cm -1 .
At millimeter waves for frequencies above 100 GHz, three
possible field induced motions in biopolymers have been suggested
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by Illinger [26], namely: terminal group rotation (-OH, -NH 2 ,
etc.), inversions (-NH 2 ) and ring deformation, and protein
tunneling in H-bonded systems. However, no experimental evidence
has been provided. The other suggestion by Frohlich [14]
indicates that, at frequencies above 100 GHz, sections of
macromolecules undergo vibration excitation that may lead to
positional or conformational changes.
An experiment [35] has been performed on the submillimeter
EPR spectrum of Fe 3+ in hemoglobin. The materials investigated
were solutions of human acid methemoglobin in order to provide an
unambiguous determination of the zero-field splitting and gfactor for the iron ion. The measurements were made in the
frequency region from 70 GHz to 400 GHz. The experimenters
interpreted the results in terms of a high spin ferric ion in an
axial crystal field. They found the energy splitting factor D to
be 10.7 cm -1 and the g-factor for the magnetic field
perpendicular to the fourfold axis to belgl i = 1.95 and that for
the field parallel to the axis to be Igl ii = 2.00. The techniques
should be useful in structural studies of other important
proteins. Figure 2 shows the absorption resonance at three
frequencies as a function of magnetic field.
Far-infrared absorption spectra of single crystals of
lysozyme were measured showing a number of bands [36]. Of
particular interest were bands in the low wave-number region
corresponding to vibrations of the main chain. Several
investigators have extended their measurements on biological
substances to the far IR. Different sampling methods and, in
turn, different experimental results have characterized the work.
Proteins including lysozyme [37] in the form of solid pellets or
films and myoglobin as a lyophilized powder in vaseline paste
[38] have been studied. In any case, the proteins are in the
form of dry powders with small dimensions. In the work of Tanaka
et al [36], they have employed single crystals in two forms. The
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general features of the spectrum obtained are like those of
myoglobin [38], except there is additional structure in the low
wave-number region of lysozyme [39]. The spectral region covered
was 10-500 cm -1 . The absorptions above 160 cm -1 are common to
lysozyme and myoglobin so the structures are considered to be
common to globular proteins which have some of their main chains
in the form of an a-helix. The bands are assigned to various
deformation vibrations.
For the bands below 100 cm -1 , the absorption bands, not
found previously in proteins, have been associated with
vibrations of the main chain as a whole.
Husain et al [40] have recently reported the results of a
study on the spectral variation of the absorption coefficients of
some proteins and polysaccharides, and their constituent amino
acids and saccharides, in the spectral region between 10 and 550
cm -1 . The level of absorption in such biomolecules is generally
very high and consequently it is generally not possible to measure their absorption spectra by transmission experiments unless
extremely thin or dehydrated specimens are prepared. Husain et
al [40] strongly diluted finely powdered crystals of biomolecules
into dispersion with polyethylene powder and compressed these
into discs of 16 mm diameter by 1 mm thick. Although still
strongly absorbing, their transmission spectra could be determined with good accuracy with FTS techniques at ambient room
temperature. The measurements were made relative to a similar
disc of compressed pure polyethylene powder so that the final
derived spectra were characteristic of the biomolecules alone.
The investigations have provided data on a large number of
proteins, amino acids and mono-, di- and polysaccarides including
lysozyme, haemoglobin, albumin, glycine, tyrosine, alamine,
sucrose, glucose and fructose. Most of the measured absorption
spectra are dominated by large numbers of intense lines, and it
is indicated that there is clear evidence for the presence of

20

regularly spaced progressions in the spectra.
Using untuned cavity techniques, Kremer et al [41] have
investigated the dielectric properties of dry lysozyme in the
frequency range from 50 GHz to 150 GHz and at temperatures
between 4.2K and 300K. The absorption coefficient a of lysozyme
was found to increase nearly exponentially with temperature from
50K to 300K. In this temperature range, the absorption
coefficient is almost linear in frequency, while, at very low
They did not find sharp
temperatures, it is proportional to They
resonances in frequency which could be assigned to vibrational
modes. The data are fitted in terms of relaxation processes. At
the same conference, Kremer et al [42] also investigated the nonthermal effect of millimeter waves on giant chromosomes in the
frequency range 64-69 GHz.
Recent discussions by Czerski at the annual
Bioelectromagnetics Society (June 13-17, 1983) conference
reported on experiments that showed microwave radiation at power
levels well below those permitted by current American safety
standards can produce chromosomal damage in the sperm cells of
mice. The radiation effects were observed at 9.4 GHz. It has
been theorized that some sort of resonant absorption is taking
place. Swicord, at the same conference, presented findings that
purified bacterial DNA absorbed microwave radiation between 8 and
12 GHz highly effectively and that the absorption coefficients
depended on the length of the DNA molecules. For some molecular
lengths, absorption was as much as 400 times that of water.
II APPLICABLE MILLIMETER/SUBMILLIMETER WAVE TECHNIQUES
The spectral region from microwaves through the
submillimeter wavelengths region provides a broad coverage of
phenomena in solids, liquids and gases. In describing
spectroscopic investigations in this region, frequency (v),
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wavelength (x) and wavenumber (cm -1 ) are used interchangeably.
Thus, one might consider the region to extend from approximately
6 GHz to 6000 GHz (or 6 THz), from 5 cm wavelength to 50pm, or
from 0.2 cm -1 to 200 cm -1 . Some convenient conversion factors
are the following:
30 GHz = 1 cm
300 GHz = 1 mm
1 THz = 300pm

= 1 cm -1
= 10 cm -1
= 33.33 cm -1

The biological materials are mainly solids and liquids, all
of which have exceedingly low vapor pressures. Thus, techniques
employed in vapor spectroscopy are either not applicable or must
be modified for biological investigations. Several techniques
for solid/liquid studies exist at millimeter wavelengths and
adaption of these to biological investigations will be discussed.
For the investigation of microbial cell cultures, an aqueous
medium is employed so that transmission losses are high. In
addition, the materials are in most cases very hygroscopic
resulting in variable propagation characteristics within the
material or the need for dry box observations. In the case of
aerosols, very little has been done on laboratory observations at
millimeter wavelengths. In this section, techniques will be
discussed for such measurements.
Among the techniques which can be employed for observation
of attenuation by biological materials in the
millimeter/submillimeter wavelength region are the following:
1. Open space transmission and reflection systems.
2. Waveguide transmission and reflection apparatus.
3. Fabry-Perot absorption techniques.
4. Fabry-Perot dielectric constant measurements.
5. Untuned cavity methods.
6. Photoacoustic methods.

22

7.
8.
9.
10.
11.
12.
13.
14.
15.

Fabry-Perot aerosol measurements.
Detection of growth changes by optical assay methods.
Pulsed nonlinear spectroscopic methods.
Optically pumped laser techniques.
Fourier Transform Spectroscopy (FTS).
Double Resonance Spectroscopy.
Raman/Millimeter Wave Spectroscopy.
Pyrolysis Techniques associated with MMW observations.
Quasi-Optical Mach•Zehnder Interferometer
Qaen Space Transmission and Reflection aystem

The technique of transmission and reflection in either open
space or waveguide systems provides a simple technique but is
also a source of errors. Standing wave effects at the sample,
discontinuities at waveguide joints and imperfections in
components and/or optics of the system can have detrimental
effects on the data obtained. Almost all data reported thus far
have been obtained using the techniques of open space
transmission and reflection. Observations have, in several
cases, shown structures resembling standing wave effects and have
been criticized for such. The millimeter wave measurements
performed during this program employed open structure systems for
reflection and transmission because of the convenience of using
that type of apparatus. The measurements showed large standing
wave effects which we could minimize to some degree by replacing
damaged components or effectively placing isolators in the
system.
Several aspects of the millimeter reflection/transmission
measurements could be improved over the manner in which we made
measurements. The measurements were meant as a preliminary
effort to determine if any gross absorptions were observable with
equipment that was available at the time of the experiments. No

23

efforts were made for temperature control of the samples in the
free-field system that was employed. It has been suggested [43]
that the possible problems of reproducibility and temperature
control can be eliminated or minimized by using waveguide sample
holders to as high a frequency as possible. Sample holders can
be shorted sections of waveguide for the reflection measurements
and a small transmission cell with tapered teflon windows for
transmission. Temperature of the holder is controlled by
immersion of the holder in a large water bath. Temperature
gradients in the sample can be minimized by the small sample
volume (3cc), high thermal conductivity of the specimen, metallic
walls present and large thermal capacity of the bath [43]. In
the free-field system, temperature measurements are required to
determine temperature gradients which could be large in the large
size samples used.
It has also been noted [44] that, in the case of cell
culture growing in broth [not the case in our experiments], the
cell material may settle to the bottom of the solution. Due to
absorption, standing waves in the medium and zero field at the
shorted end, the settled cells may receive little or no exposure.
Problems also exist in the non-uniformity due to cell suspension.
In the apparatus using the shorted waveguide sample holders,
directional couplers are used to determine forward and reflected
power. Knowledge of forward and reflected power provides data on
the total power absorbed by the sample.
For the transmission system, one can measure the forward
power with a terminating power meter at the point of the sample.
The sample is inserted and the ratio of the forward power to
reflected power can be determined wtih a slotted line. Such
measurements, using these techniques should be limited to below
100 GHz because of sample holder size and availability of
accurate slotted line apparatus.
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Fabry-Perot Techniques
The Fabry-Perot interferometer is a conventional optical
instrument, but it has become a useful millimeter wave device
only in recent years. It has been used to serve as band-pass
filters, receiver diplexers and resonators for spectroscopic
investigations. As a tool for spectroscopy, the Fabry-Perot
devices have been employed as a flat plate, a semi-confocal or a
confocal interferometer.
They can be fed by horn/lens
combinations or by waveguide. One might argue that these open
structure devices are not truly interferometers but they do serve
as excellent cells for millimeter and submillimeter wave
investigations. In addition to being an open structure/large
volume, the use of the Fab ry-Pe r ot interferometer in the
millimeter wavelength region occurred initially for vapors [45].
Because of the ease of alignment and achievable high Qvalues, the confocal or semiconfocal interferometer is the most
appropriate device to use. For large resonators, Q's on the
order of 10 5 -10 6 have been obtained. Because of sample sizes,
smaller resonators are most appropriate for solid state
investigations. The semi-confocal interferometer with one flat
plate also provides the advantages of having the plate serve as a
holder for the solid material. Some questions have been raised
concerning the coupling of radiation into the resonator with
material placed on the flat plate over the coupling holes. A
small change in coupling is probably experienced but not
sufficiently large to cause a major error in the results. An
alternate approach would be to use a confocal interferometer with
the sample suspended in the middle of the resonator. For powders
and irregular samples, this is not an appropriate method of
positioning the material within the resonator. Figure 3 shows
the configuration of a semiconfocal interferometer or an
approximate one. The radius of curvature is b and the separation
of plates is d, so that the condition of resonance is
b -d
4d = 2 q + (1 + m + n)
Fr4 - tan - 1
b+d)
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b

d

Figure 3. Semiconfocal resonator configuration.
b = Radius of curvature of curved plate
d = plate separation.

For d = b, the system is confocal and
4h

- 2 q + (1 + m + n )

where q, m and n are integers. For the flat plate at R/2, the
semiconfocal interferometer results. Because of boundary
conditions imposed on the electric field by flat mirrors, index q
is restricted to "even" integral values. The index q refers to
the number of half wavelengths in a confocal system. The factor
4d/A as an integral value is not imposed as a condition for
resonance.
Modes associated with a confocal system are
degenerate in (m + n). Degeneracy is removed in the non-confocal
case.
An interferometer parameter of importance is the Fresnel
number
N

a
bA

(in the form appropriate for a confocal or semiconfocal
interferometer). This parameter gives the diffractive losses for
the interferometer for each transverse mode. Figures 4 and 5
(from Reference 46) show the diffraction per transit (in dB) for
the TEN () and TEN 1 mode of a stable resonator with circular
mirrors. For the confocal (or semiconfocal) case, = 0, the
losses for N<1 are greater for the TEM 01 mode than for the TEM 00
01 mode will not be excited for small N-values sothaeTEM
whereas the TEM 00 will be excited but with losses given by Figure
4 for the particular N.
When the interferometer is used with gases such as those
that could be used for chemical agents, the absorption
coefficient of the vapor filling the interferometer volume can be
determined by measuring the Q of the interferometer with (Q 1 ) and
without (Q 0 ) the absorbing gas in the resonator. The resulting
absorption coefficient is expressed as
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If A is the output of a loosely coupled square law detector
at the output of the Fabry•Perot resonator, then
Q /
G

= (A /A )1/2
0
1

and
(A0
= 27T
Qo A [ \A l /

A similar expression exists for a solid material in the
Fabry-Perot.
A system similar to the Fabry-Perot has been employed by
Stumper [47] for liquid complex permittivity measurements in the
36 GHz region. With an oversize cavity operating in the TE 01
E' can be determined by wavelength mode,thralp
measurements in the partially filled and the empty resonator, and
the imaginary part E" is determined from the variation of the Q
factor of the partially filled resonator with the length of the
dielectric (liquid or solid).
The open resonator has been investigated by several
investigators [48, 49, 50] for millimeter wave dielectric
measurements because of the lower Q-values of closed cavities and
necessity of partially dismantling them to insert the specimen
when a closed cavity is used. The requirements of size also
enter into consideration. Jones [48] and Cullen and Nagenthiram
[49] have given both theoretical and experimental consideration
to the open resonator. Figure 6 shows the confocal resonator
with dielectric specimen. The mirror separation for an empty
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d

D

Figure 6. Confocal resonator with dielectric
specimen [491.
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cavity is 2D and q is the amount each mirror has to be moved to
bring the cavity back into resonance after the specimen is
inserted at the center. It has been shown that the loss tangent
in this case is given by [49]
tan (5 ( -1 )
di 0 0

tA+d
td + (1/2k) sin 2 (kd - O d )

in which
n

A-

2

n 2sin 2 (nkt -

t

2
) + cos (nkt -

for symmetric modes [48], and
n
2
2
n cos (nkt

t

)

2
t

2
) + sin (nkt -

t

)

for antisymmetric modes [48].
Q L and Q o are the Q-values with and without the specimen,
respectively. The radius of curvature of the mirrors is R, n is
the refractive index of the dielectric and k = 27T/A.
The distance d is given by d = D - t - q, and the angles
are given by
2t
t

= arc tan (

nkw

o

and

0d

12
= arc tan (—
[
[dd
kw
o

n

21 )

-

arc tan (

22t
n kw

2

)

o

The minimum beam width w o , the "beam waist", at the center
of the confocal resonator is given by

n

2

Figure 7 shows various types of open resonator for
dielectric measurements. The centers of the radii of curvature
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Figure 7. Various types of open resonator
for dielectric measurements [48].
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of the mirrors are indicated by c. The semiconfocal resonator
with one plane mirror placed at approximately half the radius of
the concave mirror has highest Q-values and greatest ease of
alignment. The hemispherical resonator with a very small beam
diameter at the plane mirror can measure small specimens, not
possible with the larger resonator plates.
Untuned Cavity Methods
A spectroscopic technique which was originally used for
water vapor spectroscopy [51] has recently been revived for use
in a large number of investigations. This is the technique of
employing a large untuned cavity, now applied to investigations
of gases, dielectric properties of solids and characteristics of
biological materials. The Q-factor of a cavity (i.e. ratio of
energy stored to energy loss in the cavity walls) is very large
for a large cavity which has a high volume-to-area ratio. A
large cavity like this does not show a sharp resonance because
many modes are excited simultaneously. As a result, its Q cannot
be measured by the shape of the resonance curve but can be
obtained either from the decay time constant when the cavity is
excited by a pulse or by a measurement of energy density in the
cavity for a given exciting power.
To ensure that many modes are excited and good average
energy densities are measured, a metal-blade fan, or mode mixer
is rotated so that the incoming signal is reflected from the fan
in varying directions as it rotates. Only when a large number of
different modes are excited simultaneously is the detector
response proportional to Q. The absorption in the large cavity
is, as for the single mode cavity, equivalent to that of a freespace path length of QA/27T. Within the past few years, the
technique has been revitalized and extended to a wider scope of
applications [52]. It has been demonstrated that it is a
potentially important technique for biological material studies
[53].
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The use of small single-mode cavities becomes impractical,
and the problems associated with free-space propagation
techniques on a broad spectral basis are complications by
scattering from the sample and by standing waves resulting from
internal reflections. The large single-mode open structure
resonators require tuning across the spectral region of interest.
As a result, for broadband observations in the millimeter
wavelength region, the untuned resonator provides a means of
avoiding several problems that exist for other measurement
schemes.
The untuned cavity has been demonstrated [54] to be of high
utility as long pathlength, high throughput absorption cells for
use in far infrared spectroscopy. Recently, it has been shown
that such cavities can also be employed to measure small
dielectric losses in solid materials [55,56]. Measurement of the
decrease in Q resulting from introduction of a sample into the
cavity is a very sensitive method of determining the dielectric
losses in the sample. Since any radiation scattered or reflected
by the sample is returned to the cavity field, the measured loss
is entirely due to sample absorption. However, deduction of the
absorption coefficient a from such a measurement requires an
accurate estimate of the effective absorption path inside the
sample. This depends on the sample geometry and its refractive
index. Llewellyn-Jones et al. [57] have used an untuned
resonator to measure a of several low loss polymeric materials at
156 GHz. They have considered the effects of sample geometry and
showed that bulk samples on the order 10 A or more had absorption
coefficients that only weakly depended on sample geometry. A
more detailed analysis of geometrical factors and other
experimental parameters has been performed theoretically and
experimentally by Kremer and Izatt [58]. The interferometer
covers the spectral region from 40-170 GHz. They have made
preliminary measurements of the temperature dependence of the
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absorption at 53 GHz in green algae, yeast and E. coli near the
freezing point of water [59]. The untuned resonator technique
can determine dielectric losses by three measuring methods:
a.) comparison of multiple samples of different
thicknesses;
b.) comparison with a standard sample; and
c.) the hole method.
The apparatus, as one would use it in measurements of
absorption by biological materials, is similar to that shown in
[58] and reproduced in Figure 8. The cavity (40 cm in diameter
and 80 cm long) has highly reflecting gold-plated walls with
textured inner surfaces, and a mode stirrer, which rotates at
about 15 Hz. The mm-wave power is radiated from a horn inside
the resonator, which is directed at an off-center point on the
mode stirrer. The input power is measured by crystal detector 1.
A small fraction of the field intensity inside the resonator is
coupled out with a horn and measured by a second crystal detector
2. Both detector signals are amplified and averaged with a time
constant, which is long compared to the period of the mode
stirrer, in order to integrate over the modes of the resonator.
To correct for power variations in the source, the output of
detector 2 is divided by that of detector 1. BWO's with broad
spectral outputs can be used as mm-wave sources. An extra loop
is employed to control output-level and frequency. With this
system, the overall reproducibility of the measurements is about
± 1%. Changing the position of the sample inside the resonator
changes the detector signal less than ± 0.5%.
Several advantages of the untuned cavity have been discussed
by Gebbie and Llewellyn-Jones [52]. Among the stated advantages
of the untuned cavity technique which are of interest to
measurement of biological materials are the following:
1. It collects and transmits radiation over large solid
angles which is important when thermal sources are being used,
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Figure 8. The untuned resonator for measurements of absorption by biological
materials [58].

