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SCOPE OF THE REPORT 

The present report is an interim annual report summarizing the work 
done at the University of California under Contract AF41(657)-114 with 
the U.S • .Air Force Rome Air Development Center·during 1958-59. The 
original contract, which began on l December 1956, has been extended 
repeatedly, most recently for a one-year period ending 15 March 1960; 
the current supplemental agreement calls for quarterly and· annual reports. 
Since an interim annual report was submitted on 30 June 1958, the pre
sent report represents the "anniversary" annual report, and is also 
intended to take the place of the report for the quarter 15 Maroh-
15 June 19 59. 

The work accomplished falls into two principal categories: (1) 
experiments with laboratory animals, and (2) experiments with cellular 
organisms. The former were carried out largely by S. B. PRAUSNITZ, and 
the latter, by P. O. VOGEtHUT. Installation of new equipment and main
tenance of the existing equipment was under the supervision of O. WESTWICK. 

Staff members of the D:>nner Laboratory of Medical Physics and 
Biophysics contributed many useful suggestions; particular thanks are 
due to Drs. C. T. GAFFEY, H. C. MEL, and C. A. TOBIAS. 

The project was under the over-all direction of DR. C. SUSSKIND, 
who acted as Principal Investigator. 

Publications resulting from the work of the project during 1958-59 
are as follows: 

B. S. Jacobson and C. Silsskind, "Effects of microwave irradiation 
on internal temperature and viability in mice," Proo. Seo. Tri-Service 
Conf.-Biol. Effects of Microwave Energy, Rome, N..Y., July 8-10, 1958; 
pp. 234-239. 

B. S. Jacobson, s. Prausnitz, and c. Susskind, "Microwave radiation 
as a tool in biophysical research," Institute of Radio Engineers National 
Convention Record, 1959, vol. 7, Pt. 9, pp. 13-15. 

B. S. Jacobson, s. Prausnitz, and re. Susskind, "Investigation of 
thermal balance in mammals by means of microwave radiation," Trans. 
Inst. Radio Eng. (Prof. Gp. on Medical Electronics) ME-6t 66-68, 1959. 
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I •. ·EXPERIMENTS WITH WORATCRY ,ANIMALS (S. B. Prausnitz) 
t· 

A. Im'R0DUCTION 

The emphasis of the work done with animals during the past year of the 

project was on the further study and refinement of knowledge concerning 

the thermal response of mice to microwave radiation. T~e specific 

results obta'ined during 1958-59 include: 

(l) Determination of the lethal dose (LD50) at low levels of 

power density. 

. .. (2) St~dy of the effect upPn the thermal· balance in mice of long 

exposiµ-e (4~6 hours) to microwave energy. 

(3) Collection and analysis of data concerning temperature re

covery in the mouse. 

(4) Studies of the effects of repeated exposures. 

(5) .Comparison of mice, rats, and guinea pigs in their ability 

to resist changes in body temperature _when exJ?Osed to extremes in 

environmental temperature. 

(6) · Prelimina:ry.oQllection of gro.wth data of mioe exposed to 

microwaves for long periods of time. 

B. EXPERIMENTAL· PROCEDURE · 

Male and female albino mice weighing 30-40 g are used. The 

animal is placed in a sack ma~e of low-loss plastic screening of the 

. type ~mployed in window insect screens. The· sack is supported by two 

thin bakelite rods and is hung in an enclosed radiation chamber by 

strings attached to the ceiling.• The 4 x 6-ft chamber is lined with 

microwave absorbing material having a.maximum of 2 per cent reflection. 

The ra.diating horn is fed by a: waveguide from the center of the floor. 

_The saok keeps the animal essentially immobile in a horizontal position 

facing the power source, with the hind legs spread out and secured by 

low-attenuation adhesive tape. No anaesthetic or tranquilizer is used. 

Bo.dy temperature is measured rectally by means of a small glass-covered 

Veco thermbtor with an OD of 0.100 in., inserted to a distance of 

0.5 in. The thermistor and the animal's tail are taped to the bakelite 

.. 1-
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( I.. LABORATORY ANIMALS) 

rods to insure stability. The thermistor forms one arm of a de un

balanced bridge, the output of which is connected to a Varian Model G-10 

graphic recorder. The system is capable of resolving temperature read

ings of O. 1°c; the limit of error of the system is 1 per cent of spe.n or 

0 
0.1 c. 

The established procedure consists of weighing the animal and 

placing it in the sack; inserting the thermistor; and beginning the 

temperature record. After the normal or "baseline" temperature is 

established, the microwave power is turned on. One mouse at a time is 

irradiated. The environmental temperature is relatively constant between 
0 24 and 27 c. The exposures have taken place at a distance of either 19 

or 21.5 in. from the apex of the source horn. 

C.. ·DETERMINATION OF THE LD
50 

AT LOVf LEVELS OF POWER DENSITY 

Series of irradiations were made to determine the effect upon body 

temperature of lqng; exposures to low power densities, as well as to 

check the validity of the statement made i.n the Annual Scientific Report 

for 1957-58 that 0.1~0 w/cm
2 

is the threshold power density below which 

no deaths occur. Mice were exposed to power densities ranging between 

0.016 and 0.102 w/cm2 for periods from 20 min to 6 hr at a time. The 

results were a,dded to the data previously reported and were found to 

modify the temperature graphs somewhat, at the lower power densities. 

The graphs in Fig. 1 show the average temperature rise per minute for 

the range of power densities between 0.016 and 0.438 w/om
2

, with the 

revisions incorporated. The dashed horizontal line indicates the temper

ature at which 50 per cent of the mice die. This line dips at the higher 

power densities to compensate for a rise in body temperature after the 

power is turned off. 

Figures 2, 3, and 4 permit a more critical examination-of the body 

temperature response to extended exposures to low power densities. There 

were no deaths at 0.016 w/cm
2

, 2 out of 5 deaths at 0.047 w/cm
2

, and 

5 out of 8 deaths at 0. 063 w/cm2
• Death and length of irradiation_ 

could not be correlated, but all deaths occurred after at least l hr o~ . 

exposure. Animals'which survived appear to have reached a heating-cooling 

equilibrium, whereas in those wh.ich died heating exceeded cooling. At 
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(I.. LABORATORY ANIMALS) 

0.016 w/cm2 this equilib~ium occurs on an average of 1.5°c, at 0.047 w/cm2 

the average temperature equilibrates at 2°c, and at 0.063 w/cm2 it levels 

around 2.5°C above normal body temperature. It should be noted that all 

deaths were acute, i,e., they occurred within 24 hr following irradiation. 

The surviving mice were still alive one month after exposure. It is 

evident from Figs. 1, 2» 3» and 4 that 0.100 w/cm2 is p;obably too high 

to be considered the threshold power density; instead this value should 
,- 2 

be lowered to Q.050-0.0SO w/om .•. Amore precise figure obtained from 

testing mice at more intermediate power densities cannot be given because 

the physiological variation between mice causes some overlap of the graphs 

for neighboring power densities already tested in extreme individual cases. 

As the power density values approximate each other more closely there will 

be more overlap and average curves will become meaningless. 

A group of 4 control mice was put through a mock exposure of 6 hr. 

Conditions were identical to those during a typical irradiation except 

that the power was not turned on. It was found that during the first 

hour the body temperatures of all 4 mice remained relatively constant, 

i.e., did not fluctuate more than 1°c. However, after this time the 

temperature of one mouse started to drop sharply and after a total of 

2. 5 hr the temperatures of two of the other mice al:;io dropped. Over 
-, 

a period of 6 hr» the total body temperature depression ir+ 3 out of 4 

control mice was from 2.5 to 7°c. The explanation for ·this phenomenon 

may be found in a number of reasons, including the fact that the mice are 

restrained in a dark chamber with no food or water. The condition of 

darkness can be remedied but food and water cannot be conveniently placed 

in the field while the power is on» and the animal must be restrained 

if the body temperature is to be recorded. 