particularly in spectral regions where their power is low.
2.
Monochromatic and wide spectral bandwidth radiation
sources can be used interchangeably on the same sample.
3.
The use of a uniform isotropic radiation field makes
sample shape unimportant in loss measurements which is a great
advantage for materials in the form of powders. This is the case
for many of the biological materials in which we are interested.
Where the sample can be prepared with prescribed shapes, both
real and imaginary parts of the complex dielectric: properties can
be determined [58].
The technique can be used for both single frequency source
measurements and Fourier spectroscopy. Dielectric loss
measurements in both solids and liquids have been described [60].
Gebbie and Llewellyn-Jones [52] visualize that the most important
new area of investigation with these techniques will be in the
study of biological materials which have forms (including those
in-vivo) that are awkward for conventional measurement
techniques. It is felt that the untuned cavity can contribute
significantly to the question about the state of water in
biological systems, i.e., whether it is "free" or "bound". The
spectral region of one millimeter wavelength is particularly well
suited to measure this behavior because of the large differences
(-three orders of magnitude) between liquid water absorption and
ice (bound) absorption.
In extensive studies of biological materials (e.g., yeast
and monocellular algae) using untuned cavities, the temperature
dependence of absorption showed that the observations could not
be explained without including "bound" and "unbound" water [59].
Photoacoustic Methods
A form of spectroscopy that has recently been actively
pursued in the optical region is Photoacoustic Spectroscopy
(PAS). It has not been extensively utilized in the
submillimeter/millimeter wavelength region, except for the case
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of some excellent gas spectroscopy by Krupnov [61]. PAS is
particularly well suited to the investigation of solids in
various forms. Not all substances are amenable to conventional
forms of spectroscopy. Rosencwaig [62, 63] has reviewed several
applications and has pointed out that the technique is
particularly applicable to materials that are highly radiation
scattering [e.g., amorphous solids, powders, gels, smears and
suspensions] and optically opaque [their dimensions far exceed
the penetration depth of the incident radiation]. The technique
is well-suited for study of biological materials.
In the case of solids, powders, etc., the studied sample is
placed in a closed cell containing a gas (e.g. air) and a
sensitive microphone. Illumination of the specimen with chopped,
monochromatic radiation results in a microphone signal directly
proportional to the absorption in the sample. The spectra,
recorded as functions of wavelength, correspond to true
absorption spectra of the samples. The principal advantage of
the technique, particularly for applications of interest to this
program, is that one obtains absorption spectra on any form of
solid material. Only absorbed light is converted to sound.
Scattered light presents no problem in PAS. The technique also
provides good absorption spectra for materials that are
completely opaque. The fact that the technique only responds to
absorption can be a great advantage in the millimeter wavelength
region where it would minimize standing wave effects. The
opacity in the millimeter wavelength region of some biological
specimens due to the presence of water can be overcome by PAS.
Highly light-scattering liquid systems such as suspensions can be
analyzed by the technique. A very large dynamic range for the
absorption coefficient a can be measured for solids with PAS.
With care, it has been possible to measure over a total range
from 10 -6 to 10 5 cm -1 . Important in the measurement scheme is the
ability to minimize absorption in windows and walls, which
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otherwise serves as background signal. Several optical PAS
studies on biological materials have been discussed by Rosencwaig
[62]. It is quite possible that the technique could be most
advantageously employed at longer wavelengths [mm and submm]
because of the ability to provide true absortion spectra. Many
biological samples contain water, proteins and other liquid
materials which readily scatter light, thus hindering the use of
conventional optical techniques. Extensive extraction processes
are required to separate out the material of interest for study
by ordinary optical methods. Not so with PAS since scattered
light is not a serious problem.
A use of PAS is in the identification of various bacterial
states. The PA spectrum of Bacillus subtilis Var. niger (a
common airborne bacterium) in the spore state contains a strong
absorption band at 410 nm. This band is absent when the
bacterium is in the vegetative state. Thus, PAS enables the
detection and discrimination of various bacterial states and
allows one to characterize, monitor, and detect bacteria in
various stages of development.
The major limitations to PAS applied to solids are the
ability to measure absorption coefficients accurately, since the
PA spectra may contain structure due to both absorption and
reflection losses, and signal saturation arising from the
contribution of thermal diffusion processes to the PA effect.
Further work on the phase dependence of the PAS signal (arising
from two sources: 1. the lifetime of the excited state and 2.
the time it takes for the heat distribution to thermally diffuse
to the sample-air interface) could provide more quantitative
information from the PA effect.
Important features of PAS: The PA signal increases at all
wavelengths as the particle size decreases because power
absorption and thermal transfer efficiency improve as the surface
area increases. Thus, a finely ground sample will yield a larger
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PA signal than a single crystal or polycrystal of the same
material.
A photoacoustic sample cell, furnished by EG&G/PAR, has been
designed for application in Fourier Transform IR, UV and visible
spectroscopy. It is useable with most commercial FTS and with a
change of windows should be applicable to submillimeter
spectroscopy. Digilab also provides a photoacoustic cell as a
new accessory for its FTS.
In the case of aerosols, there has not appeared in the
literature any observations using PAS. The technique should be
applicable in the case of absorbing aerosols, which are the type
of species of interest to millimeter wave observations. By
observing the signal transmitted through the aerosol, absorption
effects should be separable from scattering.
In the case of vapors, the PAS technique has been
demonstrated in some excellent observations by Krupnov [61].
Samples can be taken into a chamber, in which the vapor then
serves as the absorbing medium and source for conveying the
signal to the microphone system. Because only absorption is
observable, the gas can be investigated at atmospheric pressure,
at reduced pressures with selective semi-permeable membrane
filters or in buffer gases (such as helium or dry nitrogen).
Krupnov has employed multiple cells in which different gases can
be analyzed by one signal passing through the cells. Resonant
structures could be employed to give an equivalent long
path length for observations of weak absorptions or low
concentration gases. With signal processing techniques currently
available, absorption coefficients as low as 10 -12 cm -1 should be
observable. For chemical agents with dipole moments, the
technique should be applicable in the millimeter wavelength
region.
Detection of Growth Changes hy Optical Assay Methods
The most used technique in investigations of biological
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resonance absorption in the millimeter wavelength region has been
the detection of growth rate changes by optical assay methods.
The large opacity of solutions of these species in many cases
negates the use of millimeter transmission techniques. The
growth rate changes have been observed as a function of
millimeter source frequency change and power output. It has not
always been possible for all observers to determine an effect in
biological materials when using this technique, but its use
should be continued, particularly as a complementary technique
when employed with other spectroscopic techniques discussed in
this section.
Pulsed Nonlinear Spectroscopic Methods
A technique which has not been applied to biological
observations as yet would employ pulsed nonlinear spectroscopic
techniques. In this scheme, a relatively large pulsed output
signal is transmitted through the material under investigation.
If the absorption process results from transitions between energy
levels within the material, then a saturation effect is observed
and a relaxation signal is observable. This technique should be
capable of providing information on the absorption process within
the biological specimen. The pulses should be on the order of a
few nanoseconds long, or shorter if possible, and should occur at
a relatively low repetition rate in order to prevent heating of
the material. Pulsed techniques have been successfully applied
to gases and paramagnetic materials. A technique similar to that
used on gases and in PMR has been used for dielectric
measurements by Suggett (64] at low microwave frequencies (5- 10
GHz). Suggett has employed pulsing techniques and extended time
domain spectroscopy in dielectrics to 10 GHz. The techniques
involve the propagation of a fast•rise pulse and monitoring the
changes in the characteristics of the pulse after reflection from
or transmission through a dielectric-filled section of waveguide,
coaxial line or other microwave system. The technique does not
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provide the accuracy of other methods, but provides a broad
spectral coverage in a reasonably short time. The techniques can
be applied to both low-loss and high-loss materials and are of
value where the interest is in the molecular interactions within
the dielectric and moderate accuracy is acceptable.
The availability of short-pulse sources at millimeter and
submillimeter wavelengths now makes the time-domain technique
applicable in the short-wavelength region.
Optically Pumped Laser Techniques
Submillimeter laser techniques have been employed to a
limited extent in this program for absorption studies in some
biological species. They can actually be used in a more
extensive role by utilizing both cw and pulsed lasers. These
sources cover the spectral region from approximately 15 gm to 2
mm with over 1000 spectral emission lines. The pulsed sources
provide the opportunity to investigate not only absorption
processes but reaction rates. They could also serve as the
transmitter in a remote sensing system if it were ever a
practical consideraton for detection of biological aerosols.
Recent advances in CO 2 TEA laser technology have resulted in the
development of a tunable mini-TEA laser [65], which would be
suitable as a pump for a laboratory or field submillimeter laser.
Marconi Avionics has recently demonstrated laser action on over
60 transitions from 9.2 to 10.8 Am, many of which would be
suitable as pump transitions for the submillimeter wavelength
region. Figure 9 shows the measured energy output of several of
these laser lines.
The use of optically pumped submillimeter lasers provides a
means of extending mono-chromatic coherent source techniques over
a very large spectral region. The lasers can be used with most
of the techniques that are discussed in this section. Thus, the
optically pumped laser can serve as the transmitter for open
space transmission and reflection measurements, Fabry-Perot

42

TUNABLE . MN TEA
LEAS

LASER
T

-

60

40

10

I

0
9.2

913

.

.
9.8

.

.
100

MICRONS

Figure 9. Tunable Mini-TEA Laser Output Energy.

.

il

0
102

techniques, untuned cavity, photoacoustic methods, pulsed
nonlinear spectroscopic methods and the combination of
submillimeter techniques with other spectroscopic methods. The
optically pumped laser was employed for some observations during
this program. The spectral range was limited to approximately 10
to 30 cm -1 . The disadvantage of the laser technique is that the
outputs are discrete and not tunable, however, spectroscopic
observations are now being made with the combination of a laser
signal with that of a tunable microwave source. By heterodyning
the laser signal with the microwave signal, sum and difference
frequencies are propagated. Either the sum or difference signal
can be employed for spectroscopic investigations.
Fourier Transform Spectroscopy
The Fourier Transform Spectrometer has been developed to
provide accurate determination of the optical parameters, i.e.
the absorption coefficient (a) and the refractive index (n)
simultaneously for many dielectric materials. The most effective
measurements have recently been performed by Afsar and Button
[66] by using dispersive Fourier transform spectroscopy (DFTS) on
solid state materials. The asymmetric mode (DFTS) provides for
very accurate phase determination. From the analysis of the
amplitude and phase information that the specimen contributes to
the output signal, the refraction index spectrum and,
simultaneously the absorption coefficient spectrum are measured.
The phase information can provide a determination of the
refractive index (and real part of the dielectric permittivity)
to an accuracy of 5 or 6 significant figures for a low loss
material, and the amplitude information allows determination of
the absorption coefficient (and loss tangent) to about 1%. These
fine figures are achievable under detailed experimentation and it
is quite probable that the following conditions must prevail in
order for such precision to exist:
1)
The materials must be low loss for the refractive index
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(and real dielectric permittivity) to be determined to
five significant figures;
2)
Thicknesses must be accurately known (to five figures)
and surfaces sufficiently flat;
3)
Phase must be determined to the precision of five
significant figures.
On the other hand, the criticism of other techniques as
being limited to 10% accuracy given in Reference 66 is not
justified since, when equally good equipment and experimental
detail are available for Fabry-Perot or untuned cavity
techniques, it is possible to achieve refractive index (real
part) measurements to 4 significant figures and absorption to
better than 1%. With phase-locking techniques and signal
averaging, these accuracies should be achievable for wellprepared samples. All techniques FTS, Fabry-Perot and untuned
cavity should be applicable to biological studies. Biological
samples will not be as well prepared (surface roughness and
accuracy of sample thickness), particularly in the case of
powders, but the DFTS method will give excellent results for the
materials to be investigated, as will the resonator techniques.
A great advantage of the DFTS observations is the broad spectral
coverage with sufficient resolution for observations in solids.
The difference between the dispersive Fourier transform
technique (DFTS) and the conventional Fourier transform technique
lies in the fact that the specimen is placed in front of the
fixed mirror-in an active arm of the interferometer instead of
the conventional location in front of the detector (or source) as
shown in Figure 10. The operation of the DFTS is briefly
described in Reference 66, where references to detailed
description of the technique are given. The interferometer
employed by Afsar and Button [66] is shown in Figure 11. This is
a polarization interferometer [67], which is free of the multiple
internal reflections within a mylar film and does not suffer the
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periodic zeros of response caused by multiple beam interference
in the beam splitter. The transmissivity is flat up to a high
cut-off frequency which is inversely proportional to the grid
spacing. The high frequency cut-off with 25 pm spacing is 200
cm -1 (50 pm wavelength). A liquid helium cooled detector such as
the hot-electron InSb Rollin type bolometer [68] is the limiting
element with a working spectral range from 1 cm -1 to 40 cm -1 (10
mm to 0.25 mm). For high-absorption materials, thiner samples
may be necessary for the DFTS resulting in a loss of separation
of the interference signatures arising from reflections at various
interfaces of the specimen and mirror. This will result in a
reduction of precision of the determination of the real part of
the refractive index.
The relations of interest in these measurements are the
complex refractive index n and the complex dielectric
permittivity L' so that

= (fi) 2
The real and imaginary parts of ri are

n - ik = n - is/41T ■5
= n - ica/47y

fl =

where k =
=
=
a
=
=
=
c

absorption index
a/470 = ca/47v
absorption coefficient (cm -1 )
frequency in Hz
wavenumbers in cm-1
velocity of light in vacuum (cm/sec)

The complex dielectric permittivity E has real (c') and
imaginary ( E" ) parts:
E' - iE"
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= n

2

- k

2

= n

2 - (ot/47 ■j) 2
\-)

=2nka/7

The loss tangent is the ratio tan 6 = 6 "/s% It is seen that
the expression for the dielectric constant
= n2

-

(a/47 ■)) 2

is not a constant at all but a term inversely dependent on
frequency. If the second term is negligible, which is not always
the case at millimeter wavelengths, then c i is independent of
frequency. This is the case in low loss materials and the case
most often considered in DFTS. Afsar and Button [66] have
discussed the fact that the parameter tan 6 =Eve' can be
misleading since increasing absorption in some materials (e.g.
liquids) as a function of frequency can have tan 6 decreasing if
E"(= an/27c6)fails to increase with frequency as rapidly as c)" .
Raman/Millimeter Wave Spectroscopy
An experimental technique that may provide information on
the effects of microwave/millimeter radiation is the combination
of the effects of this long wavelength radiation with Raman
spectroscopy of biological macromolecules. The Raman data could
be analyzed to determine spectral alterations which would result
from the millimeter wavelength radiation and the causes of this
alteration. In addition to the contribution to determining if
non-thermal millimeter/submillimeter transitions occur, it would
aid in interpreting the significance of these alterations in
estimating exposure hazard. The interaction of radiation with
the biological molecules will also depend upon whether the
molecular transitions involved are both infrared and Raman
active. If the source of the alterations is non-thermal, then it
can be speculated that molecular vibrations are excited, and this
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effect would be observable by infrared spectroscopy. The Raman
effect, however, has the advantage over infrared absorption for
the investigation of aqueous systems that there is little
interference by the solvent. Absorption from water would make
examination by infrared methods difficult or practically
impossible. The use of lasers, in turn, provides a nearly ideal
source of excitation ofthe Raman effect in biological systems
[69].
The question of non-thermal absorption actually arose
sometime before the current interest in resonance effects. This
has been associated with the long standing question of nonthermal damage phenomena.
Various microwave and radio frequency investigations have
been performed to provide information relating to this problem.
Published Russian reports [70] indicate that microwaves have both
a thermal and a non-thermal effect on biological systems. Work
by Lapayeva in the Soviet Union [71,72] was performed in the low
frequency range. The approach of Lapayeva was to measure the
relative insertion loss of a cell containing a solution of an
enzyme in a suitable buffer as a function of frequency. The work
reported a number of regions in which sharp discontinuities in
the insertion loss existed. The behavior is not simply
explainable by Debye relaxation phenomena and was thought to be
related to the substructure of the enzymes. It was believed that
such behavior could lead to frequency sensitive damage phenomena
at frequencies in the megahertz region. At Georgia Tech, none of
the results reported by Lapayeva were observed for various
proteins when an experimental setup with sensitivity increased by
approximately two orders of magnitude over that of Lapayev was
employed. The question of non-thermal damage effects still
remained unsolved in this case.
In the case of damage caused at microwave frequencies (e.g.,
2450 MHzY, the possibility of thermal effects being the cause is
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considered as resulting from Debye type relaxation absorption by
the water (solvent) molecules at these frequencies with a
subsequent transfer of the thermal energy to the proteins. It is
expected that direct interaction of electromagnetic energy with
proteins through Debye type relaxation phenomena occurs at
frequencies generally less than 30 MHz because of the large size
of these molecules, whereas it can be speculated that
interactions above this frequency might result from effects with
groups within the molecules.
The observation of Raman spectra during the radio frequency
irradiation process will provide information on any changes in
structure or excitation of the proteins. Raman spectra of
biomolecules were studied as early as 1950 [73], but the
oservations of Lord and Yu [74] with a laser-Raman spectrometer
have opened up the possibility of observing many previously
unobserved spectra. This type of spectroscopy has been continued
by Yu at Georgia Tech.
The origins of Raman scattering and infrared absorption are
different and very often the two spectra complement each other.
Transitions which are infrared active often are Raman inactive.
The infrared absorption results from changes in the dipole moment
of the molecule. The Raman scattering, on the other hand, is not
an absorption process but is a virtual transition resulting from
a change in the polarizability of the molecule. Considering the
different mechanisms of the two effects, it is not obvious how IR
absorption coefficients can be obtained from Raman data.
Theoretical consideration should be given to how quantitative IR
information could be obtained from Raman scattering data. Field
induced Raman activity of IR modes have been observed, and this
possibility must be examined. The Raman data will uncover both
structural changes and excitation of the macromolecular
structure, and analysis of this information must be performed to
assess the effects of the radio frequency signals.
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In addition to the extensive investigations of biomolecules
in general, Raman spectroscopy of snake toxins has been
extensively used in recent years [74]. The technique can
contribute significantly to understanding and possibly detecting
toxins in the atmosphere. The techniques of resonance Raman
spectroscopy have been considered for use in investigating
biological macromolecules [75].
Pyrolysis Technique Associated with MMW Observations
Biological materials haveextremely low vapor pressures
thereby precluding the use of conventional gaseous microwave
spectroscopy techniques. These techniques could be used for the
investigation of chemical agents or the molecules formed in the
presence of nuclear radiation. The spectroscopic techniques are
promising as in situ gaseous pollutant monitors [76]. The
instruments can be interfaced to the atmosphere by way of a
multistage membrane separator. The spectrometer assembled with
current state-of-the-art apparatus is capable of detecting an
absorption with a coefficient as small as 10 -13 - 10 -14 cm -1
Two spectrometers are potential sensors of these vapors: a
conventional Stark spectrometer which can be used into the
submillimeter wavelength region and the semiconfocal Fabry-Perot
interferometer, which has also been used across the
millimeter/submillimeter wavelength region. Figure 12 shows the
Stark spectrometer as it is conventionally employed. The Stark
cell, through which the vapor is flowed, has a voltage applied to
a septum centered in waveguide. This technique is employable in
the millimeter wavelength region, but a more acceptable scheme
uses a set of parallel plates to which a Stark modulation voltage
is applied. This configuration uses horns and lenses to transmit
the signal through the cell. The Stark voltage is a square wave
of a few kHz frequency which also serves as the reference for a
phase sensitive detector. The oscillator can be any coherent
monochromatic source which can be phase-locked, frequency swept
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Figure 12. Stark modulation spectrometer for observation of chemical agents
and vapors formed from biological agents [76].

for oscilloscope observations or slowly tuned through resonance
for recording purposes.
The maximum spectrometer response is directly related to the
concentration of the gas responsible for the absorption [77] and
is known to be linear from the minimum detectable limits to 100%.
The spectrometer can be calibrated to give the concentration of
the absorbing species directly [78].
The most appropriate apparatus for monitoring vapors is
probably an open resonator (e.g. semiconfocal Fabry-Perot
interferometer) or the untuned cavity discussed previously. Both
techniques provide long absorption paths. If the gas sample
fills the resonator, the effective absorption path length through
the gas is the produce of the wall separation and the number of
reflections. It can be expressed as QA/27r, discussed in earlier
sections.
Hrubesh [76] has discussed the use of a resonator for
monitoring atmospheric pollutants and the technique is applicable
to the monitoring of hazardous gaseous agents. Figure 13 shows
the apparatus employed by Hrubesh. Modern state-of-the-art
equipment would improve Hrubesh's system, but the basic concept
could apply to materials of interest here. Magnetic field
modulation is applied for molecules which have magnetic moments.
The source, a Gunn oscillator, can also be modulated for the case
of non-magnetic species. A tuning technique is applied to the
resonator until its resonant frequency coincides with that of the
Gunn diode. The output frequency of the diode locks to the
cavity resonance so that any subsequent changes in the resonator
frequency cause an identical change in the diode frequency.
Thus, the spectrometer can be mechanically tuned through a
spectral absorption region. A frequency lock of the Gunn
oscillator to the resonator can also be achieved by conventional
frequency stabilization methods. The advantages of compact size,
large volume-to-surface ratio and the stability of the resonant
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frequency make these resonators potentially portable monitoring
spectrometers.
Since the biological agents are mainly in the form of
aerosols with low vapor pressures, these gas monitoring
techniques are not applicable to investigations of biological
materials unless a means can be provided to generate vapors from
the solid aerosols. Dr. Rudy Moyer [79] has suggested that
techniques be investigated that would dissociate the aerosols
into vapor products which would have dipole moments allowing
absorption in the millimeter/submillimeter wavelength regions.
Pyrolysis techniques [80] might serve the purpose of creating
molecular constituents which would absorb in the region of
interest. An advantage of this method would be that the
biological material itself would not have to be an absorber in
the millimeter wavelength region, but advantage could be taken of
the high sensitivity of apparatus in the spectral region to
detect constituents originating from the biological aerosols. In
addition to high sensitivity of the spectrometers, the extremely
high resolution applicable at millimeter wavelengths guarantees
high specificity for detecting gases in a mixture and positively
identifying the pollutants. Very few other pollution measuring
techniques can offer such high specificity for more than a single
gas.
Figure 14 shows a potential configuration for observations
of vapors resulting from pyrolysis of biological materials.
Electron Paramagnetic Resonance
Electron Paramagnetic Resonance (EPR) has been used to
estimate the concentration of free radicals present in biological
materials. EPR has been used to not only detect but, in some
cases, identify free radicals. The technique has been employed
to study their rates of formation and decay under various
conditions of temperature and irradiation. EPR has been applied
to c611 metabolism to determine the change in free radicals
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during controlled storage of bacteria. Different results are
obtained for vacuum-stored and air-stored bacteria. The
technique could be employed to determine effectiveness of agents
as a function of time in air. It could provide a sensitive assay
tool for detection of biological changes under millimeter wave
irradiation.
Mach-Zehnder Interferometer
The Mach-Zehnder interferometer (MZI) can be employed in a
technique for direct measurement of high absorbing materials
throughout the millimeter/submillimeter wavelength region. It
can be particularly suited to low frequency high absorption
measurements where source power limits the use of the DFTS.
Tunable or fixed monochromatic sources can be used as can their
harmonics. Figure 15 illustrates the complete MZI interferometer as employed by Birch [81] who has used IMPATTS, Gunn oscillators and their harmonics to investigate dielectric
characteristics of liquids. In these dielectric measurements it
is essential to take data by varying the thickness of specimens
[66]. The simplest case is liquids since thickness can be varied
in steps or continuously.
Figure 15 shows the variable thickness cell in one arm of
the MZI, the thickness of which can be varied by a stepping-motor
controlled micrometer. In Birch's apparatus, the radiation from
the oscillator was fed to a wire-mesh Fabry-Perot interferometer
which has one mesh moved (scanned) to change spacing of the
Fab ry-Pe r ot reflectors and the other vibrated for phase
modulation. This serves as a filter of fundamental and harmonic,
and the phase modulation of the interferometer can be used in
conjunction with a phase-sensitive amplifier to enhance detection
sensitivity. The absorption coefficient and the refractive index
of the specimens are measured for a particular frequency by
recording the detected interference pattern as the sample
thickness is decreased. The interferogram has the form of a
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Figure 16. Waveguide Analog of Mach-Zehnder.