D.. POSSIBLE CAUSE OF DEATH .AT LOW POWER LEVELS 

The question why low-level irradiation causes lethal effects in 

the mouse merits detailed considerationo During the ex~osure temper

ature recordings were taken that upon closer analysis show an interesting 

phenomenon:; a periodic» short-term rise and fall in temperature (Fig. 5). 

A form of behavior can be called adaptive if it maintains the 

essential variables that are closely related to survival and that are 

-7= 
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(I.. LABORATORY .AfJIMALS) 

closely linked dynamically so that marked changes in any one leads 

sooner or later to marked changes in others. Thus, if we find that the 

pulse rate in a mouse has dropped to zero, we can predict that the res

piration rate will soon become zero, that the body temperature will soon 
J 

fall to room temperature, and that the number of bacteria in the tissues 

will soon rise from almost zero to a very high number. 

Given a species we observe what follows when members of the species 

are marked from a variety of initial states. We find that large initial 

changes in some variables are followed in the system by merely transient, 

deviations, whereas large initial changes in others are followed by 

deviations that become ever greater till the "machine" changes into 

something very different from what it was originally. The results of 

these primary operations thus distinguishes, quite objectively, the 

essential variables from the others. 

We can thus define "survival" objectively and in terms of a field: 

it occurs when a line of behavior takes no essential variable outside 

given limits. 

The temperature of an animal is such an essential variable. If 

the environment is changed around the organism to take this line of 

behavior outside its lim.i ts, the system will tend to become stable by 

changing its components so as to adapt to the new situation, For -this 

adaptation to, occur "switching" starts in the contro 1 mechanism of temper

ature ( the hypothalamus) and various combinations are tried while a 

configuration of the components is found that reduces the effect of the 

environment. If the change in environment persists (in our case irradia

tion of the animal with microwaves), the dose accumulates slowly and 

after a while new "switching" occurs. During the process of switching 

the heat dissipation mechanism is inactive and the temperature of the 

animal is correspondingly increased. After switching has:,occurted the 

temperature should go back to normal if the adaptive mechanism w~s 

successful. 

The operation of a homeostatic mechanism, as shom in Fig. 5, 

can be used to explain partially the' curves showing typical heating 

curves (Fig. 6) of normal and hypophysectomized rats, as obtained in 

the course of tests performed on a few animals. The curve of the normal 

rat closely approximates the behavior of a homeostatic mechanism, 

-9-
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(I. LABORATORY ANIMALS) 

exhibiting switchi~ at various intervals, i.e., selection of a new set 

of parameters to adapt itself to the new environment. Such switching 

is not observable in the case of the hypophysectomized animal. One 

can conclude .. that the temperature-regulating mechanism was damaged in 

the latter animal. At the present it is not clear how the switching 

oan be explained in physiological terms but by resorting to an electrical 

analog, a better understanding of the functional aspects of temperature 

control may be gained. Th.is analog is shown in Fig. 7. 

The resistance of T
2 

changes as a function of temperature. Its 

sensi ti vi ty ;s controll.ed by adjustment of the potentiometer Y. The 

output of the br.idge goes to the grid of the triode and 100difies the 

output of the unit. If a certain current value is reached in the 

output, the coil Fis energized and triggers the activation of the 

coil G of the stepping switches U which select a new value of parameters 

P and X. These outputs are coupled via A and B to the resistor R, which 

heats the water or keeps its temperature constant. A.manual variation 

of the parameters X and P is also poi;sible by switching S. 

T
1 

and T
2 

control the actton of similar units which modify the rate 

of flow of the water and the temperature of the medium surrounding tae 

tube • 

. The inputs and outputs can be coupled to any unit (even to the same 

. . 

unit) and the system automatically selects a stable set of parameters 

if perturbed by outside influences. The above mecnanism is an adaptation 

of ~hby's homeostat.
1 

.Eo .TEMPERATURE RECOVERY. 