damped cosine wave and the refractive index and absorption
coefficient are determined from the period of the wave and its
attenuation.
The waveguide analog of an MZI is the microwave bridge which
has been employed for absorption measurements in several
materials (liquids, solids and gases). Figure 16 shows an
example of such an apparatus.
In applying these spectroscopic techniques, the handling of
materials and an understanding of the microwave influence on
biological materials is important. Keilman [44] has outlined
several techniques which are applicable to the methods of high
frequency microwave irradiation experiments.
Fabry-Perot Aerosol Measurements
Very few measurements have been performed on aerosols in
laboratory experiments at Millimeter wavelengths. Notable among
these studies have been brief experimental investigations on fog
at 94 GHz in a semiconfocal. Fabry-Perot interferometer, performed
at the University of Texas. The same technique should be
applicable for investigating the spectral characteristics of
biological aerosols. Hansman [82] has applied these techniques
to measurement of power absorbed by single drops of water,
showing that dielectric loss is detectable for this case.
Extension of the techniques to a flow of biological aerosols
through an open structure Fab ry-Pe r ot should be equally
applicable. The long path length (QA/2111 afforded by these
resonators should be far more effective than any other technique
employed at long wavelengths. Caution should be exercised to
prevent aerosol droplets forming on the resonator mirrors.
Heating of the mirrors, particularly since most aerosols will be
hygroscopic, and restriction of the aerosol flow to the middle of
the resonator will minimize these effects. During the program,
we have attempted observations on aerosols over a small spectral
region by using a flow of aerosols through a wooden enclosure.
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Had a Fabry-Perot interferometer been readily available for those
observations, a greater path length would have been available and
a much greater sensitivity would have been realized.
Double Resonance Spectroscopy of Biological Materials
Biological materials have been found to have characteristic
spectral features in the ultraviolet and infrared wavelength
regions. The possibility exists for the performance of double
resonance spectroscopy on these materials as has been done for
gases and magnetic materials. The technique could serve as a
multiwavelength technique providing a discrimination method
against other (non-biological) aerosols that would be in the
atmosphere. By combining UV and/or IR signals with a microwave
absorption method, effects of one signal on one in another
spectral region could be sensed. No such methods have been
developed as yet, but they do bear some consideration for
exploration.
Other Spectroscopic Techniques
An automated swept-frequency system has been described [83]
which permits the convenient evaluation of many parameters of
biological samples. The system is capable of highly accurate
magnitude measurements which can provide not only absorption
information but also the complex permittivity when processed
through a computerized algorithm. This measurement system is
particularly useful for the examination of frequency- and powerspecific responses over narrow ranges. The instrumentation
obtains all of the desired information (both broad-band and
narrow-band absorption and permittivity data in both the
frequency and power domains) through steady-state magnitude
measurements. Hollis et al [83] reported measurements in the 0.1
to 2 GHz but the technique can be extended to higher frequency
ranges. In addition to producing highly accurate absorption
versus frequency, the technique can produce differential plots
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wherein the difference between two absorption curves is plotted.
This provides the possibility of finding small changes in the
absorption characteristics of the samples. In addition to
information on absorption and differential absorption, continuous
plots of complex permittivity can be produced and the relaxation
time T of a molecule can be determined. The features, advantages
and procedures are well-described in the referenced paper [83].
In order to extend the technique to higher frequencies, quality
components (directional couplers, isolators, etc.) must be
available to minimize the standing-wave effects which present
problems for the free-space measurements discussed above.
Figure 17 is a block diagram of the measurement system. The
principal component of the system is a Pacific Measurement Inc.
(PMI) swept frequency spectrometer. With its associated power
detectors, the unit has a bandwidth from 1 MHz to 18 GHz and is
capable of acquiring and displaying continuous, swept-frequency
magnitude curves with better than 1% linearity. Two detectors
measure the reflected and the transmitted power from the sample.
The third (reference) detector measures the input power and
provides for normalized measurements using a ratio (e.g.
Transmitted/Incident, Reflected/Incident) feature of the PMI
system. H-P Sweep Oscillators can serve as the sources. Control
of the experiment and acquisition and processing of the data are
performed by an HP desktop computer. The investigators typically
sampled 400 points across the frequency band of interest with the
total scan time taking about 45 seconds. Temperature control was
obtained by submersion in a well-regulated temperature bath.
For operation above 18 GHz, a possible configuration,
similar to that of Figure 17, is shown as Figure 18. Here, the
only difference is the use of superheterodyne receivers, which
would provide increased sensitivity and down-conversion to a
frequency which can be used with the PMI apparatus.
A technique employed by Fleming et al [84] measures the
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100 GHz, quasioptical components can be used for transmission, copuler, diplexer, etc.

reflectivity of the material under investigation by FTS
techniques for the case in which the material is highly
absorbing. The reflectivity is then transformed into the usual
optical parameters n, the real part of the complex refractive
index, and the power absorption coefficient. In various
cases, the complex reflectivity of materials at submillimeter
wavelengths has been measured by replacing one of the mirrors in
a Michelson interferometer by a suitably flat polished specimen
of the material or by causing the radiation emerging from the
interferometer to be reflected from the specimen of interest.
Fleming et al [84] have avoided the problem of the dielectric
beam splitter of the Michelson device, which has the disadvantage
of a strongly-varying transmission characteristic, by using a
lamellar grating FTS of the type designed by Milward [85]. The
use of a polarization (wire-grid) Michelson spectrometer will
also relieve this problem, but reflectivity measurements are
important for the strong absorbing materials.
In reporting on a cross-beam exposure-detection system,
Allis [86] mentions that Webb had indicated that irradiation at
1.70 GHz had an effect on the growth of Escherichia coli whereas
irradiation at 2.6 GHz did not. A parallel result was not found
in the protein bovine serum albumin.
Athey [87] has indicated that traditional microwave
techniques are probably not sensitive enough to find resonance
absorption. He indicates that millimeter wave studies on
cellular and subcellular systems should continue in spite of
mostly negative results.
III. Measurements Performed
This program, funded by the U.S. Army Chemical Systems
Laboratory, was initially formulated because of the fact that
observations of microwave phenomena have indicated possibilities
for biological detection with long wave-length radiation.
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Measurements made with bacterial suspensions in a cuvette
inserted in a waveguide showed a measurable perturbation of the
signal, proportional to the bacterial concentration. Other
sources report a resonance effect in polypeptide chains when
exposed to microwaves of appropriate frequencies. In preliminary
trials in the Chemical Systems Laboratory with frequencies of 6
to 10 GHz, unbalancing of a microwave bridge was observed when an
aerosol of Bacillus subtilis var niger spores (BG) was passed
through one arm of the bridge. This procedure is similar to that
described under the Mach-Zehnder system.
The objective of this study has been to explore the
possibility of using electromagnetic radiation in the microwave
region for detecting microbiological materials. The program was
to utilize various possible interactions between deposits or
aerosols of microbiological materials in order to test for
detection, with the ultimate goal of selecting a promising
approach for detecting micro-biological aerosols. The spectral
region to be explored covered wavelengths from approximately 1
GHz to 1000 GHz. Initially, consideration was given to using a
microwave bridge, in which the energy transiting the reference
arm is compared with the energy in the active arm containing the
aerosol. Figure 16 is typical of the bridge system that could be
employed. The agent simulant can be sprayed onto a transparent
film oriented at the Brewster's angle (for the substrate) to
minimize reflection losses. Horn-lens combinations are used to
achieve a plane wave in the sample space. A procedure that can
be followed is to mount a transparent film (e.g. polyethylene) as
a sample carrier in a frame holder to insure flatness. With the
uncoated film placed in the sample space, the variable phase
shifter and attenuator are adjusted to null the detector output.
The film is then coated with a weak (-1 ppm) aqueous solution of
a bacteria and the coating is allowed to dry. The coated film is
inserted in the bridge and the attenuator and phase shifter are
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repositioned to null the detector.
The bridge technique would be an applicable one but the need
for good isolators, couplers and other components across a broad
spectral region did not allow its use in a one-year program.
The nature of the experiments performed during the program
on biological aerosols differed from those that have been
previously performed, as described in Section I. The aerosol
experiments require an observation of resonant absorption of
relatively narrow band (similar to a vapor line absorption at low
pressure). No such observations have been made in the millimeter
wavelength region as yet. As indicated in the earlier
discussions, experiments performed thus far have employed the
observation of the effects of irradiation on a particular
biological characteristic, e.g., growth rate. The observations
have been performed on aqueous suspensions of the species and the
major absorption has been due to liquid water absorption with no
resonant spectral features but varying smoothly throughout the
region of observation. There is a question whether the water
absorption is due to "free" or "bound" water; a possible spectral
effect resulting from a water/biological species cannot at
present be ruled out. Spectral features which have been observed
have been attributed to biological species. In the case of
aerosols, the bulk water effect will not be dominant, although
the hygroscopic nature of the materials will alter the spectrum
from that of a pure dry biological species. A broadband
continuum absorption is experienced in aerosol experiments.
Because of the broadband nature of the experiments, simplicity
was emphasized in the experimental apparatus but standing wave
effects were evident in most of the observations.
The following experimental techniques were investigated
during the program:
1)
Absorption measurements performed by spraying aerosols
on thin (mylar) films;
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Fourier Transform Spectrometer measurements;
Reflection/transmission measurements on bulk biological
materials;
4) Absorption measurements performed by spraying aerosols
into a chamber for irradiation by a millimeter wave
source;
5)
Laser transmission measurements.
These experiments are briefly discussed below.
2)
3)

Absorption Qf Aerosols on Thin Transparent Films
The initial observations consisted of a transmission
measurement performed on aerosols sprayed on a thin transparent
film. The spectral region covered by this experiment was from
65-75 GHz, where effects have previously been observed. The
sample consisted of a transmitter feeding a horn/lens system to
propagate through a thin (mylar) sheet sprayed with the aerosol
of biological species. The detection system allowed the
observation of both the reflected signal and the transmitted
signal relative to the film which was placed at an angle to the
transmitted power. For increased sensitivity, a chopper and
lock-in amplifier were used with the output being displayed on a
chart recorder as a function of frequency. It is necessary to
avoid standing wave effects which can be interpreted as
absorption effects. Power levels were kept low in order to
prevent thermal effects. In addition, the signal attenuation,
which results from liquid water absorption and which is
continuous and increasing toward higher frequencies, must not be
interpreted as the resonant nonthermal absorption due to the
biological species. An alternate form of this apparatus is to
add a parallel arm with phase shifter and attenuator to provide a
bridge configuration.
The observations were performed by slowly scanning the
region from 65 GHz to 75 GHz with no aerosol on the mylar and
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then repeating the scan with aerosol placed on the film.
The apparatus is outlined in Figure 19. The millimeter wave
signal is generated by swept oscillators, klystrons, IMPATTS or
harmonic generators driven by one of these sources. In the case
demonstrated, the signal is generated by a harmonic generator
driven by a 35 GHz swept oscillator. The frequency range
generated is in the vicinity fo 70 GHz, the second harmonic of
the swept oscillator. Whereas the swept oscillator is capable of
covering the range 25 - 40 GHz, the instantaneous bandwidth of
any particular sweep is limited by the bandwidth of the
individual multipliers and detectors. The CW signal is chopped
and detected in reflection and transmission using lock-in
amplifiers. A mylar film can be used for spraying aeorsols on or
a frame without mylar can be employed for mounting powders. All
detectors and the harmonic generator are biased. Schottky
barrier diodes, developed in this laboratory, were used for these
devices.
For the millimeter wave runs with the apparatus shown above,
the baker's yeast showed strong absorption in both transmission
and reflection. Figures 20 and 21 show the reflection of the
Saran holder only and the yeast respectively. Both traces have
the same amplitude scale and the same horizontal (frequency)
scale. An arrow' marks the same frequency point on the two
figures. Figures 22 and 23 show the transmission through Saran
only and the yeast. The diode was not as sensitive as that used
for the reflection measurements, but this has been improved. The
reflection and transmission both show considerable attenuation.
Frequency dependence of the attenuation must be determined.

Fourier Transform 5pectroscoRy Measurements
The FTS system employs a mercury vapor lamp as source. The
sample is placed directly in front of the source. The chopped
signal is detected in a Golay cell, amplified in the PAR Lock-in
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Figure 19. Millimeter wave transmission/reflection apparatus.
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69.8 - 70.2 GHz. Arrow indicates frequency point which is same
as that of Figure 20.
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Figure 22.

Transmission of Saran container at 70 GHz. Sweep: 69.8 - 70.2 GHz.

Figure 23. Transmission of Yeast in Saran container at 70 GHz. Sweep:
69.8 - 70.2 GHz. Arrow indicates frequency point which is
same as that of Figure 22.

Amplifier and processed in the HP6942A. The interferogram and
spectrum are produced on the Tektronix Model 4631 Hard Copy Unit.
The spectra of biological materials, and saran wrap before and
after the observations on the materials are recorded normalized
to air. The original spectra were normalized to 100% maximum
amplitude for each trace. This format was not satisfactory for
the measurements of interest to this program. Chris Cox modified
the program to provide transmission with peak values on a
relative scale, not all normalized to 100% for their peaks. The
program input made by Dr. Cox is attached for reference (see
Figure 24). The end result is that strong attenuation results
for many of the materials tested. In all the observations
performed, a large loss of intensity occurs at about 18 cm -1 due
to the beam splitter and a water vapor absorption at 25 cm -1 from
the water in the air exists. Glucose, nutrient broth and BG
showed strong absorption. Information available from the data
indicates a broad absorption but, because of the noise level, it
is not possible to identify any fine structure.
Some of the traces of the runs are given as attached
figures. Figure 25 shows a run made on the Saran without a
biological sample. The Saran-air-Saran (empty container) has a
peak maximum of 70.411. Each division on the horizontal
frequency scale is 5 cm -1 . Note the very large dip at 18 cm -1
2 O absorption at 25 cm -1 .duetohbam-spliterndhH
Figure 26 shows the transmission of nutrient broth and Figure 27,
that of glucose. Notice the scale difference from that of the
previous figures. The glucose is a very strong absorber with the
larger absorption occurring on the high frequency end of the
spectrum. It is probable that the peak absorption occurs beyond
the high end of the spectral range covered. The ratio of
transmission of nutrient broth to the Saran surfaces is given in
Figure 28. From 20 - 50% absorption is observed for the layer
thickness used.
The very large absorption of glucose is
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LIST
100 REM

118 REM

THIS PROGRAM CAN BE USED TO GRAPH
THE RATIO OF . TWO POWER SPECTRA.
IT WAS WRITTEN ON MONDAY, NOVEMBER 24, 1980
AND MOST RECENTLY MODIFIED ON
MONDAY, NOVEMBER 24, 1980
A. MCSWEENEY

120 REM
130 REM
140 REM
150 REM
200 INIT
210 PAGE
220 PRINT "HOW MANY. DATA VALUES PER FILE 7"
230 PRINT " 16, 32, 64, 128, 256, 512, OR 1024 ?";
240 . INPUT N
250 DIM B<N),S(N) 9 R(N),X(N)
255 DIM A(N)9P(N)
260 FOR 1=1 TO N
270 X(I)=130*I/N
280 NEXT I
290 PRINT
388 PRINT "WHICH FILE CONTAINS THE BACKGROUND SPECTRUM ?"
310 INPUT F
328 FIND F
330 INPUT e33:T198*
340 REM GRAPH BACKGROUND SPECTRUM
350 CALL "MAX°98011.1
360 PAGE
370 WINDOW 0 9 130,00
380 AXIS 13911/10
390 MOVE X41)98(1)
480 DRAW X,B
410 PRINT N5G"
420 INPUT AS
430 PAGE
440 PRINT "WHICH FILE CONTAINS THE SAMPLE SPECTRUM 7"
450 INPUT F
460 FIND F
11(78. 1 NPUT 5'33 T29S
480REM GRAPH SAMPLE SPECTRUM
490' CPLL-"MAX" $ Si M
500'PAGE
505 M=69.56
510 WINDOW 09130 9 00M
520 AXIS 13,M/10
530 MOVE X(1)9S(1)
540 ' DRAW X ' S
50-PRINT "GG"
560 INPUT AS
570 PAGE
588 FOR I=1 TO N
Figure 24. FTS program modification to provide transmission
on a relative scale.
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598
680
700
710
728
738
740
750
760
765
778
788
790
800
810
820
830
840
850
860
870
880
898
900
910
940

R(I)=S(I)/B(I)
NEXT I
WINDOW 0,130,-0.1,1.1
AXIS 13,0.1
MOVE X(1),R(1)
DRAW X,R
PRINT "GGG"
INPUT A$
PAGE
INPUT Q
FOR 1=1 TO N
R(I)=S(I)/Q-8(I)
NEXT I
WINDOW 0,130,-20910
AXIS 13,2
MOVE X(1)9R(1)
DRAW X,R
PRINT "GGG"
INPUT A$
PAGE
PRINT "AIR FILE NO"
INPUT F
FIND F
INPUT @33:T3.A
PAGE
WINDOW 0,130,0,100

950
960
970
980

AXIS 13,10
MOVE X(1),A(1)
DRAW X,A
PRINT "GGG"

990 INPUT A$
1000 PAGE
1010 FOR 1=1 TO N
1020 P(I)=-R(I)/A(I)
1030 NEXT I
1040 WINDOW 0,130,-0.1,1.1
1050 AXIS 13,0.1
1060 MOVE X(1),P(1)
1078 DRAW X,P
1080 PRINT "GG"

1090 END

Figure 24. (cont.)
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Fioure 25. Observation of Saran without a bioloaical sample. Saran-air-Saran has a peak maximum of
70.411. Large dip at 18 cm-1 is due to the beam-snlitter and that at 25 cm -1 is the
H2O vapor absorption. (March 12, 1981).
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Figure 26. Transmission of nutrient broth, normalized to that of Saran-air-Saran
(March 12, 1981).
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Figure 27. FTS transmission of Glucose, 1/100 x normalization to Saran-air-Saran
(March 12, 1981).
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Figure 28. The ratio of FTS transmission of nutrient broth
to the Saran-Air-Saran transmission (March 12, 1981).
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demonstrated by Figures 29 and 30 which show the ratio on two
expanded percentage scales. Thus, less than 1% transmission
occurs for the thicknesses employed. The case of percent
absorption is shown in Figure 31 for nutrient broth and in Figure
32 for glucose.
Figure 33 shows a block diagram of the FTS as it was used in
this program. The apparatus was a modified Grubb-Parson Fourier
Transform Spectrometer with a resolution of approximately 1 cm -1 .
The spectrometer was originally assembled for development of
filters and was not the most suitable instrument for the
spectroscopic observations that were made. The samples were
placed in front of the mercury lamp source and would have been
more appropriately placed in front of the detector. Improvements
in such observations would be made by greater sensitivity in the
detection system, evacuation or flushing with dry nitrogen of the
spectrometer and use of a variety of beamsplitters to provide
greater spectral coverage with the instrument. A spectrometer
which has recently been assembled in this laboratory [881 would
serve the purpose for the observations of this program. A
polarization FTS would be the most appropriate for broadband
observations.
In the spectra which were observed in this program, low
detection sensitivity made differentiation of resonance effects
(if they exist) from noise impractical. The spectral limitations
were imposed mainly by the beam splitter and source power limits
(at the low frequency end —5-10 cm -1 ). Thus effects outside
approximately 10 cm -1 on lower end and 30 cm -1 on the upper end
of the spectra should be ignored. The beamsplitter also caused a
large resonance effect in the 18 cm -1 region. Atmospheric water
vapor in the optical path of the spectrometer caused some
attenuation with a large resonance at 25 cm -1 . The ratio of the
sample transmission to the transmission of the Saran holder/air
background provides an indication of the attenuation of the
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Figure 29. Plot of the very large absorption of
glucose which shows the transmission ratio

(Glucose to Saran-Air-Saran) on an expanded percentage
scale (10% maximum) (12 March 1981).
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Figure 30. Same transmission ratio as Figure 29 on a further
expanded scale (1% maximum) (12 March 1981).
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Figure 32. FTS trace of percent absorption of glucose as a function of frequency.
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sample only. Most materials showed an increasing attenuation
toward higher frequencies with some materials being stronger
attenuators than others. The S/N of the system negates
considering resonance effects in the powder/solid materials.
This should be done in future investigations. Appendices 2 and 3
give further discussions and spectra of materials investigated.
In these spectra, Serratia Marcescens also shows a very strong
attenuation particularly at high frequencies, whereas Bovine
Albumen and Bacillus Niger do not appear to be as strong
attenuators. Appendix 3 shows smoothed curves of these
transmissions with noise, beam-splitter resonance and water-vapor
resonance removed. Appendix 8 shows additional spectra taken
during the program, many of which are similar to those presented
in this section. FTS measurements were made on the liquid,
dimethyl-methyl-phenyl (DMMP). The transmission of DMMP showed
large intensity excursions in the region of 10-15 cm -1 which was
considered as a possible resonance effect. The curves were
repeatable in the FTS measurements but the liquid should be
studied in greater detail with an improved spectrometer. Some
support of the effect being a resonance has been given by laser
transmission studies which are described in the next sub-section
and in Appendices 2 and 3.
Laser Transmission Measurements
In order to present an alternative approach to the FTS
measurements, transmission was briefly investigated employing an
optically-pumped laser. Although the laser is monochromatic, a
sufficient number of laser lines exist so that in time a very
thorough examination of the submillimeter wavelength region can
be performed.
Appendices 2 and 3 describe the apparatus employed and the
results for Baker's Yeast in the spectral region from 10 cm -1 to
35 cm -1 . Nine laser transitions were employed across this
spectral region for the yeast. Figure 2-2 and Table I of
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Appendix 2 give the yeast results. On the basis of the estimated
thickness of the yeast, a loss coefficient is calculated for each
laser frequency. These values are high. It should be noted that
the loss coefficient can result from both absorption within the
material and reflection from the sample surfaces. The same
comment applies to the FTS measurements where the transmission
curves are referred to as attenuation effects rather than just
absorption.
In the case of the liquid DMMP, time allowed measurements to
be made with only three laser lines with the results given in
Table II of Appendix 2. A discontinuity does exist in the
transmission of the liquid as a function of frequency. This was
observable under several repetitions of the laser measurements.
The calculated loss coefficient is much greater than that of
yeast. Figure 34 is a plot of the DMMP loss coefficient. On the
basis of these measurements and the FTS results, more detailed
measurements in the region of 12 cm -1 must be made. Many more
laser lines should be employed to provide higher resolution in
the 12 cm -1 region to determine if a resonance could exist.
Aerosol Attenuation Measurements
A chamber, approximately 11' long, was constructed for
absorption measurements, performed by spraying aerosols into the
path of the millimeter signal. The chamber was arranged so that
it can be exhausted into a fume hood. The millimeter apparatus
was the same as employed with the film system. The aerosols are
blown into the chamber from spray bottles pressurized by nitrogen
cylinders. The fans draw the particles across the propagation
path of the millimeter wave signal and deposit them on the
filters to prevent their escaping into the room. The aerosols
were generated from solutions of the material by pressurizing the
spray bottles with nitrogen gas.
Figure 35 shows the configuration used for transmitting
through the aerosol box. Black polyethylene windows were placed
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over the ends of the box. No water droplets formed on the
windows as the fans drew the aerosols across the chamber
perpendicular to the propagation path. The signal from the
klystron was propagated by a horn/lens device through the
chamber. A mechanical chopper provided the modulation and
reference signal for detection in a Lock-In amplifier. A digital
voltmeter on the output of the Lock-In amplifier recorded the
millimeter wave intensity changes. The millimeter wave video
detectors that were employed were Schottky Barrier diodes
prepared from GaAs materials fabricated in this laboratory. Bias
improves the performance of these detectors.
Transmission measurements were performed in the 39-40 GHz
region on aerosols formed from an aqueous solution of Sucrose.
No resonance effects were observed but a continuous attenuation
across the observation band was present. This could have been
the result of the water aerosols and could have been caused by
scattering as well as absorption. A water fog was sprayed into
the chamber for comparison purposes and gave approximately the
same results as when the Sucrose aerosol was observed. The
eleven foot path does not provide sufficient interaction
pathlength to provide a strong attenuation. It is preferable to
use an open-structure semi-confocal Fabry-Perot interferometer as
described in Section II. Such an instrument with a Q on the
order of 200,000 would provide an equivalent interaction
pathlength of approximately 650 feet.
Reflection/Transmi*sion deAsurementa gn Balk Biological Materials
During the performance of this contract, considerable effort
was expended on measurements of normal reflection from and
transmission through biological materials. These measurements
differed from those discussed initially in this section in that
those observations were made on films of specimens placed on thin
mylar substrates at an angle to the direction of propagation. In
this subsection, bulk biological materials are the materials of
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interest. The materials were placed in trays or transparent
holders. The windows for the transparent holders were sheets of
mylar, Saran wrap or TPX. The TPX sheets were employed because
they were more rigid and did not bow upon loading with specimen
as did the mylar.
Figure 36 shows the millimeter wave apparatus which was used
for normal reflection measurements. The samples were placed in
brass or aluminum trays so that reflectance of the sample and
tray could be compared with that of the brass or aluminum alone.
The sample trays were mounted on a vertical optical rail so that
they could be moved along the propagation path. The radiation
source for the measurements was a swept oscillator (HP signal
generator) which was AM modulated at a 200-1000 Hz rate. The
square wave modulator provided the reference for a lock-in
amplifier. The return signal from the sample holder was directed
to the Schottky Barrier diode by a directional coupler. An
isolator on the output of the signal generator reduced somewhat
the standing wave effects. To reduce standing wave effects
between swept oscillator circuit and reflector, the isolator must
provide isolation of at least 25 dB. It was also found that
replacing the original directional coupler with another improved
the system signal variations considerably. When the reflector
had been removed, it was observed that some signal was still
present. This was probably direct signal feeding into the
original directional coupler whose directivity was poor.
Background was lower with the new directional coupler.
Imperfections in the directional coupler and flange connections
were noted and these probably contributed to the standing wave
effects despite the presence of the isolator.
Figure 37 shows two configurations used in transmission and
reflection where the system is actually that shown in Figure 36.
Figure 37a shows sample position for both transmission and
reflection whereas Figure 37b shows the configuration which can
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be used for transmission. By checking beam size, it was
determined that the effects from materials and holders were from
an area 2" in diameter but the samples were contained in a 3"
diameter volume.
Various methods were employed in the
measurements. Of the measurements made, some were made by
reflectance of powder supported on Saran, by reflectance of
powder supported on aluminum and by transmission of powder in
Saran or TPX sandwiches. Figure 38 shows a technique employed
for transmission measurements to avoid any side effects on signal
background. Absorber sheets were placed around the propagation
path to reduce sidelobe effects.
Figure 39 shows some of the containers employed for holding
the specimens. The tray at the bottom of the figure was used for
reflectance measurements and was machined from aluminum or brass.
The height of the containing wall is shown in the figure to be
3m m, but different heights were machined to allow different
thicknesses of samples. The middle figure of Figure 39 is a
transmission cell with TPX end-plates and an aluminum center ring
spacer forming a chamber in which the samples were placed. At
the top of Figure 39 is a holder for the FTS measurements. An
aluminum plate with a hole in the center and Saran stretched over
it served as a transmission cell. The specimen was placed on the
Saran in the form of a paste and dried with warm air.
Figure 40 shows a horizontal configuration with
approximately the same characteristics as existed in the vertical
system. The powder samples under gravity were not always uniform
across the area of the propagation beam. Figure 41 shows a
configuration that should be used to avoid moisture in the
presence of hygroscopic samples. Humidity should be recorded for
all measurements.
The dominating factor in these reflectivity and transmission
measurements has been the standing wave effects. Despite these
effects, considerable information has been obtained which should
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be usable in future measurements. Data at this point cannot be
considered accurate but have, in all bulk materials tested, shown
broadband continuous absorption. No resonance effects have been
ascertained during these observations.
In measurements on various materials in the frequency range
from 26 GHz to 60 GHz, a series of signal maxima and minima was
observed for both blanks or brass/aluminum reflectors and the
samples. These measurements were performed for both transmission
and reflection. With movements of the speciment along the
propagation path, it was possible to observe the standing wave
patterns which complicated the determination of the absorption.
However, with improvement of the apparatus, it should be possible
to obtain meaningful results, which, combined with results of
other techniques, should provide characterization. Some trends
could be seen in the maxima/minima measurements when specimen
samples were compared with blank holders (in transmission) or
metal reflectors (in reflection). When samples were inserted in
the path for most cases, a decrease in maxima and minima was
observed with a reduction in the mean value of signal relative to
the case of no sample being present. Thus for five different
positions of maximum/minimum in the path, reflectance
measurements on Bakers yeast at 26.8 GHz gave a ratio of mean
values of signal intensity of I/I 0 = 0.63 ±0.02 where I is the
signal intensity with sample present and I 0 , the signal with no
sample present. Such was the case for several measurements but
inconsistencies exist to negate the data's being accurate. These
effects have also been observable as a function of frequency
where the ratio of maximum to minimum reduces as does their mean
value as one goes to frequencies of increasing absorption.
From these observations, it is evident that greater care
must be exercised in experiments. Improved millimeter components
and a controlled atmosphere are needed. Several interesting
aspects of observations on biological materials were evident
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during the program, and some suggestions on techniques should be
recorded for future reference. Among these items are the
following:
1. For reflection/transmission measurements as discussed in
this subsection, measurement of VSWR and effort to maintain
this parameter -1.0 should be made at all wavelengths for
which slotted-lines exist. At short wavelengths where
commercial slotted lines do not exist and waveguide
components may become impractical, quasi-optical components
may be constructed for measurement of VSWR [891.
2. In this open structure apparatus, measurements should be
made at several positions along the propagation path (with
VSWR values recorded) in order to assure that observed
sample losses are not a function of position.
3. A background signal will exist for each sample/holder
position and this value should be subtracted from the
measured values for samples and holders. This background
signal can originate not only from the structure surrounding
sample and/or holder but from stray radiation feeding
directly from the signal generator due to imperfections in
the waveguide structure, particularly due to poor
directivity of the directional coupler.
4. At least three depths and different weights of samples
should be employed for the measurements in order to obtain
quantitative data. Uniformity of samples is extremely
important but in some cases very difficult to obtain.
Because of the hygroscopic nature of the materials, all
preparation of samples and measurements should be performed
in dry atmospheres until the effects of humidity on
transmission and reflection are to be studied.
5. For the dispersal of dry aerosols, it is important to
use a dry aerosol dispenser in a dry nitrogen atmosphere.
Many of the materials (e.g. bacillus subtilis var. niger)
-
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should be dried to a flaky powder in a dessicator). For
aerosol studies, many of the simulants can be examined as
captive aerosols by spraying on a mylar or Saran substrate.
For quantitative results, the substrates with captive
aerosols should be weighed and inspected under microscope to
estimate aerosol size and density.
6. In measurements on the bulk materials, samples were for
some cases (e.g. FTS) prepared as pastes and dried with warm
air. Some flaking of the dried material resulted in loss of
sample. Techniques must be developed to obtain consistency
in the physical characteristics of dried specimens. The
same comment applies to dried granular materials which if
not finely ground will have air pockets and voids within the
samples. Excessive scattering can result, leading to
inconsistent data. Different values of signal (reflection
or transmission) are obtained at points along the
propagation path, not only as a result of standing wave
effects, but as a result of the lack of uniformity of the
sample across the face of the sample. The hygroscopic
nature of the materials makes it difficult to put them in
holders. In addition, compression of some samples unless
dry is extremely difficult, again due to the hygroscopic
nature of the substances.
Materials Applicable as Agent Simulants
During the performance of the contract, several materials
were available for spectroscopic observations. Most of these
materials should have spectroscopic characteristics similar to
those of biological agents. Investigations of these substances
should provide a data base for future determination of a
biological sensor system. Samples can be employed in bulk form,
solutions or aerosols. The aerosols can be dry or in solutions.
Dry materials can be investigated as captured aerosols on or in a
substrate.

104

The form in which the biological materials are studied is
important. Thus far, we have looked at materials in powder form
and, in one case, in liquid form. Other investigators have
employed the materials in solution. When using the powders, a
dry atmosphere should be employed because of the hygroscopic
nature of the materials. To lessen the presence of water in the
test samples, consideration should be given to the possibility of
growing crystals from the powders or of placing the powders in a
vaseline paste. The following lists are for future reference and
constitute readily available agent simulants that have been
studied or should be studied in the future.
1.
Bulk materials - Powders or Liquids:
Bacillus subtilis var niger spores [Bacillus Globigii (BG)]
Bakers Yeast
Saccharomyces Cerevisiae (a yeast)
Rhodotorula Rubra (a yeast)
Nutrient broth
Starch
Glucose
Bovine Albumen
Serratia Marcescens
DMMP (liquid)
Sucrose
Dextrose
Milky Disease Spore Powders
Yogurt Starter
Trypticase- Soy
Bacillus B Thuringiensis
Escherichia Coli B
Chicken Bouillon (Dry)
Eagles + 10% Calf Serum
V11 Virus
Embryonated Egg Admixture with Culture Media
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2.

Proteins/Nucleic Acids
Liquids. Solutions. Aerosols
Baking yeast in Sugar Water
Sucrose in Distilled Water
Half/Half Milk (also 1/10 milk to water)
Chicken Broth (Bouillon)
Biotrol 16K (3.2% Bacillus Thuringiensis Berliner and 96.8%
inert material) mixer in water
Milky Disease Spores in Water
Glucose/Water Solution
Dextrose/Water Solution
Yogurt/Water Solution
Nutrient Broth/Water Solution
Egg Yoke/Water Solution
Trypticase Soy/Water Solution
Bacillus B. Thuringiensis/Water Solution
Eagle + 10% Calf Serum/Water Solution
V11 Virus/Water Solution
V1 Virus/Water Solution

Several other materials in the literature can be
investigated. Keilmann has been successful with yeast cells
suspended and stirred in a nutrient medium. Several materials of
biological interest are discussed in the Russian literature (Sov.
Phys.-Usp. j., 4, 568-579 (1974)). The possibility of dried
powders (freeze dried) can be considered but the need for keeping
the species alive may be hindered in this case.
For the study of cell growth rates in nutrient solutions,
the following can be employed:
Aqueous solutions of Baking yeast
Yogurt
Chicken Bouillon
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Bacillus Subtilis var Niger
Escherichia coli B
Saccharomyces Cerevisiae-yeast in stirred aqueous
suspensions
Dr. Chris Cox [90] has suggested that the following biological
materials be examined, mainly because of the possibility of an
IR-microwave comparison:
1) Water - of the highest possible purity
2)

Milk, diluted 1/10 with water

3)

Sucrose in distilled water

4) Various growth media-bacteria and virus, both as powders
and in solution in distilled water.
5) Bacillus subtilis var niger spores as powders and in
growth media. The same applies to Bacillus thuringiensis.
6) A purified virus (non-pathogenic for man).
7)

Escherichia coli in distilled water and growth media.

It is anticipated that this would establish
millimeter/microwave signals for IR comparison due to 1) Water
2) Carbohydrates (i.e. Sucrose)
3) Growth media
4) Bacterial spores
5) Vegetative bacteria
6) Virus
7)

Bacteria + growth media

This could provide the basis for determining if vegetative
bacteria, bacterial spores and virus can be differentiated as
they do differ in chemical composition. It is also important to
determine if growth media contribute to or obscure such signals.
IV. CONCLUSIONS AND RECOMMENDATIONS
This report has attempted to bring together a review of
various effects that have been considered as resonance effects in
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the spectra of biological species and a discussion of several
spectroscopic techniques that could be employed for observations
of these effects. Both positive and negative aspects of these
difficult experimental problems have been pointed out throughout
the report. We have also discussed preliminary measurements made
during the program and treated the need for improved apparatus
and techniques. As specific elements of millimeter wave
spectroscopy and sensing of biological materials were discussed
in the report, both conclusions and recommendations relevant to
that element of the investigation were made at that time.
Appendices have given further information of interest to the
sensing of NBC agents. In this section, we will present general
conclusions and recommendations and further pertinent discussions
of spectroscopic techniques and sensing schemes.
Spectroscopic Techniques
The potential millimeter wave spectroscopic techniques for
investigating biological materials, their advantages and
disadvantages have been discussed in Sections II and III.
Additional comments that may be helpful in future research
studies are given in the following paragraphs.
In the case of aerosol measurements, auxiliary equipment
should also be available for measurement of particle
characteristics. Thus, for dry aerosols, one should have a
Casella 4-stage Cascade Impactor, and, for all forms of aerosol
materials, a particle-size specrometer, such as the classical
Scattering Aerosol Spectrometer, made by Particle Measuring
Sysems, Inc. A dew point measuring apparatus (e.g. Cambridge
Systems Thermoelectric Dew Point Hygrometer Model 990) would
provide humidity data for the measurements.
For improvements in observations with an FTS, an improved
instrument is needed. A few good commercial FTS are currently
available, but these are expensive devices. A recently assembled
FTS by Holah [88] of this Laboratory has shown excellent
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characteristics for the requirements of biological spectroscopy.
Holah has demonstrated the use of a Burleigh Inchworm for driving
the moving mirror of the Michelson interferometer. Consideration
is being given to modifying an old Beckman FTS to use a Burleigh
Inchworm for mirror drive. An advantage of the Inchworm is that,
in addition to a precise moving of the mirror, it has its own
position reference (readout) with a resolution of 10 nm and an
accuracy of position measurement of ±1 AM. This removes the
necessity of employing a Moire' fringe system.
Relative to the FTS measurements that have been performed
during this contract, the following improvements can be made:
1)
Employ cooled detectors in place of the Golay cell that
was used. This would result in increased sensitivity,
a reduced background and faster detection system.
Higher modulation rates would be possible.
2)
Flush the sample region with dry nitrogen and house the
spectrometer in a vacuum chamber. This will allow
observations on dry hygroscopic materials and will
result in removal of the atmospheric attenuation
effects in the submillimeter wavelengths region.
3)
The faster cooled detector will result in shorter run
time and therefore an improvement in the stability of
the observations.
4)
A series of different thickness beam splitters should
be employed allowing coverage of a broader spectral
region for spectroscopic observations.
5)
Each data point should be referenced to the source
output to remove or reduce effects of source
instability.
Some resolution can be sacrificed in order to achieve
6)
shorter time for running.
Because the biological
materials are not expected to be as narrow as gaseous
spectral lines, high resolution is not a requirement of
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the observations. If it is found that spectral
resolution of the apparatus is a limiting factor, then
lengthening of the observation time should be
considered as an option.
The sample was placed in front of the source in the FTS
7)
observations that were made. Placing of it in a cell
in front of the detector should improve background,
reflections, scattering, etc. The sample could be
placed in one of the arms of the Michelson
interferometer to form a Dispersive Fourier Transform
Spectrometer as discussed previously, but poor surface
flatness of samples and their high attenuation can
result in the DFTS being ineffective.
With the sample placed in front of the detector, the
measurements can be made in both the transmission and reflection
mode.
Further recommendations have been made by Dr. Chris Cox [90]
for microwave/millimeter wave investigations including the
following items:
1)
Direct comparison of IR and microwave data should be
possible, since the same materials in the same form
could be used, i.e. powders and aerosol droplets
deposited on mylar, and actual aerosols.
2)
"Captive Aerosols" should enable quantitative data/unit
mass to be fairly easily derived.
3)
Actual aerosols would provide more realistic
conditions, allow scattering phenomena to be looked
for, and (more difficult) effects of aerosol particle
size to be examined.
4)
Since our materials are hygroscopic, RH effects need to
be examined too, which is possible with free and
captive aerosols.
5)
The materials are not always spherical particles, so
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that a dry powder disseminator should be used in order
for aerosols of dry, non-spherical, particles to be
studied.
It is anticipated that particle size and shape will
6)
produce 2nd order effects, since we should be operating
with Rayleigh rather than Mie scattering regimes,
unlike with the IR.
7)
With IR, only absorption and emission have been
examined in any detail, with little seeing done with
back-scattering.
If possible with the millimeter
equipment, the signal produced by back-scattering
should be examined.
8) Again if possible, in terms of equipment and
suitability of location etc., another very useful
experiment would be to use terrestrial or solar
microwave radiation, instead of an active source. The
rationale for this is that there may be a possibility
of a passive microwave (rather than an active)
detection system.
The main reason for this format is to try to establish the
relative merits of using IR and microwaves, since at some time in
the future a decision will need to be made as to whether to go
for a detector working in the UV, near-IR, mid-IR, far-IR or
microwaves, or some combination of these. In addition, it must
also be kept in mind whether it is more difficult to defeat an IR
or microwave-based detector, as well as that the ultimate goal is
for a singfe device which remotely detects biological, chemical
and nuclear materials.
The suggestion made by Moyer was actually related to air
burning, not pyrolysis. He suggested that resistance heating
(1000 ° C) of globular proteins in air can be employed to produce
molecules that may be observable as vapor molecules at millimeter
wavelengths. Burning conditions can be adjusted to give

appropriate species. Formaldehyde, a molecule with a rich
rotational spectrum throughout the millimeter wavelength region,
is a product of such burning reactions. Filters remove smoke
from the air combustion of biological materials. In the case of
pyrolysis, the absence of air limits the molecular species to
those formed from the biological materials alone.
In the case of chemical agents, the spectroscopic
techniques, which have been discussed, are equally applicable for
investigations of the millimeter wave characteristics of such
agents. Some of the agents have strong microwave absorptions in
their natural molecular configuration. Other agents, when burned
in air as discussed by Moyer, flowed through a pyrolysis system
or exposed to dissociative laser radiation, will form organic
molecular species which may have millimeter wave/submillimeter
wave spectra. This aspect will have to be examined in detail.
During the time that microwave spectroscopy has been performed, a
large number of organic molecules with large dipole moments have
been examined. Some of these molecules might be produced as a
result of the fragmentation of larger chemical or biological
agents. A tabulation of the molecules that have been observed
through 1968 in the microwave/millimeter wave region has been
assembled in an NBS monograph [91]. At least three of the
chemical agents, hydrogen cyanide (AC), carbonyl chloride (CG)
and cyanogen chloride (CK), have strong microwave spectra in
their naturally occurring forms. The indication is that most
nerve gases have vapor pressures and the same applies to many
vesicants. Table 1 shows some of the chemical agents, their
physical characteristics and the disseminated form.
In the case of the V-agents, a class of nerve gases less
volatile than the G-agents, the collection of the compound on
plates may be a technique for obtaining sufficient material for
flowing through a dissociation apparatus for analysis in the
millimeter/submillimeter wave spectrometer.
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TABLE 1
CHEMICAL AGENTS

NAME OF AGENT
(U.S. SYMBOL)

PHYSICAL
CHARACTERISTICS

PHOSGENE
(C G)