Groups of mice were irradiated under varying conditions in an effort 

to determine whether• the rate and duration of heating has any effect 

upon temperature recovery, and to discover what factors determine the 

rate of cooling. In the first phase of this experiment four groups of 

5 mice each were irradiated at different power densities with 80 per cent 

of the to50 
(defined as the time required to reach the ,1,Dso temperature 

level). The power densities used were 0.156, 0.234, 0.313, and 0.391 w/cm
2

, 

and ~he periods of irradiation were 6.0, 3.8, 3.0, and 2.1 min, respec-
o 

tively. The average maximum temperature .rise was 5 C above normal. 'I'he 

-11-
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(I. LABORATORY .ANIMALS) 

recovery curves seen in Fig. 8 indicate that cooling is essentially the 

same in each case. 

Groups of mice were then exposed to a very low power density of 

0.047 w/cm2 for varying durations of time, and the rates of temperature 

recovery we;e compared with each other and with those obtained from the 

short high-power irradiation described previously. It was shown in 

Sec. I-C that exposure to 0.047 w/cm
2 results in an avera~e equilibrium 

temperature increase of 2°c. Three groups of mice were irradiated for 

approximately 10 min, 1, and 4-6 hr, respectively. The resulting cooling 

curves, seen in Fig. 9, are again essentially the same and appear to · 

be similar to those of Fig. 8. 

It was shown in the Annual Scientific Report for 1957-58 that cooling 

can be described by an empirical equation wtiich takes into consideration 

that in most cases the body temperature cools below the baseline temper

ature. (T.his fact has not been indicated in Figs. 8 and 9.) This 
0 

equation fits a Newtonian cooling curve with ~n ~symptote of -1.2 C, 

which in fact is identical to the average coo·ling <;mrve derived from 

Fig. 8 (see Fig, 10). It reads 

-bt 
T - T0 

+ 1.2 = Ae. (1) 

where the 1. 2 value represents the cooling overshoot, T is temperature; 

t is duration of cooling, A is related to the maximum temperature and 

is obtained empirically, and bis a constant having an empirically 

determined value of 0.3 min- 1
• 

Equation (1) yields ~pon differentiation 

dT = -Abe-bt 
dt 

(2) 

which describes the rate of cooling. ·If Eq, (1) is then multiplied · 

on both sides by bit reads 

-bt ( ) 
bAe = b T - To+ 1.2 

which yields, upon substitution into Eq. (2), 

~ =-'b(T - T + 1.2) 
dt 0 

(3) 

(4) 

Thus, Eq. (4) predicts that the rate of cooling is temperature

dependent only and disregards the time factor, so that a mouse always 

-13~ 
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cools at the same rate when its body temperature is 2°c above the 

baseline temperature, whether this temperature is reached at t. 1
. = 0 

coo 1ng 
or t 1

. = 6 min. This fact can be demonstrated by a semi-log plot 
coo 1ng 

comparing the slopes of mice heated to 5°c and 2°c (Fig. 10), which 

also shows that cooling is exponential. This finding agrees with that 

reported by Howland and Michaelson. 2 However, the temperature breakdown 

described by Howland and Michaelson when they irradiated dogs and rabbits 

at a frequency of 2800 Mc was not apparent in the case of mice irradiated 

at 10,000 Mc; rather, al] temperature recovery, regardless of rate and 

duration of heating, is found to follow the same exponential coolirig curve. 

F" .REPEATED EXPOSURES 

A. series of tests was made to determine whether the' thermal response 

to microwave irradiation is in any way affected by previous exposures. 

The study was carried out in two phases: 

(1) Thirty mice were exposed to 0.156 w/om2 for 5. 25 min (3/4 of • 

the r.n50
) and were then divided into five subgroups, each receiving a 

rest period of different length before the power was again turned on 

until death. The rest periods were 5, 10, 15, 20, and 60 min. 

(2) The irradiation of 40 mice with various power densities was 

done in such a way that 1-min exposures were alternated with rest 

periods of 1, 2, 3, 4, or 5 min until death occurred. 

In the first series it was found that when the power was turned 

on after a rest period of 5, 10, or 15 min, the initial average slope 

of the temperature rise curve was flatter than that during the first 

irradiation, but after 2-3 min the slope changed to the original rate 

(see Fig. 11). This result was observed both when the temperature had 

not yet reached the original baseline, as in the 5- and 10-min rest 

periods, and when it did, as in the 15-min rest period. Exposure after 

a 60-min rest period produced a temperature-rise curve similar to that 

obtained during the first irradiation. 

The group which was_ given a 20-min rest period received somewhat 

different treatment in that each mouse was irradiated four times instead 

of twice as in the previous experiments. The resulting average curves, 

which are shown in Fig. 12, seem to suggest a similar slow beginning 
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in the temperature rise during the first minute. After this time the 

slopes are essentially alike. 

The results for one of the groups in the second series are shown in 

Fig. 13. Groups of 5 mice were each irradiated at 0.43Bw/cm2 for l min 
... 

at a time at intervals of 1, 2, 3, and 5 min. The temperature curves 

show that continuous exposure to 0.438 w/cm
2 for 2. 5 min raises the body 

temperature at approximately the same rate as does 1/2 or even 1/3 of 

this dose of microwave energy per unit time; 1/4 of the continuous

exposure energy (1 min on::3 min off) slowed down the temperature rise 

rate to approximately 70 per cent of the original. These results fall 

in line with those reported by Deichman et al. 3 
A more detailed plot 

of the temperature rise curves shown in Fig. 14 indicates what happens 

while the power is off and offers an explanation of why half the con

tinuous, or control, dose of microwave energy per unit time results in 

a net temperature rise that is roughly equivalent to that occurring during 

continuous exposure. It was shown in tl}.e .Annua.l Scientific Report for 

1957-5~ that body temperature continues to rise for a short time after 

the power is shut off at power densities above approximately 0.2 w/cm2
• 

When the power is turned on again, the body temperature is thus equal to 

(or even somewhat higher than)· the temperature when the power was turned 

off. As a result, the net rate of temperature rise while the power is 

·on is similar for the controls and mice receiving l :1 and l ::2 power on: 

power off exposures. In oases where the rest periods are 3 and 5 min, 

the temperature has had time enough to drop below the maximum reached 

during exposure, and therefore it takes correspondingly longer to reach 

lethal temperature with a 3-min off period; with a 5-min off period 

lethal temperature is never reached under these conditions. (It may 

be noted that as a result of a 5-min rest period there is initially a 

slight lag in the temperature response which is not so prominent as in 

the cases described above in which mice were irradiated for longer 

periods of tim.e, end at roughly 1/3 the power density, but the effect 

is nevertheless evident.) 

Figure 15 indicates what occurs when a lower power density of 
. 2 

0.234 w/cm is used. In this case half the control dose of microwave 

energy per unit time takes 1.5 times as long to achieve the same temper

ature rise as the continuous exposure, largely because there is a 
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(I.. IABORATORY ANIMALS) 

temperature drop during the off times ( except for the first two rest 

periods). 

It is of interest to note the variation with time in body temperature 

reaction during the off periods. At first there is a temperature rise, 

then a temperature rise followed by a temperature drop, and finally a 

temµ3rature drop as soon as the power is turned off. This feature is 

particularly striking in Fig. 12, but is also pronounced in the average 

curves obtained for 0.3i3 and 0.359 w/cm2• It is present (but not as 

prominent) at 0.438 w/om2• It was also found that for a given power 

density there is a ratio of time onitime off which produces a net 

equilibrium or lowering of the body temperature, i.e.• l+ABTI< l~ABTI. 

These ratios were found to be lg5 for 0.438 w/cm2
, 13:3 for 0.359 w/cm2

; 

1&3 for 0.313 w/cm2, and b.2 for 0.234 w/cm2• 

The above results seem to suggest that there is a time delay before 

the cooling mechanism begins to operate. Apparently the heating is still 

so intense at the power densities used that the cooling cannot modify the 

rate of temperature rise while the power is on, but does become noticeable 

when the power is shut off. However, when the rest period i~ 5-20 min, 

the cooling mechani.sm seems to have some effect initially, again indi

cating a time lag before oooliµg operates, in this case with enough 

vigor to become noticeable even while the power is on. A 60-min rest 

period seems to provide too long a time lapse between the initial stimu

lation and the repeated thermal exposure, so that the temperature curves 

of the first and second exposures are identical. In summary, a second 

exposure may b~ affected by a previous one, if it was given 20 min or 

less before, in that the initial eicposure stimulates the oooling mechanism 

to operate somewhat more efficiently during the second exposure. 