COLORLESS
GAS

TABUN
(G A)

COLORLESS TO
BROWN LIQUID

AEROSOL, LIQUID
OR GAS

SOMON
(G B)

COLORLESS
LIQUID

AEROSOL, LIQUID
OR GAS

SARAN
(G B)

COLORLESS
LIQUID

GAS OR
LIQUID

VX

COLORLESS
LIQUID

AEROSOL OR
LIQUID

MUSTARD
H D

COLORLESS TO
PALE YELLOW
LIQUID

GAS OR
LIQUID

CS

WHITE CRYSTALLINE
SOLID

AEROSOL

DISSEMINATED
FORM
GAS

We have not, in this report, considered optical rotary
activity of biological species in the millimeter/submillimeter
wavelength region for biological species, but this is an area
that should be examined in detail. The subject has been
extensively investigated in the optical region and might be
equally applicable in the longer wavelength region.
Remote Sensing
Several remote sensing schemes exist and some have been
tested for the optical (IR through visible) spectral region.
Both active and passive techniques have been explored. Passive
techniques, equivalent to millimeter radiometry but capable of
covering much greater spectral range, do not provide range
information as a LIDAR system does. Calculations and some
laboratory experiments have indicated that potential for remote
sensing of biological agents exists. Laser fluorescence, LIDAR,
DIAL and passive rapid scan FTS techniques have been
investigated. However, in a real battlefield environment,
several detrimental factors enter due to atmospheric conditions
which will degrade the operation of a remote sensing system. In
Appendix 4, several considerations for remote sensing are
discussed. Many of these considerations indicate difficulties
which can be encountered in remote sensing. Appendix 5 discusses
the technique of laser fluorescence as a remote sensor of
biological agents. Radiation background in the UV would negate
the possibility of day-time detection. The considerations given
to remote sensing in most of the investigations performed thus
far have not included the scattering and absorption of dust,
natural aerosols and atmospheric molecules, all of which can have
greater concentrations than that of the biological species. The
results of propagation measurements performed during the DIRT
program [92] have demonstrated the severity of particulate matter
in the atmosphere with optical signals strongly attenuated whereas millimeter wave signals were only mildly attenuated except in
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the case of propagating through dirt and debris resulting from
large explosions in the propagation path.
The absorption coefficient of atmospheric dust is a quantity
of considerable importance for active remote sensors,
particularly for UV systems. Lindberg [93] has investigated
methods for measuring this quantity. Figure 42 demonstrates the
absorption coefficient of atmospheric dust samples as calculated
in Reference 93. The dotted curve represents the result obtained
without accounting for the absorption of light in the diluting
agent. The solid curve has been smoothed to eliminate
spectrophotometric noise. The error bars in Figure 42 represent
the result of an uncertainty in the input photometric data of
0.5% in the visible increasing to 1.0% in the IR.
The fluorescence of aerosols in the ambient atmosphere and
its effect on lidar determinations of pollutants have been
investigated by Gelbwachs and Birnbaum [94]. The limitations on
lidar can be overcome to some degree by a method in which the
aerosol fluorescence excited at two wavelengths is constant while
the molecular pollutant signals differ. The pollutants of
interest were molecular and not aerosols as the case would be for
biological agents so that the interfering signal from the
fluorescence of atmospheric aerosols might be difficult to
resolve from the desired biological fluorescence signal. In
addition, the presence of water particulates, fog, rain, etc, may
annihilate the signal originating from the biological agent.
Under severe atmospheric conditions such as these, however, it is
highly unlikely that chemical or biological agents will be
disseminated.
In work performed at SRI [95], measurements and calculations
were made to determine whether lidar fluorescence techniques can
be used to remotely detect and identify biological aerosols.
Measurements were performed on short range laboratory
observations, indicating that lidar could be used to detect
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biological aerosols at night at ranges beyond 1 km. Their
daytime background radiation level measurements were found to be
such that daytime measurements are possible.
On the basis of arguments given in this section and the
effects expected in the atmosphere, it is not likely that remote
sensing in the optical (IR through the UV) spectral region will
be possible. The techniques which are being developed in the
optical spectral region should, however, be applicable for point
detection schemes.
Remote sensing at millimeter wavelengths faces problems
different than those encountered in the optical region. The
question of whether it is possible to remotely detect biological
aerosols with microwave techniques must still be answered.
Whereas optical sensing is strongly influenced by atmospheric
particulates, sensing at millimeter wavelengths is relatively
insensitive to naturally occurring aerosols. The major
attenuator at millimeter wavelengths, except in rain, is water
vapor. Oxygen strongly absorbs in the 50-60 GHz band and at 118
GHz. Because of the H2 O and 0 2 vapor absorption, remote sensing
(radiometry, radar, attenuation of propagated signals) must be
performed in "transmission windows" since the strong molecular
absorption denies propagation at certain frequencies. Thus, a
biological absorption/scattering process, in order to be
detected, would have to occur in the high transmission regions
and, in addition, be of a resonance nature in order to be
distinguishable from background signal.
The possibility of a remote sensing system similar to DIAL,
which is a differential absorption lidar technique, could be
employed for the millimeter wavelength region. Two millimeter
systems operating at different wavelengths would be employed.
Here, one system would rely upon a resonance backscatter or
absorption at one wavelength whereas the second wavelength would
be free of any effects from the biological species. Since the
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scattering at millimeter wavelengths is mainly Rayleigh
scattering rather than Mie, it is possible to observe
backscattering from the aerosols. The X.
dependence of the
Rayleigh scattering decreases the intensity of the scattering at
millimeter wavelengths. For the absorption method, retroreflectors or topographical reflectors could be employed.
Varying lengths of path could be used to give an indication of
location of the BW agent cloud. The differential absorption
process offers greater sensitivity for determining the presence
of the agent.
The result of Cox and Bardich [96] on IR absorption of
simulant aerosols of bacteria, virus and toxin indicate that
similar millimeter wave techniques may be applicable for remote
detection of BW agent aerosols. However, on the basis of our
current knowledge of the interaction of biological materials with
millimeter wave, it is not possible to predict the potential for
remote sensing at long wavelengths. For such a capability to
exist, the interaction would have to occur in the transmission
windows shown in Figure 3-3 of Appendix 3, be limited to
frequencies below 400 GHz, have a resonance characteristics and
very high intensity (transition dipole moments can be large).
All of these factors are yet to be determined.
In-situ (Point) Detection
The purpose of this program has been to make recommendations
for the feasibility of detecting microbiological aerosols in a
remotely-positioned absorption cell exposed to the open air. All
of the techniques discussed in Section II are applicable as point
detectors and, with further comparative studies,a prioritizing of
the techniques as to their importance for biological detection
can be made. An initial estimate of the most appropriate
detection schemes would identify the untuned cavity, the FabryPerot resonator and the FTS. Auxiliary experimental techniques
to be used with these devices would include photoacoustic

118

methods, biological material collecting schemes, and material
preparation techniques such as air-burning, pyrolysis and laser
decomposition. The discussion of spectroscopic investigations
presented at the beginning of this section is also relevant to
in-situ detection.
For in-situ observations, a further question is what is the
smallest mass of bio-material that can be detected under ideal
conditions (i.e. against the background of laboratory air). The
work of Webb et al suggests that on the order of 10 8 bacteria may
be needed.
General Conclusions and Recommendations
This review has discussed many spectroscopic techniques that
would also be applicable as in-situ detectors for biological
agents and which can contribute to an understanding of the
interaction of biological species with millimeter wave radiation.
The last contribution is necessary if a possibility exists for
remote sensing of the biological species.
It is important that the microwave/millimeter wave
investigations be continued as they provide not only techniques
which complement those of other spectral regions but also allow
comparison with the effects being observed in other spectral
regions, such as the IR. It is highly possible that the eventual
detection system will be a multi-wavelength apparatus and that
millimeter waves will play an important role in this scheme.
Partlow (97] has pointed out that the sharply disparate
findings of experiments on biological resonance effects serve to
alert us to the fact that either we are not adequately
controlling all known variables or that there exist other
relevant factors which have not yet been identified. He regards
the control and/or identification of such variables as the
greatest challenge and most important future goal. Unless this
is accomplished, one can expect the results of future experiments
to be similarly clouded by lack of replicability. Partlow
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indicated that, in searching for new and/or uncontrolled factors,
four potential difficulties deserve careful consideration:
inadequate attention to exact quantification of
1)
absorbed power;
incomplete disclosure of all technical details needed
2)
by others for experimental replication;
failure to use sufficiently rigorous tests to av-oid
3)
thermal artifacts, and
4)
inadequate attention to apparently trivial experimental
details.
Since Partlow's comments, a more detailed report on the
Russian's experiments has appeared [98].
Once these details are observed in laboratory experiments,
then one may know what characteristics to look for in a sensing
system.
The importance of a biological detection and warning system
cannot be overemphasized. It is not only important for knowing
that troops have been exposed to a biological attack, but it is a
necessary defense capability for assessment of battle areas prior
to entry by troops, for protection of military installations and
for the protection of civilian areas. Biological warfare (BW) is
insidious not only because of its indiscriminate and widening
effects, but also because there currently is no simple way to
tell the difference between BW and a natural but unexpected
epidemic [99].
The ease of production and of dissemination
increases the threat even more.
If one compares the relative effects of NBC weapons [99], it
has been shown that a B-52, or equivalent, bomber, carrying a 20
megaton thermonuclear bomb or enough CW or BW agent, will create
the comparable results given in Table 2. The effectiveness of
biological agents is emphasized by this table.
Because of the concern for whether remote sensing schemes
will be applicable in the biological case, consideration should

120

TABLE 2
RELATIVE EFFECTS OF NBC WEAPONS (99)

NUCLEAR AGENTS

CHEMICAL AGENTS

BIOLOGICAL AGENTS .

100 SQ. MILES

100 SQ. MILES

AT LEAST 34,000 SQ.
MILES WITH ONLY 450
LBS OF AGENT

HUMAN LETHALITY
IN IMMEDIATE AREA
(UNPROTECTED)

98% LETHALITY

30% NOT NECESSARILY LETHAL

25-75% NOT NECESSARILY
LETHAL

RESIDUAL EFFECT

6-MONTH FALLOUT
WITH ADDITIONAL
1000 SQ. MILES OF
AREA

3-36 HOURS (NEARLY
SAME AREA

POSSIBLE EPIDEMIC
SPREAD TO OTHER
AREAS

TIME FOR TwoRnTATE EFFECT

qPrnNDS

71/2 SEC. TO 30
MIN.

A FEW TO 14 DAYS

REAL PROPERTY
DAMAGE, IMMEDIATE AREA

DESTROYED (NEARLY UNDAMAGED
36 SQ. MILES)

UNDAMAGED

VARIATION IN
EFFECT

LITTLE

WIDE, NEED NOT KILL,
ONLY INCAPACITATE

IMMEDIATE
EFFECTIVE
AREA

-

WIDE, NEED NOT
KILL, ONLY INCAPACITATE

be given to employing robotic techniques for operation of selfcontained point detectors on the battlefield. Such uses of
robotic methods are already under study [100] and NBC sensor
applications should be included in the investigations.
It is recommended that a continuation of the investigations
initiated in this program be carried out because of the
importance of BW sensing systems.
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Appendix 1
1. Survey of Relevant Literature
Considerable literature exists on subjects related to
millimeter/submillimeter wave resonance effects. Most of the
literature listed in this appendix has been reviewed by the
author of this report. Much must still be done to determine if
the subjects of this literature are important to sensing of
biological materials in the atmosphere.
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Appendix 2

Studies of Absorption of IR and MM
Waves by Biological Materials

This appendix presents a paper given at the Sixth
International Conference on Infrared and Millimeter Waves, Miami
Beach, Florida, Dec. 12-17, 1981. It briefly describes
measurements performed at submillimeter wavelengths during the
program. The results and their significance are described in
greater detail in the main part of this report.
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Studies of Absorption of IR and MM Waves by Biological Materials
C. Cox and I. Bardich
Chemical Systems Laboratory
Aberdeen Proving Ground
Edgewood, Maryland 21010

and

J. J. Gallagher and 0. A. Simpson
Engineering Experiment Station
Georgia Institute of Technology
Atlanta, Georgia 30332

Abstract

Investigations are being performed on biological materials
at infrared, millimeter and far infrared wavelengths.
Preliminary results have been obtained in all spectral regions
investigated. This paper will be mainly concerned with the
initial results obtained in the far infrared region by FTS and
laser techniques. A brief description of the millimeter wave
experiments will be given with a discussion of employable
techniques for mm and other wavelengths.
I.

Introduction

A modified Grubb-Parson Fourier Transform Spectrometer (FTS)
was used in performing power transmission measurements in the
regions 5-15 cm -1 and 20-30 cm -1 with a resolution of 1 cm -1 .
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The two spectral regions were defined by the efficiency of the 7
mil mylar beam splitter in the spectrometer. These measurements
were an initial effort to identify absorption features in the
spectra of several materials. Far-infrared laser transmission
measurements were performed where spectral structure was
indicated as a test for agreement and to determine absolute
magnitudes of the loss coefficient.
The FIR laser is shown in block diagram form in Figure 2-1.
A CO 2 laser pumps a FIR laser of the waveguide type. The FIR
beam was divided by the beam splitter BS. The reference signal
I b , after detection and amplification by a Golay cell and lock-in
amplifier, entered the denominator channel of the ratiometer RA.
The signal I a transmitted through the sample was detected by
another Golay cell. This signal, after lock-in amplification,
became the numerator signal in the ratiometer. Values of I a /I I0
yieldnormazexpintalsg.Thimetodas
important advantage of eliminating any fluctuations in the FIR
power arising from laser instabilities.

II. Experimental Methods and Results
Measurements on yeast consisted of a series of transmissioninsertion loss measurements with the FIR laser at several
frequencies. The sample was contained in a fixed pathlength cell
with windows of 1 mil polyethylene 2.0 inches in diameter.
Determinations of the total window-sample thickness were made at
several positions over the face of the cell, since the yeast
packing was seen to vary and an average pathlength was
determined. The FIR laser had a beam cross section larger than
that of the cell. The detector sampling solid angle was
sufficiently large to ensure a transmission averaging over the
path-density variations.
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.Figure 2-1 Block diagram of the FIR laser spectrometer: M, mirrors; G, grating; L, lens; PZT,.
piezoelectric transducer; C, chopper; D, detectors; BS, beamsplitter; FP, Fabry-Perot interferometer;
S, sample; LI, lock-in amplifier; RA, digital ratiometer; SC, stripchart recorder.

Transmission measurements were made on a 1 mil polyethylene
sheet and the yeast/cell with the FIR laser at each laser
frequency. Using the relation

where

I t = I o T 2 e -ax
I t = transmitted intensity
I o = incident intensity
T = transmission of single polyethylene sheet
x = sample pathlength
a = loss coefficient (includes both reflection
and absorption losses),

the loss coefficient of the yeast was determined at each
frequency. The results are plotted in Figure 2-2 with a maximum
error in the data of ±5% and are also given in Table 1.
FTS transmission measurements were performed on powder
samples of Bovine Albumin, Serratia Marcescens, and Bacillus
Niger and on liquid DMMP. Films of each powder material
(approximately 1 mm thickness) were contained in a cell with two
windows of 1 mil polyethylene sheets. Transmission measurements
were made with the FTS on a double thickness (two sheets) of the
1 mil polyethylene to determine the signal loss due to the cell
windows and atmospheric water vapor. This power transmission
spectrum will be referred to as the background spectrum.
Transmission measurements were then performed with the FTS on
each powder material. The power transmission spectrum of each
sample/cell was divided by that of the background to remove
signal loss contributions from the polyethylene windows and water
vapor. The results are shown in Figures 2-3, 2-4, and 2-5.
The liquid DMMP was contained in a rigid, thick walled
polyethylene cell with a mean sample pathlength of 300 gm. As
described above, a background power transmission spectrum was
determined with the FTS for the empty cell and divided into that
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Figure 2-2 Yeast loss coefficient determined from FIR laser transmission measurements.

Table I.

A

Power Transmission and Loss Coefficient of Yeast

V

Transmission*

Loss Coefficient }

(um)

(cm 1 )

292.6

34.2

0.079

17.80

330.0

30.0

0.265

12.43

393.6

25.4

0.295

8.97

407.3

24.6

0.301

8.44

432.5

23.1

0.371

6.97

447.5

22.3

0.386

6.69

570.5

17.5

0.570

3.95

663.0

15.1

0.683

2.68

890.0

11.2

0.735

2.17

1)

*Yeast thickness = 1.422 mm, density = 0.831 gm/cm

(cm

3

t The loss coefficient above consists of both reflection and true absorption
losses.
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of the DMMP liquid/cell to remove signal loss contributions from
the cell and water vapor. The results are shown in Figure 2-6.
Because a strong absorption line was indicated near 12 cm -1 , the
FIR laser was used to determine the loss coefficient at several
frequencies in this region. Transmission measurements were
performed on the empty polyethylene cell and DMMP liquid/cell at
each laser frequency. Using the relation
I t = ITe -ax
as before, where T is the transmission of the polyethylene cell,
the loss coefficient, a(7) was determined. The results are given
in Table II.
III. Conclusions
These initial experiments indicate the existence of
absorption in the materials investigated with the possible
presence of a narrow absorption in the liquid DMMP. Although
preliminary in nature, the results do support the predictions of
Frohlich and others on the resonant absorption of biological
materials. Further investigations under more controlled
experimental conditions are necessary and these will be performed
as this is extended.
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Table II. Power Transmission and Loss Coefficient of Liquid DMMP.

Transmission

A

Loss Coefficient
(cm-1 )

(Um)

(cm 1 )

890.0

11.2

0.499

23.17

764.1

13.1

0.357

34.33

330.0

30.3

0.208

54.34

* Liquid pathlength = 300 pm.
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Appendix 3

Millimeter and Submillimeter Wave
Techniques for Biodetection

This appendix presents a paper given at the Army Research
Office Biodetection Workshop, North Carolina State University,Raleigh, North Carolina, July 13-15, 1982.

157

Millimeter and Submillimeter
Wave Techniques for Biodetection
James J. Gallagher
Engineering Experiment Station
Georgia Institute of Technology
Atlanta, Georgia 30332

Millimeter and submillimeter wavelengths offer potential
spectral regions for remote sensing of biological species in the
atmosphere. Both radar and radiometry provide techniques which
can detect absorption or resonant effects within a cloud of
aerosols or vapors. In addition, changes in reflectivity of
surfaces as a result of dissemination of biological materials can
be detected by periodic monitoring and up-dating of
reflectivities recorded by these sensor systems. In the area of
in-situ measurements of biological materials, several
spectroscopic techniques, employed in the
millimeter/submillimeter wavelength region, can be considered.
Figure 3-1 shows a typical millimeter wave radiometer
employed, in the case shown, for detection of water vapor in the
atmosphere at a frequency of 183 GHz. The radiometer is a
superheterodyne receiver with the harmonic of a klystron as the
local oscillator. With a mechanical chopper, which also serves
as a reference for a synchronous detector, the radiometer
alternately views the sky (or spatial region of interest) and an
ambient reference load, with which the scene temperature is
compared. A dual frequency system, with one frequency tuned to
the resonant frequency of the biological species and the second,
off-frequency will serve as a differential absorption (or
emission) system. The same can be done with a dual frequency
radar using a retroreflector or terrain as a backscatter device.
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In order to employ these remote detection schemes at
mm/submm wavelengths (30 GHz - 400 GHz, corresponding to 10 mm to
0.75 mm), two factors must be considered. The first is the total
attenuation of the atmosphere over the transmission path between
sensor and target. Because of the large atmospheric absorption
due to_water vapor and oxygen, transmission at sea level is
limited, in the case of ranges on the order of 1 km and greater,
to spectral "windows" outside of or on the wing of atmospheric
absorption regions. These are relatively wide spectral regions
which decrease in transmission capability as wavelength becomes
shorter. Figure 3-2 shows the total attenuation for one-way
transmission through the atmosphere. Window regions exist at 35,
94, 140, 220, 340 and 400 GHz. For horizontal attenuation in
dB/km, Figure 3-3 shows the effects on millimeter transmission
both at sea level and 4 km altitude, where absorption is
considerably reduced. It must be pointed out here that, in the
case of an active system (radar), if limited range is desired,
the system can be operated within an absorption frequency region.
This is the concept of covertness or low-probability-of-detection
radar in which the exponential absorption term, e - 2aR (a =
absorption coefficient and R = range), limits range to a desired
value, short of the distance to enemy sensors.
In addition to atmospheric vapors (0 2 , H 2 O), other
constituents occurring within the atmosphere can result in
attenuation of millimeter and submillimeter wave radiation.
Figure 3-4 shows the effects of rain and fog (or clouds), in
addition to water vapor/oxygen absorption, over the spectral
region from microwaves through the visible region. The opacity
of the atmosphere at short submillimeter wavelengths due to
atmospheric vapors is evident from this curve. Rain attenuation
increases as a function of frequency to about 90-100 GHz and then
levels to (approximately) one value through the visible region.
Fog/cloud attenuations increase to low visibility values. Thus,
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in fog, military smokes, cloud coverage, dust and other
atmospheric aerosols, remote sensing in the millimeter/submillimeter wavelength regions has considerable advantage over IR,
visible and UV sensors. In-situ point sensing systems, on the
other hand, do not depend on atmospheric conditions so that
mm/submm spectroscopic techniques are applicable.
The second factor of importance for sensing of biological
species by remote or in-situ techniques is the existence of
nonthermal resonance effects in the biological material. The
microwave region has been the spectral region of interest for
several investigations of the effects of radiation on biological
materials, but these have been thermal in nature. During the
past decade, investigations in Russia, France, Germany, and
Canada/USA have concentrated on resonance effects. Efforts of
other investigators have not been successful and have questioned
reported results. Liquid water in solutions is a strong
deterrent to the observation of biological resonances although
its absorption is lower than in the IR. It is expected that
large molecules of biological materials will have low frequency
modes active in the submillimeter range. Hemoglobin and
chlorophyll with relatively heavy metallic constituents are submm
absorbers. Work has been performed on transmission measurements
in globular proteins, the enzyme lysozyme in crystalline state,
chlorophyll in aqueous or non-polar solutions, and submm EPR of
Fe 3 + ion in hemoglobin. Low frequency Raman scattering
complements the submm observations.
In an effort to ascertain if resonances occur in biological
materials of interest, preliminary investigations have been
performed under the sponsorship of CSL. Millimeter wave
reflectivity and transmission measurements were made on several
materials in the regions of 30-40 GHz and 50-60 GHz. No
significant results were observed. A broad absorption across the
band showing no resonance was observed and this was strongly
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affected by standing wave effects. More accurate techniques are
required to obtain dependable results.
Results obtained with a Fourier Transform Spectrometer (FTS)
and an optically pumped laser in the submillimeter wavelength
region showed interesting results and potential for resonance
effects. The materials investigated were simulants of biological
species of interest to the Army.
The following brief discussion presents the initial
measurements made under the CSL program. More detailed
discussions are presented in the report under Contract No. DAAK20-80-C-0031.
A modified Grubb-Parson Fourier Transform Spectrometer (FTS)
was used in the form of power transmission measurements in the
region 5-15 cm -1 and 20-30 cm -1 with a resolution of 1 cm -1 . The
two spectral regions were defined by the efficiency of the 7 mil
mylar beam splitter in the spectrometer. These measurements were
an initial effort to identify absorption features in the spectra
of several materials. Far-infrared laser transmission
measurements were performed where spectral structure was
indicated as a test for agreement and to determine absolute
magnitudes of the loss coefficient.
The FIR laser is shown in block diagram form in Figure 3-5.
A CO 2 laser pumps a FIR laser of the waveguide type. The FIR
beam was divided by the beam splitter BS. The reference signal
I b , after detection and amplification by a Golay cell and lock-in
amplifier, entered the denominator channel of the ratiometer RA.
The signal I a transmitted through the sample was detected by
another Golay cell. This signal, after lock-in amplification,
became the numerator signal in the ratiometer. Values of I a/I b
yieldnormazexpintal.sg Thimetodas
important advantage of eliminating any fluctuations in the FIR
power arising from laser instabilities.
Measurements on yeast consisted of a series of transmission-
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insertion loss measurements with the FIR laser at several
frequencies. The sample was contained in a fixed pathlength cell
with windows of 1 mil polyethylene 2.0 inches in diameter.
Determinations of the total window sample thickness were made at
several positions over the face of the cell, since the yeast
packing was seen to vary and an average pathlength was
determined. The FIR laser had a beam cross section larger than that of the cell. The detector sampling solid angle was
sufficiently large to ensure a transmission averaging over the
path-density variations.
Transmission measurements were made on a 1 mil polyrethylene
sheet and the yeast/cell with the FIR laser at each laser
frequency. Using the relation:

where

I t = I T2e- ax
I t = transmittted intensity
T o = incident intensity
T = transmission of single polyethylene sheet
x = sample pathlength
a = loss coefficient (includes both
reflection and absorption losses),

the loss coefficient of the yeast was determined at each
frequency. The results are plotted in Figure 3-6 with a maximum
error in the data of ±5% and are also given in Table 1.
FTS transmission measurements were performed on powder
samples of Bovine Albumen, Serratia Marcescens, and Bacillus
Niger and on liquid DMMP. Films of each powder material (approximately
1 mm thickness) were contained in a cell with two windows of 1
mil polyethylene sheets. Transmission measurements were made
with the FTS on a double thickness (two sheets) of the 1 mil
polyethylene to determine the signal loss due to the cell windows
and atmospheric water vapor. This power transmission spectrum
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will be referred to as the background spectrum. Transmission
measurements were then performed with the FTS on each powder
material. The power transmission spectrum of each sample/cell
was divided by that of the background to remove signal loss
contributions from the polyethylene windows and water vapor. The
results are shown in Figures 3-7, 3-8, and 3-9.
The liquid DMMP was contained in a rigid, thick walled
polyethylene cell with a mean sample pathlength of 300 mm. As
described above, a background power transmission spectrum was
determined with the FTS for the empty cell and divided into that
of the DMMP liquid/cell to remove signal loss contributions from
the cell and water vapor. Because a strong absorption line was
indicated near 12 cm -1 , the FIR laser was used to determine the
loss coefficient at several frequencies in this region.
Transmission measurements were performed on the empty
polyethylene cell and DMMP liquid/cell at each laser frequency.
Using the relation
I t = I o Te -ax
as before, where T is the transmission of the polyethylene cell,
the loss coefficient, am was determined. The results are given
in Table II.
These initial experiments indicate the existence of
absorption in the materials investigated with the possible
presence of a narrow absorption in the liquid DMMP. Although
preliminary in nature, the results do support the predictions of
Frohlich and others on the resonant absorption of biological
materials. Further investigations under more controlled
experimental conditions are necessary and these will be performed
as this work is extended.
In performing these experiments, techniques were employed
that were readily available. Several techniques in the mm/submm
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wavelength region can provide improved observations of the
resonant effects. These include untuned cavity schemes, FabryPerot interferometers and photoacoustic detection methods.
The author is indebted to Stan Mumford, Iry Barditch of CSL,
and Chris Cox, who was visiting CSL at the time of this work, and
to Orman Simpson of this laboratory, for their support,
discussions and participation in the program.

Note: The curves of Figures 3-7, 3-8 and 3-9 were smoothed to
show only the attenuation trends. Effects due to FTS
beamsplitter, water absorption and any resonant absorption of the
materials, comparable with the spectrometer noise have been
removed.
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Table I.

Power Transmission and Loss Coefficient of Yeast
Transmission*

V

(um)

(01-1

Loss Coefficient t

)

(cm 1 )

292.6

34.2

0.079

17.80

330.0

30.0

0.265

12.43

393.6

25.4

0.295

8.97

407.3

24.6

0.301

8.44

432.5

23.1

0.371

6.97

447.5

22.3

0.386

6.69

570.5

17.5

0.570

3.95

663.0

15.1

0.683

2.68

890.0

11.2

0.735

2.17

*Yeast thickness = 1.422 mm, density = 0.831 gm/cm

3

t The loss coefficient above consists of both reflection and true absorption
losses.
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Table II. Power Transmission and Loss Coefficient of Liquid DMMP.

Loss Coefficient
1
(cm )

v

(pm)

(cm 1 )

890.0

11.2

0.499

23.17

764.1

13.1

0.357

' 34.33

330.0

30.3

0.208

54.34

Ui

Liquid patnlength = 300 pm.

Transmission

*

A

APPENDIX 4
Some Considerations for NBC Remote Sensing
Remote sensing of nuclear, biological and chemical (NBC)
agents in a battlefield environment is a formidable task, but the
potential for NBC contamination requires a capability for
detection by both ground and airborne systems. The contamination
which must be automatically detected occurs in the form of gas,
aerosol and toxic rain clouds. The remote sensing system (RSS)
must be capable of detecting terrain and airborne contaminations.
Currently funded NBC remote detection systems and other
approaches previously investigated form a basis for further
investigation of new concepts for NBC detection systems. New
approaches must perform better .and possibly with improved cost
and size compared to current and previously considered systems.
Rejected approaches should be re-evaluated in the light of recent
developments. The capability to perform remote sensing
throughout the electromagnetic spectrum suggests that some sensor
techniques may have been overlooked, particularly since much more
data are needed on the spectral characteristics of the NBC
agents.
However, flexibility is needed in the program so that
modifications can be made as data and experience are gained. In
addition, one must determine the suitability of the simulants to
be employed since there does exist a danger of building a
detector for simulants only. Thus, in the analysis and eventual
design of a promising NBC/RSS, care must be taken to assure that
the sensor will detect simulants and agents, differentiate
between classes of agents (nuclear, biological or chemical) and
discriminate between agents within the same class. We would want
to know the particular agent: or agents which are being
disseminated. Thus, one might anticipate that in the chemical
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agent class there could be hundreds of agents from which we would
have to identify a specific agent.
In preparation for performing a sensing program, it is
possible to anticipate many problem areas which can significantly
influence performance. We will enumerate only a few of these
problem areas here:
1.
In the case of an airborne agent, discrimination
against background is important. Screening smokes, dusts, smoke
from guns, rocket launchers, burning vehicles and burning rubber,
etc., and effluent from sewage disposal plants and other disposal
systems can be present. Naturally occurring atmospheric
conditions can impose considerable limitations on range
capability of an NBC/RSS. This is definitely the case in adverse
weather conditions, such as high humidity, rain, snow and fog.
In many cases, only atmospheric windows may be available so that
the spectral coverage of a single sensor can be limited. This in
turn places restrictions on the variety of NBC agents which can
be detected by a single sensor. One might be compelled to
consider more than one sensor operating simultaneously in a
complementary manner.
2.
For ground contamination, the presence of agents may be
"shadowed" from observation by the RSS in a ground-based or
airborne vehicle because of low terrain features. The materials
may lie just under the soil surface making detection by
propagation through the soil very difficult. It is also necessary
to differentiate from natural soil constituents. Such materials
might include natural microflora, clays, phosphates, chlorides
and general organic materials. Differentiation of biological and
chemical agents from the above soil constituents could be
difficult. Soil characterizing throughout the world would provide
an important data base.
3.
Thus far, the known spectral parameters for different
agents are limited. Data for UV, IR and MM wave RS applications
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must become available for the wide range of NBC materials.
4.
In analyzing the NBC/RSS, realistic testing of the
system must be planned. It must be expected that deployment of
the apparatus will be world wide with potential operating
scenarios in Western Europe, the Middle East, maritime
environments and polar sites. A wide range of ambient operating
conditions and background exist. The Electro-Optical Systems
Atmospheric Effect Library (E-0-SAEL)[4-1] is providing the data
base and appropriate codes for operation in Western Europe, but
this must be extended to include potential deployment areas
throughout the world. It is also important to analyze the system
for use not only in battlefield scenarios but for protection of
fixed installations, e.g., airfields or Army bases.
5.
The operating scenario presents a variety of additional
effects which can be detrimental to the operation of the sensing
system. Limited line of sight is a factor of concern for E-0 and
MMW systems in Western Europe because of terrain structure and
density of man-made structures. It will prevail for many other
global points. Battlefield noise and vibration will be factors
influencing signal-to-noise ratios, sensitivity and even
feasibility of particular systems (e.g. use of acousto-optic
devices). The ambient operating conditions can cause effects
detrimental to operation by reduction of the effect on which the
sensor is based. Thus, for a system relying on fluorescence by
the agent, fluorescence quenching below an observable threshold
can result from a battlefield-contaminated environment. High
relative humidity can change the nature of an aerosol agent. For
a remote sensor such as DISC, relying on a refractive index as a
function of wavelength, high humidity can play an important role.
The biological agents are hygroscopic and therefore the
refractive indexes of biological species are RH-dependent. As a
result, DISC spectra for the biological materials will be RHdependent.
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6.
The limitations on spectral positions of agent
absorption or emission coupled with spectral limitations of
individual sensors imposed by the atmosphere has been mentioned
above. The feasibility of a multispectral sensor system
employing outputs from detectors sensitive in several spectral
regions may result in a sensor system which can uniquely classify
a particular agent. Multispectral signature work performed at
Georgia Tech on Landsat data and for military applications may
well provide a means for generating a three-dimensional image of
the agent cloud if gated active sources are used in each spectral
region.
7.
A factor which must be heavily weighed in analyzing the
operation of a remote sensor in a real battlefield is the
potential of the enemy disseminating obscuration smokes during
the time that the contaminants are being generated. One must
analyze not only the obscuration by the cloud due to Mie
scattering and absorption but radiative transfer between the
obscurant aerosols themselves and between obscurants and NBC
agents. The interaction of the NBC agents with all atmospheric
constituents must be examined. The effects of interaction of the
agents with the ground must be understood for evaluation of the
RS process.
8. An important consideration in analysis of an NBC remote
sensor is the method by which the contaminants are generated. It
is highly possible that, in some cases, interfering effluent
materials caused by the agent disseminator will result in
obscuration of the agent from the remote sensor or could serve as
a precursor for detection of the agent. This might be the case
for impact of an agent-carrying artillery shell or rocket. Early
acquiring of the signal from the agent is important from the
viewpoint of signal-to-noise. Figure 4-1 shows a rough sketch of
what one might expect in detecting the presence of an agent. At
the initial point of dissemination, the aerosol concentration is
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Figure 4-1. S/N of sensor as a function of aerosol dispersal.

very high in the form of a thick fog. The spatial distribution
of the agent is also very narrow. As the material moves
downwind, the maximum concentration decreases as the cloud
disperses until concentrations below the detection capability of
the RSS are reached. For some agents, such as F. tularensis
which will multiply in the host, concentrations may decrease
below the detection sensitivity of the remote sensor, yet still
be lethal with a time delay. This problem must be examined in
detail to assure that sensitivity levels will detect the lowest
lethal concentrations.
In this dispersion of the NBC agents, meteorological
information will be extremely important data. Such effects as
inversion layer heights will contribute toward the containment of
the aerosol cloud.
In this section, we have briefly discussed some factors
which will contribute to the understanding of an NBC/RSS.
There is a large number of remote sensors which have been
employed for sensing the earth's environment. These sensors
cover the spectral region from the UV to RF. This, however, may
well be the spectral coverage of absorption and emission
processes of the NBC agents. The sensors can, in addition, be
passive or active or combinations of both. Several sensors,
applicable in various parts of the electromagnetic spectrum, must
be considered. Because of the seriousness of the NBC threat, it
is important to investigate all potential detection schemes to
assure that an important aspect is not neglected. The
assumptions for the scenario and models employed must be correct
and realistic for proper evaluation of the NBC/RSS. A brief
description of some significant considerations of threat
materials, relevant to sensing, follows.
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NBC Threat Materials
Characteristics of Biological and Chemical materials:

Biological: Four types of agents work against man:
i.
ii.
iii.
iv.

Aero-stable, e.g. antrax spores
Aero-unstable, e.g. Francisella tularensis, VEE
Toxins
Plant and Domestic Animal Pathogens

The last agent (iv) may not be included as agents for
military use. Micro-organisms, e.g. bacteria, viruses,
rickettsias, owe their effectiveness to their ability to cause
diseases. For BW, these materials are disseminated as respirable
aerosols, i.e., 15 um diame-ter. Both micron-sized and submicron-sized particles are deposited in the respiratory tract.
Because micro-organisms, following the invasion of a host,
multiply (approximately, they double with number every 30
minutes), very few are needed to cause death, e.g. one F.
tularensis bacterium will cause the death of a host 50% of the
time, i.e. LD50 (LD = lethal dose) = 1 bacterium.
On a mass-of-agent basis, micro-organisms are extremely
effective. However, due to necessity for micro-organisms to
multiply in a host, there is a time lag between host infection
and the outward signs of infection. This delay can be 2-3 days
to 2-3 weeks, depending upon the micro-organism.
For aero-unstable agents to be effective, they are
stabilized through the addition of protecting agents to these
materials before aerosol dissemination. Protecting agents are
usually added to an early stage in the preparation of BW agents,
since the protectants aid in long-term storage. Further brief
statements will be made later about protecting agents.
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Toxins are produced by a variety of life-forms ranging from
bacteria to even toads. The nature of toxins is extremely
diverse. Some are simple proteins, others are lyso-protein
complexes, etc., while others have molecular structures other
than those of the usual biopolymers. In this last category,
saxitoxin is an example. It is one of the toxins found in shell
fish, formed by contamination of microbes and not by the shell
fish itself. Saxitoxin has been synthesized in large quantities
in the laboratory and therefore could be available in a fairly
pure form. While it may be supposed that to produce large
quantities of snake venom, for example, would be difficult, and
probably not worthwhile, the advent of genetic engineering makes
suspect this supposition. Snake venom has been investigated at
Georgia Tech by Raman spectroscopy [4-2].
The large scale production of toxins could be very simple,
in that a grain storage silo,suitably contaminated with fungus,
would yield large quantities of grain contaminated with mycotoxin
(myco - fungal source). This material following drying and
grinding yields a toxin agent powder suitable for aerosolization.
Because of the possibilities of toxin production and the recent
use of such agents, some emphasis must be placed on the detection
of mycotoxins and other toxins.
Cheinial ja:

There is a wide range of chemicals which are
potential CW agents. They range from C12, HCN, and PH 3 to the
mustards and the more toxic nerve agents.

Eptantially anythins ts/xig tQ man hhild b liaad.
Considerations such as required amounts, persistence, therapy,
ease of detection, etc. may dictate usefulness to an aggressor.
Many, if not most, CW agents are comparatively volatile and
their vapor hazard often is what counts. On the other hand,
nerve gases can penetrate the skin, especially if previously
blistered, for example, by mustards.
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Persistence as an aerosol is a function of particular size,
agent vapor pressure, etc. as well as whether the agent is
thickened. Thickeners are polymers such as poly-methacrylate
(plexiglass) which bulk-up chemical agents to provide chemical
rains with longer persistence when on the ground. Ground
contamination detection may be most easily achieved by looking
for the thickening agents. In this respect, non-thickened agents
may not be sufficiently persistent as to cause a hazard, i.e.,
there would be no need to detect them. This argument applies
also to their detection in rain-form before falling to the
ground.
Because thickening agents are polymers, their spectra seem
likely to have structure, which would provide numerous pattern
recognition parameters.
The chemical rain particle sizes cover considerable range
with the upper size in the mm, cm range.
Other possible materials which can be disseminated as agents
are hallucinogens, tranquilizers, etc.

Relatime. TQxicjty: Ranking is in terms of toxicity per unit of
agent mass 1.
Viruses
2.
Bacteria
3.
Toxins
4.
Nerve Agents
5.
HCN, C1 2 , PH3
Time pf Response tp Agent
1.
Nerve Agents, HCN, C12, PH 3 - few seconds
2.
Toxins - few to many minutes
3.
Bacteria, viruses, etc - day or weeks

185

Persistence Qn th. Ground
Anthrax, etc., spores, radioactive - years
1.
Bacteria, viruses, toxins - several hours to days
2.
3.
Thickened chemical agents - possibly hours
Non-thickened chemical agents - probably seconds to
4.
minutes
Important Biopolymers
proteins - polymers or amino acids
1.
2.
carbohydrates - polymers of sugars, e.g. glucose,
fructose
3.
lipids - polymers of fatty acids
4.
nucleic acids - polymers of purines, pyrimidines
as phosphates
Combinations also occur such as lyso-proteins.
Microbial Protecting Agents:
On a mass basis, the protecting agents (or additives) far
outweigh the micro-organisms. Therefore, the possibility exists
that the additives are likely to produce bigger signals than the
micro-organisms that they surround. Schematically, an aerosol
droplet can be thought of as shown.
Additive

Micro-organisms

Good protecting additives include culture media, simple
sugars, amino-acids, biopolymers such as proteins. For an
aggressor, the easiest procedure is to aerosolize either the
liquid microbial culture or to freeze-dry this and disseminate
the dry powder as an aerosol. More sophisticated approaches
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include separation of microbes from their culture media, which is
replaced with pure additive solution. This suspension then may
be aerosolized or freeze-dried. Even more sophisticated
techniques require the selective removal of particular components
of the growth media. One can never be sure of the chemical
composition of the droplet matrix in which micro-organisms will
be embedded. However, it is extremely likely to be very
hygroscopic and water soluble, so that it will readily
supersaturate. A similar argument applies to toxins.
In addition, it is quite likely that various mixtures of
viruses, bacteria, toxins and mycotoxins will actually comprise a
BW aerosol attack. Synergistic effects between mycotoxins and
micro-organisms has been observed.
Ouantities pf NBC Contaminant
The importance of a highly sensitive remote sensor is
emphasized by the considerations given above and by the
sensitivities given in Table 1, Toxic Materials and Sensitivity
Objectives.
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TABLE I
TOXIC MATERIALS AND SENSITIVITY OBJECTIVES
Agent

Sensitivity

Material Phase

Espential*:
10 ° 124 pairs
cm - sec
Depirable:
10' 'an pairs
3 - sec
cm

Radiation
induced
molecular
species in
air

Nuclear
Surface
Contamination

Emitters

Biological
Airborne
Contamination

Bacteria, Virus,
Rickettsia

5 particle
minute/1****

Airborne
particulates

Biological
Surface
Contamination

Bacteria, Virus,
Rickettsia

4.3 x 10 4
particles/m 2

Biological
organisms

Chemical
Airborne
Contamination

All Nerve Agents
Mustard
Lewisite

5 to 50 mg/m 2 **

Vapor,
aerosols,
agent rain

Chemical
Surface
Contamination

All Nerve Agents
Mustard
1 to 3 mg/m 2 ***
Lewisite

Liquid

*

Nuclear radiation level at the air/ground interface assuming
OH is the resulting species generated by 1 RAD/hr of fallout
radiation.

**

Concentration (C) path length (L) product where C is in
mg/m and L is in m.

*** Contamination density.
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These sensitivity values should be employed as goals for
NBC/RSS concepts. The most rigorous requirement appears to be in
the sensing of the airborne biological particulates.
The contamination level of 5 particle-minutes/liter is exceedingly small when one considers that the lethal dosage (LD 50 )
of Francisella Tularensis is one bacterium. The breathing rate
of man is 11.5/min. In order to give a man a heavy dose in 1
minute, a concentration of one bacterium/liter of air is
required. To assure a highly lethal dose, use a level of 10
bacteria/liter of air. On the average, a 5lim diameter droplet
contains 20 bacteria. Therefore, a low detection level should
approach 1 ACP/liter of air, where ACP is defined as an agentcontaining particle.
To estimate the mass of one bacteria (of diameter lam),
consider
the Mass =
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P—yr 3 )

where r = radius = 0.5 x 10 -4 cm
and P = 1.25 g/cm 3 , density.
The result of this calculation is that one bacterium weighs
6.55 x 10 -13 g so that 20 bacteria weigh 1.4 x 10 -11 g. This means
that the RS techniques should be able to detect approximately 1 x
10 -12 of biological agent/liter of air. The technique should be
responsive to about 1 mg of bacteria.
To be able to remotely
sense 1 mg would require sampling 10 8 of air. This is too large a
volume to sample. For a narrow beam, one could not observe over
sufficient pathlengths to respond to 1 mg of bacteria.
Any
possible scheme would negate gating of the signal to provide
range information. Beam broadening would be necessary but even
an 18 mrad beam width would still require sampling over
approximately 3000 m.

109

The sensitivity requirements for airborne bacteria,
therefore, appear to be quite idealistic, corresponding to about
5-20 bacteria to produce a lethal dose. Other sensitivities of
Table I seem reasonable; however, it will be necessary to
consider in detail the minimum detectable NBC agents which each
concept can achieve. The sensitivities of Table I should serve
as goals for the analysis. These sensitivities may be more
readily achievable for point-detection systems with sufficient
sample collecting techniques and integration over 5-10 minute
periods.

Detection Principles and Limitations
Technology available today permits one to consider use of
devices operating across the electromagnetic spectrum employing
several conceivable principles of operation. The systems may be
active or passive or combinations of both. The active systems
would employ radar techniques at all wavelengths in which the
return signal could be scattered return at the operating wavelength or a fluorescent (or Raman) return at a different wavelength. The passive systems employ radiometric techniques sensing
the temperature difference of the radiating agent and the ambient
background temperature. In all schemes, a differential system
must be employed by scanning a scene and continuously updating
the remotely sensed signal. The passive system has the disadvantage of not providing range information although schemes can be
investigated for providing such information. The radar methods,
employing active transmitted signals, may under some
circumstances be considered undesirable because of the lack of
covertness. Many techniques can enhance the active/passive
schemes which are the most probable methods. Thus, Optical
Rotary Dispersion which has been a subject of intensive interest
for biological and organic molecules might well result in
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increased signal-to-noise in an active system and could offer a
possible mechanism for differentiation against return from nonagent aerosols which may not experience the optical rotary effect. The acousto-optic effect, while most probably a potential
point sensor, can be thought of as a possible sensor of radiation
from a particular agent.
Combinations of several sensors as a multispectral signature
technique can use the best characteristics from each device.
Thus, a radiometric sensor, highly sensitive to radiation from
agents at several wavelengths, can be complemented by an active
sensor which is sensitive to some of the agents but can also
provide range information from the return signal from the agents.
Other techniques such as laser-induced chemical reactions
producing new molecular species from dissociation of agents might
be explored. Limitations exist for all systems and these must be
explored in detail. Included in the limitations are:
Obscuration and interfering return signals from atmospheric
contaminants such as dust, smoke and many battlefield
environmental effects.
Spectral bandwidth limits imposed by naturally occurring
atmospheric absorbers; operation in windows may be necessary and
this can limit the number of NBC species which can be sensed by
one RSS.
The ability of one sensor to be responsive to the three
agents must be demonstrated; optimum sensitivity (or even useable
sensitivity) from one device for all species must be
investigated.
Size and weight, performance traded-off against cost all can
affect the choice of sensor; platforms to be employed will be
functions of these factors.
The availability and applicability of existing hardware will
be important in conceiving new systems.
An important factor in analyzing limitations is the S/N of
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the conceptual apparatus. Background noise may be difficult to
predict due to the potential of its variety and rapid changes.
Detailed analysis of clutter, sky radiation and scatter, and
direct sun effects must be performed to predict performance for
each apparatus.

Current/Past Eamote Sensing Schemes
Included in the investigation of NBC remote detections
should be current and past sensing systems. These will include
the XM21, the UV laser-induced fluorescence system and CO2 laser
DIAL/DISC systems. Other lidars which have been used for
environmental pollution should be analyzed.
An investigation of these systems must provide corroboration
of past analysis, an opportunity to check analysis technology and
the advantage to review these systems in the light of recent
apparatus improvements. The continuous up-dating in hardware
technology can provide the means of making a system operative
whereas it had not been previously suitable as an RSS because of
equipment inadequacies.
The UV LIF system and the CO2 laser DIAL/DISC apparatus can
serve as standards for comparison of new NBC detection systems.
Performance of conceived systems must equal or exceed performance
of these two systems. Comparison must also be made with pointdetectors or devices which when placed in a vehicle can sample as
the apparatus is moved through a contaminated area.

Mobile Platforms
The NBC remote sensors must be designed for deployment on
several platforms. It is important from a cost and size basis
that the system be designed to be useable interchangeably on all
platforms with minor or no modifications.
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For tactical battlefield surveillance, the systems must be
investigated for use on tracked vehicles, rotary wing aircraft
and propeller or jet aircraft. It will be necessary to review
characteristics of all vehicles to determine the size and
position on the vehicle of the detector system. The deployment
of active systems, the radiation of which can be detected by an
enemy, or, for that matter, an apparatus of any reasonable size
which would distinguish the vehicle from others, is a delicate
matter requiring discussion with the battlefield commanders.
The placing of a sensor on a low-flying aircraft will
require analysis of atmospheric conditions. Since even for these
aircraft, slant angle observation is strongly dependent upon the
altitude dependence of heavy fog and low-lying clouds.
Other platforms bearing investigation are satellite and
high-flying aircraft such as U-2's. Here, cloud cover will be an
important factor in determining the operating wavelengths. Cloud
penetration is best achieved at long-wavelengths, e.g. MMW to
microwaves. However, a data base on NBC agents must be
established for the longer wavelength spectral region.
For the case of an Army or airfield installation, a fixed
platform capable of seeing in all directions and to sufficient
range to assure suitable time to react to a threat can be used.
In turn, size may be important here, and more complex systems may
be appropriate for the application. Line-of-sight is important
so that platform height must be studied. Completely different
sensor concepts might be applicable, where meteorological
information is more readily available, and terrain and objects
(e.g. reflectors) may be more stable and employable for reflected
signal than the background observed from a moving platform.
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Analytical Models
Analysis of a system requires several models which can be
computer modeled and simulation of system performance given.
Georgia Tech has performed many modeling programs on systems,
battlefield scenarios and environmental effects. These models
cover the visible through microwave region. Computer codes from
AFGL, E-0 SAEL and other sources are available. Several codes
have been generated internally. For each concept investigated,
an analytical model has to be developed, using new codes where
necessary or employing existing ones where possible. The model
of the conceptual system must include its operation under all
anticipated physical conditions.

Information Processing
The ability of an NBC/RSS to perform under operational
conditions and to provide rapid warning of a threat is determined
by the information processing system. Data processing techniques
are strongly supported activities at Georgia Tech because of the
needs of field tests, flight programs, simulation and modeling,
and the pattern recognition studies associated with Landsat and
military applications. The usefulness of scene synthesis, based
on available data, must be explored as an initial input to a
remote sensor as a means of indicating what type of background
signals to expect.
Among the factors for consideration in each conceptual study
are:
expected data rates
pattern recognition scheme
differential techniques, constant up-dating of signal
response
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automatic detection for all concepts
microprocessor development for all concepts
low false alarm rates
real time presentation or warning
integration, time required for acquiring sufficient
signal strength for warning of a threat; signal
enhancement methods
search, scan rates for initial acquisition of signal
detection of a response and discrimination against
other phenomena capable of causing a response.

Potential Detection Principles -NaN and Previously Explored
Concepts
As potential concepts for NBC detectors, several detection
principles can be investigated. These schemes include the
following:
1.

2.

3.

4.

Laser-induced Fluorescence, a potential technique for a
conceptual system from UV through IR wavelengths.
Actually, microwave/millimeter wave fluorescence has
been observed when excited by IR lasers. One could
consider a 10.6 am lidar with agent response in the IR
and a further fluorescent response at millimeter
wavelengths.
DIAL/DISC CO2 Lidar Systems which have been
investigated previously and are currently potential
systems.
Infrared Absorption and Emission, which can be detected
in retro-reflection from targets or naturally-occurring
reflectors and by radiometric schemes.
Millimeter Wave Radar, which has been shown to be
capable of generating and detecting Rayleigh scattering
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5.

6.

7.

8.

from molecular species, can be used to detect
absorption in path of return signals and, for aerosol
particles of particular sizes, can be attenuated by Mie
scattering and absorptions. Ranging by gating
techniques provides location information on aerosols.
Spread spectrum techniques should be explored as a
technique for differentiating background from
particulate return.
Millimeter Wave Radiometry will provide a possible
mechanism for detecting molecular species and/or
emission from other particulate matter. In some cases,
cloud formations are penetrated. Ice clouds have been
shown to reflect space or earth radiation. Techniques
for ranging are being explored.
Several channels,
narrow or wide in frequency coverage, are possible.
Resonance Raman Techniques must be explored further for
applications in the NBC agent detection role. Tunable
laser sources, with sufficient energy for excitation,
are needed in some of these applications.
Optical Rotary Dispersion for enhancement and
discrimination of agent response in the presence of
other radiative sources, which may not undergo
sufficient optical rotation to be detected along with
the rotated signal from the NBC species.
Acousto-Optic Detection can be used as a point detector
but it can also be explored as a remote detector
resonant at the wavelength of the contaminant signal.
An acousto-optic detector filled with an absorbing
material resonant at the wavelength of incoming NBC
emission or response to an active system could serve as
a detector itself. Advantages of this scheme are that
the cells are cheap, they respond over a broad spectral
range and are highly sensitive devices. A series of
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cells could be employed, each tuned to a different
signal.
In addition to the above devices, the following can be explored:
9.
10.
11.
12.
13.
14.
15.
16.
17.

IR DIAL/DISC (other than CO2)
IR Passive Detection (Superheterodyne)
Rapid Scan FTS Radiometry (IR through MMW)
New Molecular Species Induced by Nuclear Effects
Thermal Imaging
Combined Active/Passive Systems
Ranging with Passive Systems
Surface Enhanced Effects (Fluorescence/Absorption/
Emission/Raman)
Multi-Spectral Signature Techniques

Whereas all these potential schemes should be investigated,
a preliminary analysis would narrow the range of concepts to the
most probable for success. No system should be eliminated
without substantial support that it will not perform. One system
which must be considered as warranting considerable analysis is
the Multi-Spectral Signature Techniques, which could consist of
combining any of the above techniques to provide significant
outputs at several wavelengths. Because of the diversity of
spectral responses expected from the agents, it may be necessary
to use several signals to provide a unique signature of the
agents. The combination of responses from several wavelengths
could serve to define a signature, distinct from other
comtaminants in the scene. Analysis would consist of analyzing
individual systems and combining responses. This procedure is
followed in multi-spectral analysis, performed at Georgia Tech,
and techniques and codes are available to perform this analysis.
Quantifying data could be obtained from combining existing
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sensors without extensive development programs. Tests performed
in chambers or in the field could provide the data necessary for
demonstrating the principal. Where particular sensors do not
exist or have to be improved in sensitivity, some minor
development would be needed.
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APPENDIX 5
Notes on UV Techniques for Remote Sensing
One of the most promising techniques for remotely detecting
and measuring both airborne and ground NBC contamination from
both a ground vehicle and a rotary wing aircraft would employ the
ultraviolet spectral region.
The UV techniques which hold greatest promise involve laserinduced fluorescence LIDAR techniques. Investigations performed
under CSL sponsorship have indicated that LIDAR is a potential
system for remote detection of biological contaminants. Despite
the potential which has been demonstrated, caution must be
exercised in applying LIF/LIDAR schemes to the sensing of the
three contaminants, nuclear, biological and chemical, in a real
battlefield environment.
It is possible to anticipate many problem areas which can
significantly influence performance. The areas discussed in
Appendix 4 are applicable to UV sensing systems.
In the UV, reflected and direct solar radiation will cause
background limiting of the LIDAR detection system, as will sky
radiation and scattering. Filtering, gating of the
photomultiplier, and signal processing must be fully utilized to
reduce background effects for daytime operation.
The characteristics of soil spectral response must be fully
understood for applications in the UV. Radiative effects,
reflectivity and scattering must be known for soils and the
constituents. It is necessary to investigate surface effects on
the interaction of contaminants with LIDAR signals, whether it be
degradation or enhancement of scattered radiation or laserinduced fluorescence.
Thus far, the known spectral parameters for different agents
are limited. Data for UV-RS applications must become available
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for the wide range of NBC materials.
The design of an NBC/RSS to be used in a helicopter or
ground-based vehicle must include consideration of the manner in
which the apparatus will be employed on the battlefield. It is a
fact that vehicles (air or ground) are considered vulnerable when
radiating on a battlefield. For an effective sensor of NBC
contaminants, it is necessary that prolonged operation in a
scanning active mode be employed. Passive sensors will not
provide range data, so that, if NBC emission were sufficiently in
excess of UV background it may be possible to employ an
active/passive technique in which the active system is employed
for short periods of time for ranging only after the NBC
contaminant has been detected and located. Covertness of the RSS
must be studied in design of the systems.
The sensors of interest here are those which are operative
in the ultraviolet part of the electromagnetic spectrum. The
phenomena on which the remote sensors will rely are the
absorption and emission processes of the contaminants, for which
much more spectroscopic data are required. The leading candidate
for the sensor system is a LIDAR system employing laser-induced
fluorescence. Passive systems can be considered, but these not
only do not give range information but emission characteristics
of NBC materials must be understood relative to the strong UV
background. Absorption spectra of biological and chemical agents
are broad and may not be detectable when the receiver bandwidth
is sufficiently wide to observe the broad absorption. Because of
the seriousness of the NBC threat, it is important to investigate
all potential detection schemes to assure that an important
aspect is not neglected. The assumptions for the scenario and
models employed must be correct and realistic for proper
evaluation of the NBC/RSS.
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System Limitations

Operation of an NBC remote sensing system in the ultraviolet
wavelength region is restricted to some degree by atmospheric
effects, background radiation and reflection of incident
radiation, the spectral regions in which the NBC contaminants
will absorb and fluoresce, the effects of battlefield
contaminants and the operation of the system in adverse weather
conditions. In addition to these considerations, one must
provide for covertness of the system in a battlefield operation,
be aware of countermeasure techniques which can be employed by
the aggressor, and provide safety measures against hazards
encountered in operation of the system.
The atmospheric molecular absorption which occurs in the UV
limits operation of the apparatus to wavelengths greater than 260
nm. Some of the smaller molecular chemical contaminants have
absorption spectra in the region of 180-200 nm, where molecular
atmospheric absorption shows a reduction of absorption. This
reduction is not significantly great when consideration is given
to the increasing absorption of dirt/dust aerosols as wavelength
decreases. The work of J. Lindberg et al. [5-1] shows that a
large increase in dirt aerosol absorption occurs as UV
wavelengths decrease. Coupled with this effect is the variation
of absorption of aerosols as a function of humidity. The dirt
aerosols are hygroscopic to some degree so that one can expect
multi-layered aerosols will be airborne, and the
scattering/absorption characteristics of these particulates will
have to be investigated. These results are supported by Air
Force Geophysical Laboratory data. This then suggests two
critical effects. In the presence of atmospheric dust, the
NBC/RSS will be range limited and a lower wavelength limit of
approximately 0.3 pm exists.
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Background effects and atmospheric scattering will cause
saturation of receivers during daytime operation unless
precautions are taken to avoid these effects. Narrowing of
bandwidth, pulsing of the photomultiplier and signal processing
will have to be investigated in detail.
The NBC contaminants must be remotely sensed by a single
NBC/RSS if possible. Several potential effects, nuclear,
biological and chemical, show promise of being detected by the
one sensor. However, several of the chemical species, e.g. HCN,
have absorption spectra at shorter wavelengths than achievable in
the atmosphere by the sensor. Nitric oxide, a potential
secondary species generated by nuclear radiation, also absorbs at
wavelengths less than 250 nm. The spectra of biological species
are broad and may not be fully observable spectrally during day
operating because of the need for narrow band filters. A greater
data base is needed for the large complicated chemical molecules.
Interaction of contaminants with the ground will have to be
spectrally investigated. Because of some uncertainties in the
location of NBC spectral features, a fixed wavelength
transmitter, for example, the fourth harmonic of a YAG:Nd 3+
laser,mightnobemsuitablxc onsurefaUV
NBC sensor. Tunable sources or other fixed wavelength sources
must be investigated. The possibility of a multiple wavelength
system such as the 4th harmonic of YAG:Nd and the output of the
second harmonic of a dye laser that it pumps bear investigation.
The contamination due to battlefield debris and the effects
of adverse weather on propagation, obscuration and interaction
with NBC species is a critical consideration in the sensor design
and its operation in a real environment.
We have mentioned that the construction of a simulant sensor
and not necessarily a sensor of the real toxic material must be
avoided. An aggressor could, as a means of spoofing the NBC/RSS,
dispense simulants which would cause the sensor to issue a
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warning to those in or entering an area. False alarms could
result in degradation of a military operation.
Some applicable spectroscopic techniques which must be
studied are:

UV Absorption. It is considered that the broad spectra of microorganisms and their growth media may make observation
generally not feasible. Chemical agents are likely to have
suitable transitions for absorption to be useful. Spectra of
most chemical agents will be broad and complicated. Nuclear
decay will have to be investigated from the viewpoint of
producing additional molecular species other than OH, which, if
the degree of enhancement is significant, might increase the
possibilty of detection by UV absorption.
Fluorescence. Biological species, due to their aromatic amino
acid components, e.g. phenylalanine, tryptophan, tyrosine, give a
fluorescent return at about 330 nm when excited at about 280 nm.
Toxins (even though of extremely diverse composition) when impure
are likely to elicit similar response due to contaminating
proteins. The fluorescent-behavior of chemical agents must be
investigated as a greater data base is needed in this area.
Resonance Raman ,Spectra. NBC contaminants are all likely to
produce Raman spectra but there is a question of sensitivity of
the Raman technique for remote sensor applications. The trade-off
of performing Raman observations at an optimum wavelength vs
laser-induced fluorescence observations at a wavelength dictated
by the NBC agent's absorption must: be analyzed.
Effects Upon Soil. NBC contaminating materials may cause local
changes in soil dielectric constant, thermal effects, etc.
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Biological Agents. Characteristics of biological agents under
different exposure conditions can exhibit different spectral
features. The significance of any changes will have to be
weighed for the effect upon detection capability. Most agents
are hygroscopic. If impure, all will be hygroscopic, due to
growth media. Particulate aerosols have size ranges usually less
than 0.5 pm and in the range of approximately 1-15pm. The main
lung retention for humans is in the submicron respirable size of
biological aerosols but also has a secondary peak in the 3-7
micron region. The persistence in air and on the ground depends
upon the particular agent. All are biodegradable and some toxins
hydrolyse quite quickly when they are on the ground.
Chemical Agents. These species may be hydrolysed. They include
vapors, evaporating aerosols, and chemical rain (through the
inclusions of thickening agents).
They take the form of
persistent and non-persistent agents, but all have significant
vapor pressure. The thickeners must be studied in detail as they
may have spectral characteristics that are more readily sensed
than the agent that they contain.
Atmospheric Particulates. A few additional effects of aerosols
are of interest. The concentration of naturally occurring
submicron particles is greater than approximately 10 4 /cm 3 . These
have sizes comparable to UV wavelengths, and therefore may cause
atmospheric transmission problems. In addition, natural aerosols
will produce background signals. However, provided the particles
are in a reasonably steady state, the comparisons of returns from
consecutive scans allow cancellation of background signals.
Fluctuating aerosols must be analyzed as an effect upon system
signal-to-noise.
In the case of atmospheric dusts, it can be shown that, when
UV transmission is compared with IR (1.06 pm), the percent
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transmissions at 0.2 m and 0.3 m are significantly lower than
that at 1.06 m in the presence of dust. The results are
approximately given as
% T 0.2 = (% T 1.06 ) x e

-10

and
% T 0.3 = (% T1.06) x e -3

LIDAR System
Receiver
a.

Configuration

The receiver basically consists of an optical system, which
may be coaxial with the transmitter optics, detector, and video
amplifier. A long focal length Newtonian telescope appears to be
a good choice for the optics, since this cofiguraton allows for
easy coaxial integration of the transmitter and receiver. Figure
5-1 is a sketch of a possible optical system.
The best choise for the detector is a photomultiplier tube,
because of its high sensitivity and low dark current, which may
be typically reduced by two orders of magnitude by cooling. The
electron multiplication effect is also a source of very quiet
gain. The RCA type 8850 photomultiplier tube has a radiant
sensitivity of about 70 ma/W at 340 nm and an anode dark current
of only 0.6 na. The multiplication gain of this tube is 7.3 x
10 6 , giving an effective anode radiant sensitivity of 5.1 x 10 5
a/W.
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Figure 5-1. Sketch of optical system showing relationship to
UV sensor.
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Low noise video amplifiers are also available, but care must
be taken to account for the effect of the finite bandwidth of
these devices or receiver pulse amplitude. This effect may be
significant even for a very broadband amplifier.

b.

Receiver Noise

Background noise for the receiver is expected to be an
especially severe problem, due to the high sensitivity of the
detector and the large amount of UV radiation in both scattered
and direct sunlight. The worst case occurs when the receiver
views a target scene which directly reflects (with a Lambertian
pattern) solar radiation into the receiver. For this case, the
received background power P B is

PB =

16

2 n 2 T o Cos8
PH.
1 PB f 0B

(1)

where the parameter definitions and corresponding values used are
listed below:
H i = Solar spatial irradiance at 350 nm = 500 W/m 2
P = Reflectivity of scene = 0.2 (assumed)
B f = Optical filter bandwidth = 10 nm
0 B = Receiver field of view = 1.5 mrad
DT = Receiver telescope diameter = 0.3 m
T o = Transmission of optics = 0.25
0 = Angle of target scene to transmitter beam = 0 °
-1 [5-2]
=Absorptincef =0.4km
R = Range = 1 km

[5-2]

Substituting these values gives a received background power of
4.47 x 10 -9 W, for the conditions cited above. The anode current
I A of a photomultiplier tube is given by
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I A = P i Rc G

(2)

where P I is incident power, Rc is cathode responsivity, and G is
multiplication gain. Using the parameters given above for the
8850 photomultiplier gives an anode current of 2.28 ma, which is
probably above the saturaton level for this tube, and shows that
any lidar system operating with a sensitive detector and viewing
a target scene directly illuminated by the sun will probably have
its detector saturated. In fact, the photomultiplier may be
damaged by the level of current calculated above.
Two other background cases are of interest, namely: (1)
sunlight Rayleigh scattered into the receiver on a clear day, and
(2) night sky background reflected from earth. For the latter
case, Equation (1) again holds, but the irradiance of the night
sky on the earth's surface is 4.54 x 10 -5 W/m 2 -1.1 [5-3], giving a
received power of 4.05 x 10 -16 W and a resulting anode current of
2.07 x 10 -1° W. This level of night background induced tube
current is comparable to the tube anode dark current, and
indicates that it would probably not be useful to cool the PMT to
reduce dark current.
The radiance due to sunlight scattered by clear air is
especially strong in the UV portion of the spectrum because of
the A-5 dependence of Rayleigh scattering. Also, the scattered
radiance depends strongly on sun angle and air temperature. In
this case the power collected by the receiver detector due to
clear air scattering is
P s = Tr
4
-

02 AT B f T o

(3)

where all of the parameters have been defined except H L , which is
the sky radiance. Given the indeterminancy of H L discussed
above, a value three orders of magnitude smaller than the value
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of H i will be used, namely H L = 0.5W/m 2 -J1 ster , and the other
parameters will remain the same as before. Substituting this
value into Equation (3) gives P s = 1.56 x 10 -10 W, resulting in an
anode current level of 0.08 ma, which is a rather high background
noise level for a photomultiplier tube, and shows that a lidar
system of this type will be background limited under virtually
all conditions of interest.
There are several ways to limit PMT background current to a
value less than the saturation :Level. Unfortunately, neither of
these approaches increases the signal-to-noise ratio of the
receiver, bUt some steps must be taken to avoid damage to the
tube, in many high background cases. The first method involves
reducing the electron multiplier gain by reducing the voltage
across the tube. This gain may be made up in the electrons
following the tube, if necessary. The second approach is to gate
the tube voltage on only during the time a pulse return is
expected, so that average anode current remains well below the
maximum value, which is about 0.2 ma for the 8850 PMT. In any
case, the day-time background noise will severely limit the
ability of the system to detect a hostile environment, and
suitable signal processing must be used to extract the desired
signals from noise.

c.

Receiver Signal Strengths

The fluorescent power received P R by a lidar system is given
by (5-2]
AT
P R = PT

41TR 2

Av
ck Y F Av F
M

T

o

e

(4)

where the previously undefined parameters and assumed values are:
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PT = Transmitted power = 10 6W
C = Concentration of fluorescing material = 0.1 mg/m 3
= Length of path in fluorescing medium = 100 m
YF = Fluorescence power yield = 10 -6W/W (M 2 /mg-sr)[5-2]
Avm = Fluorescence linewidth = 32 nm [5-2]
Av R = Optical filter bandwidth = 10 nm.
This equation also assumes that fluorescence is radiated
uniformly into 4 steradians. Substituting these values into
Equation (4) gives P R = 3.95 x 10 -11 W, which in turn gives an
anode current of 2.02 x 10 -5 a in the 8850 PMT. Using this value
of anode current, signal-to-noise ratios were determined for the
3 background cases discussed above, and are listed in Table I.

TABLE I
Signal-to-Noise Ratios for Three Background Cases of Interest

SNR

Case

Night sky radiation reflected
from earth

9.8 x 10 4

Daylight radiation scattered
by atmosphere

0.25

Daytime solar radiation
reflected from the earth

8.85 x 10-3
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The results of Table I show that daytime lidar is probably
not feasible with the level of transmitter power assumed for the
calculation of this section if the receiver views any surface
from which sunlight is reflected. For the case of daylight
atmospheric scattering, the SNR of 0.25 does not preclude the use
of signal averaging techniques to increase detection probability.
Also, higher power lasers are available which would increase the
SNR for all cases. Signal processing and laser transmitter
options are discussed in other sections.
Transmitter
Since the initial experiments on the detection of NBC
materials were conducted, mostly usig quadrupled Nd:YAG lasers as
transmitters, several new transmitter options have become
available. In addition to the Nd:YAG, there is a family of
excimer lasers having good capability in the UV spectrum. Also,
dye lasers pumped by Nd:YAG, excimer, or nitrogen lasers provide
good tuning range in the UV for probing selected NBC fluorescent
transitions. Each of these options will be discussed in more
detail in the following subsections.
a.

Ouadrupled Nd:YAG Laser

The yttrium aluminum garnet: (YAG) crystal doped with about
1% neodymium (Nd:YAG) is the most successful solid state laser,
being capable of energy outputs of several hundred millijoules at
repetition rates of several tens of Hertz. Q-switching of these
lasers gives peak powers of up to fifty megawatts. To generate
an output at 266 nanometers suitable for remote sensing of NBC
materials, these lasers may be doubled twice with good efficiency
in suitable nonlinear optical crystals to give energy outputs of
up to 100 millijoules corresponding to 5-10 megawatts of peak
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power. Because of this high power capability, quadrupled Nd:YAG
lasers have proved to be very useful [5-2] for remote sensing,
and the full capabilities of the higher power systems have not
yet been realized. These lasers are also useful for pumping
tunable dye lasers, which have also proven useful for NBC
material detection [5-2].

b.

Excimer Lasers

Commercially available excimer lasers use a combination of a
rare gas with a halogen as the active medium to emit short,
intense pulses in the ultraviolet. These lasers are transversely
excited and are capable of outputs varying in wavelength
(depending on the gases used) from 193 to 350 nm. Since the rare
gases do not form compounds, the rare gas halogen active medium
is stable only in the excited state, and dissociates immediately
after it emits light. Commercially available excimer lasers use
ArF, KrC1, KrF, XeCl, or XeF as the active medium.
Excimer lasers are capable of energy outputs of up to 500 MJ
at 25 pulses per second with 20-50 ns pulse widths, corresponding
to a peak power of 25-50 MW.
Because of similarities in
operation, the use of different excimer gases in the same laser
provides some limited ability to change wavelengths over the
range mentioned above.
A disadvantage of this type laser is the poor beam quality
resulting from the transverse discharge method of pumping the
laser gas. However, it is possible to greatly improve beam
quality to near single-mode operation by injection locking with a
high beam quality laser or by employing such a laser as part of
the excimer laser cavity. These lasers should also prove useful
for NBC detection or for pumping tunable dye lasers used for this
purpose.
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c.

Nitrogen Lasers

Nitrogen lasers are also transversely excited and operate at
337 nm, although there is also a weak transition at 427 nm. At
337 nm, the energy output of this laser can be up to 30 mj with a
pulse width of 8 ns, giving a peak power of about 4 MW. This
power level is useful_ for direct remote sensing, but the
wavelength may be longer than optimum for good fluorescence
return from materials of interest. However, the nitrogen laser
may be used to pump a dye laser, which may in turn be tuned
through potential molecular transitions which have enhanced
fluorescence output at useful longer wavelengths. The nitrogen
laser is also compact, rugged, and reliable and should be
considered as a viable candidate for NBC material detection.

d.

Dye Lasers

In dye lasers, a fluorescent dye is pumped by a shorter
wavelength laser, such as Nd:YAG (generally doubled or
quadrupled), excimer, or nitrogen laser. Since the fluorescence
linewidth of the dye may be several hundred nanometers, the laser
may be tuned over any wavelength in this range which has
sufficient output. Additional tunability is obtained by changing
dyes, laser pump sources, or both.
Peak power outputs of 10 MW at PRFs of 20 pps are available
from dye lasers which tune the UV range of interest, although
this performance may not be available over the extreme range. As
mentioned earlier, dye lasers may be used to probe potential
strong fluorescence transitions because of their tunability, so
that high power output may not be the most important consideration in choosing a laser. Also, dye lasers have the further
advantage that part of the pump energy may be split off to pump
the dye while the remainder is radiated directly, thus giving
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two-wavelength operation.
This approach could be further
extended to more than one dye laser resulting in multiple
wavelength operation, provided enough pump power is available.
Signal Processing
Under many atmospheric and ambient light conditions, one
might expect the signal-to-noise ratio (SNR) of the return from
an NBC material to be considerably less than unity, so that the
detection probability of a single pulse in the presence of noise
might be virtually zero. However, since multiple pulses are
transmitted, it is possible to improve the SNR considerably by
averaging many such pulses.
The method of signal averaging operates on the principle
that noise pulses are random in amplitude and are equally likely
to add to or detract from the received pulse amplitude. For this
reason the average value of the noise is zero over a long time,
but the average value of the signal increases with the number of
repetitions. Therefore, if signal-plus-noise is repetitively
added in, for example, a digital storage medium, the value of the
signal will increase with each pulse added while the noise will
decrease. It can be shown that the SNR increases by a factor N
where N is the number of pulses averaged.
If the above averaging improvement were to conform to the
ideal, it should be possible to extract any signal from noise no
matter what the SNR, given a long enough averaging time. The
averaging process is not ideal, however, and noise from other
sources within the system will result in a noise floor below
which it will not be possible to obtain further improvement.
Nevertheless, signal averaging is an important useful technique
for extracting signals from noise.
To perform effective signal averaging of the short UV
fluorescent returns, it is necesary to use a very fast digitizer
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with the averaging system since transmitted pulses are only about
10-20 ns in width, and fluorescent lifetimes are not expected to
be much longer, the digitizer must be capable of giving reliable
results for these very short pulses. Recent advances in signal
processors make this capabi:Lity available for measuring
fluorescence from NBC materials.
A method of optical signal processing which may be of use in
a lidar system which sees background reflected from the earth
calls for the use of a vertical polarizer in the receiver path.
Radiation reflected from the earth tends to be horizontally
polarized, so that a vertical polarizer would reduce the
background to some degree. Unfortunately, fluorescence radiation
is also unpolarized, but the use of a polarizer reduces the
signal power incident on the receiver only by a factor of two,
which is tolerable in most cases, while the improvement in background radiation should be greater, depending on the solar
incidence angle.
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APPENDIX 6
Detection of NBC Materials by Laser Absorption Tomography
Background
A recent paper by Wolfe and Byer [6-1] treats a method of
detecting atmospheric pollutants by laser absorption tomography,
which is the laser analog of the well-known medical diagnostic
procedure known as x-ray tomography. In x-ray tomography, the
patient is irradiated by a series of fan beams which are detected
after passing through the patient's body by an array of detectors
on the other side. This process is carried out as the apparatus
is rotated through 360 ° and outputs of each of the detectors are
recorded for each x-ray fan beam. Using this information, which
is stored and processed in a computer, a cross-section of the
patient's body can be reconstructed.
In 1978, Byer and Shepp [6-2] suggested a similar method for
detecting atmospheric pollutants, and a diagram of their approach
is shown in Figure 6-1. A laser is placed at the center of a
circle of convex mirrors, and detectors are also placed around
the periphery of the circle. The laser is incident on the i th
i , which dispenses its beam into the i th fan. The fanmiroM
beam passes through the absorbing medium and falls on detectors
placed around the circle with powers varying according to the
geometry of the fan beam and the intervening absorbers. The
laser is then pointed to the next mirror and the process is
repeated. In this way an image of the top view of the pollutant
cloud is formed in the same way as the cross-section image is
formed in x-ray tomography.
At first glance it would appear that this system is not
suitable for NBC detection because of the requirement for mirrors
and detectors in a circle around the area to be sensed. There
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D.

Figure 6-1. Schematic Diagram of the Method of Byer and Shepp for
Detecting Polluants. Pollutant Clouds are shown as
Shaded Areas.
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Figure 6-2. Propagation of Fan Beam from Laser to Detector Array
Cross-hatched Areas are Pollutant Clouds, and Shaded
Areas are the Resulting Laser Beam Intensity Profiles.
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are two mitigating factors which should make this approach
useful, however: (1) it is not necessary to use mirrors because
the Lambertian reflectivity of trees, buildings or even ground
will return enough power to be detected, and (2) since we are not
interested in forming highly accurate images of NBC clouds, it
appears likely that detectors placed in a semicircle or other
suitable array behind the laser would provide enough information
for detecting and crude imaging. These questions will be
addressed in the sections that follow.

Signal-to-Noise Determinations
Consider the diagram of Fig. 6-2 in which the laser is
placed in the center of a circle and detectors are arrayed behind
it [6-1]. The laser is incident on a virtual source M i , which
may be a mirror or a Lambertian reflector, and reflected energy
passes through the atmosphere and falls upon the detector array.
Two areas of absorption, together with their effects on the
detector incident power variation, are shown. Wolfe and Byer
show that the power P ij incident on the j th detector from the i th
virtualsoce
N.A.D. .P
P ij -

1 D

d.
ij

3

2

t

d ..
13
exp

(r) dr - jr

a. . (r) dr ,
ij

where:
N i = fraction of power incident on M i scattered back
toward detectors = 0.01
A4 = area of j th detector = 0.018 m 2
D ij = directivity of M i in the direction of the jth
detector = 2 for Lambertian reflector [6-1]
P t = transmitted power = 10 4 W
d ij = distance from M i to D j = 2 km
R = distance from laser to M i = 1 km
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ai = absorption coefficient, laser to M i = 4 km-1
a..
13 = absorption coefficient, M i to D i = 4 km -1 .
Using the assumed typical values given above, together with
parameters for the RCA 8850 photomultiplier tube at a wavelength
of 350 nm gives a PMT anode current of about 10 -5 amps, which is
four orders of magnitude greater than the anode dark current of
the 8850, implying a signal-to-noise ratio of 10 4 .
This method is thus seen to be very sensitive, but it must
be emphasized that NBC materials are not detected directly by
this sensitivity. Rather, they are detected by forming an image
of the absorption based on processing of returns from many
detectors. In this regard, some characteristic absorption or
absorptions of the material in question must be excited by the
laser, otherwise, it would be impossible to differentiate between
dust clouds and hostile materials. For this reason, a tunable
dye laser would be required to pump the most likely absorptions.
Laser Systems
As mentioned in the previous section, a tunable dye laser is
used to probe absorptions of materials of interest, because the
absorption spectra of these materials are the only features to
distinguish them from benign aerosols. A pulsed laser is
considered in this treatment. This dye laser could be pumped by
a quadrupled Nd:YAG Q-switchecl laser, an excimer laser, or
possibly even a nitrogen laser, since the power output
requirement is low due to the sensitivity of the detectors. Fig.
6-3 is a block diagram of a possible laser system. The UV laser
is used to pump a tunable dye cell whose output is incident on a
2-axis gimbal system for scanning over the required angles to
collect tomographic data. For the purposes of computation, each
laser pulse could be considered as a separate fan beam, so that
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enough data for one tomographic image could be quickly collected
at a pulse rate of 10 pps. Georgia Tech has recently developed a
fast-scannning 2-axis gimbal system under another program which
would probably be suitable for beam steering with slight
modifications.
Signal Processing
In addition to the complexity of the computer system
required to calculate tomographic cross-sections, the data
processing for this detection system presents some other special
problems. Since multiple detectors are spread out on a 1-2 km
diameter semicircle, transmission of the data to the processing
computer will present a problem. Possibly a small VHF rf link
would work well for this, but would be subject to interference
from other sources. Each detector would probably use a
sample/hold system which would be updated with each pulse and
transmitted over a suitable link to the central computer which
calculates tomographic cross-sections.
Another problem arises because the sensitive
photomultipliers must use optical bandpass filters to avoid large
contributions due to background noise, but a broadband tunable
dye laser is required for absorption probing. It should be
possible to fabricate mu ltilayer dielectric filters to
simultaneously pass several wavelengths of interest and still
obtain good noise suppression. Note however, that this system
probbly would not work in daylight because of the high solar
backgrounds.
Computer algorithms for calculating tomographic images are
fairly well known [6-1], however, it would probably be desirable
to modify these programs to account for detectors placed on a
partial circle instead of a complete circle, and in general to
treat detectors arbitrarily placed around the target area. The
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effects of fewer detectors also needs to be assessed; in
paticular it might be possible to use only 5 or 6 detectors to
detect NBC materials since image quality is of secondary
importance. It is clear that much time must be spent on studying
and developing this tomographic technique before it will be
useful in detecting NBC materials.
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Figure 6-3. Block diagram of laser system showing gimbal and detector
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APPENDIX 7
Detection of Radiation-Generated OH by Laser-Induced Fluorescence

background
Several different free radical molecules are generated from
atmosphere constituents in the presence of weak radiation
sources, including OH, NO, H0 2 , and HNO 2 . However, it has been
determined [7-1] that OH is much more promising for detection by
laser induced fluorescence (LIF) than the other products and may
therefore be a viable candidate for the detection of radiation
sources. This contention is further supported by the wealth of
spectroscopic data available on OH, so that all of the parameters
pertinent to LIF detection can be determined.
Detection of radiation-generated OH in the atmosphere is
complicated by the presence of OH induced by solar radiation in
the daytime, which is of the same order of magnitude as that
induced by radiation. Thus one speaks of enhancement of the OH
concentration by the presence of ionizing radiation, and one
finds that these enhancements are typically less than a factor of
two for radiation source generation of about 10 6 ion-pairs/cm 3 sec. The enhancements are much greater for night-time than for
daytime, of course, because of the absence of solar-induced OH
molecules.
Apparently, the best method for detecting the OH molecule is
to excite an electronic transition near 282 nm with a dye laser
and detect the resulting emission near 309 nm. There are of
course several competing processes which serve to reduce the
probability of this transition, so that overall fluorescence
efficiency is quite low.
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Receiver Signal Levels
The power P r received by a lidar system is given by
P

P=
r

a

A
R

2

-a R -a R
eF
eR

where:
P t = transmitted power = 3.6 x 10 6W
Ar = receiver area = 0.018 m2
k. = length of sampled volume = 2m
1 = backscattering function = 2.39 x 10 -14 cm-1 /steradian
R = range = 1 km
aF = atmospheric attenuation coefficient for laser
= 0.5 km-1
Typical values from Reference [7-1] are given as well as some
assumed values. Implicit in the value for 1 is an assumed value
of concentration of OH molecules of 10 6 cm 3 , which may be quite
low. The result of making these substitutions is a received
power of 1.1 x 10 -16 W.
It appears that the best detector for 300 nm radiation is
the RCA C3100M photomultiplier tube which has a cathode radiant
sensitivity of 70 mA/W at 300 nm, a multiplier gain of 7.3 x 10 6 ,
and an anode dark current of 0.6 na. The anode radiant
sensitivity is then 5.1 x 10 5A/W and the minimum detectable power
for 1:1 signal-to-noise ratio is 1.2 x 10 -15 W. This detector
would then give a SNR of 0.1, assuming no contribution to the
dark current from the background. This SNR could be improved by
signal averaging by a factor N where N is the number of samples,
as pointed out in another section. Note again that the
concentration value of 10 6 /cm 3 is low according to Reference [71] and that signal levels should improve greatly if larger
concentrations are assumed. Note also that this system will not

226

work in daylight because the large background signal will
saturate the detector. Lambertian returns to the detector from
background will also saturate the detector, so that appropriate
photomultiplier gating must be used to avoid this problem.
The laser transmitter assumed for this calculation is that
assumed in Reference [7-11, namely a KrF pumped dye laser with an
output power of 50 mJ and a pulse width of 14 ns. The dye laser
must be used in this case instead of the quadrupled Nd:YAG
because the latter laser does not match the OH transition
wavelength.

Conclusions
It appears that the prospects for detecting radiation
sources by detecting fluorescence from the OH molecules are not
as bleak as suggested in Reference [7-11, primarily because the
capability of the available detectors appears to be a great deal
better than the 10 -' O W minimum detectable power assumed by that
reference. The use of a larger detector aperture and higher
concentrations would improve the number calculated in this
section, but it appears that OH fluorescence can be detected at
night with judicious choices of laser, detector, and signal
averaging parameters. On the other hand, a concentration of OH
of 10 6 /cm 3 may be optimistic for the radiation levels employed in
Reference [7-1]. Further consideration of these factors will
have to be given.
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Appendix 8
Additional FTS Data
The curves of this appendix (Figures 8-1 through 8-9)
complement the data presented in Section III and Appendices 2 and
3. Most of these data is similar to that shown previously with
strong broadband absorption. Curves that are transmission curves
of a material, normalized to their maximum peak, must in turn be
ratioed against the background (saran and/or air) to provide a
meaningful transmission or attenuation curve.
All these
normalized curves do is provide a general indication of the
nature of the attenuation but still have effects of detector
sensitivity, spectral source strength, beam-splitter
characteristics and atmospheric water-vapor absorption. As
discussed previously and shown again in Figures 8-3 and 8-4,
Glucose appears as an extremely strong attenuator.
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