A set-up was also devised to permit intermittent exposures of 

the mouse at varying power densities and on/off ratios so that a situation 

simulating that of a field around a rotating antenna is created. Micro~ 

wave absorbing material suspended above the radiating horn is rotated 

at a speed of 12 rpm. The absorbing material is arranged in a circle 

containing a pie-shaped opening through which the radiating power can 

pass to the mouse (Fig. 16)~ The angle of the open sector is variable. 

The angles used are 30°, so0
• and 90° so that the oorrespondong on/off 

ratios are 0.42:4.48, 0.84:4.16, and 1.25:3.75 sec. The power densities 
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FIG. 16.--Experimental set-up with rotating antenna simulator. 
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are o·.218, 0.174, and 0.043 w/om2• The preliminary results of the 

work, which is continuing, are presented in Fig. 17. When all the 

necessary data have been compiled they will be compared with data on 

the rate of temperature rise with continuous irradiation and with 

energy density needed to achieve a given change in body temperature, 

and with the results of other investigators workirig at different 

frequencies. 

G. CO~ARISON OF THE TEMPERATURE-REGULATING MECHANISM OF THE MOUSE, 

RAT, .AND GUINEA PIG. 

When a group of mice was subjected to high environmental temper

atures it was found that the animal's system is incapable of dissipating 

enough heat to maintain its normal body temperature as the atmospheric 

. 0 
temperature exceeds 30 C. It was therefore decided to test mice, rats, 

and guinea pigs under the same conditions for comparison. If either 

of the latter animals showed better temperature-.regulating contr<1l than 

the mouse it would replace the mouse in future tests. 

The experimental procedure used is to place a single animal in 

a wooden box which is thermostatically controlled and heated by means 

o~ two 100-w light bulbs. The air temperature is kept uniform through

out the enclosure by means of an air blower. The animal is restrained 

by a plastic screen mounted on a wooden stand. Body temperatures are 

recorded rectally as described previously. i"No heating methods were 

used, as follows. (i) The animal is placed in the box at room :temper

ature. The atmospheric temperature is then steadily increased over 
. 0 

e. period of 1 hr to 44 C. (2) The animal is placed into the box which 

has been preheated to 38-38.5°C. The box temperature is then raised 

in steps of 2°c to 42-42. s0 c, each step being maintained for 20 min 

at a time. The relative humidity was observed to drop over a range 

of approximately 15 per cent as the box temperature increased. 

None of the animals exhibi tad good temperature control while in 

the hot box. The guinea pig proved difficult to handle in an unanaes

thetized state when its body temperature exceeded 40°c. However, it 

was seen from what information could be obtained that its body 

temperature rose steadily with the box temperature. The average 

response of the rat and mouse to stepwise box-temperature change is 
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illustrated in Fig. 18. It is seen that the mouse is even somewhat 

better than the rat in its attempt to level off around 41°c. These 

results would indicate that the mouse is as good (or bad) an experimental 

animal for the study of the microwave hazard as is the rat or guinea pig; 

if an animal with better temperature control is desired, it may be 

necessary to use a large animal, such as a dog. 
I 

H.. PRELIMINARY GROWTH DATA OF MICE E:IPOSED TO MICROWAVE POWER FOR 
PROIDNGED PERIODS 

Mice receiving single exposures at low-intensity microwave power 

for long periods of time were checked with regard to their. weight for 

a period of 20 days following irradiation in an attempt to add to· the 

data reported by Nieset. 3 Although the number of mice used in this 

test Vfas quite limited, it was considered useful to conduct a prelimin-

. ~'ry qu~litative st~dy that may be expanded during the coming year. The 

animals were irradiated for 4-6 hr each at power densities of 0.016 and 
' 

0.047 w/cm2, with neither food nor water available during the exposure. 

Controls were kept in the same cages as the irradiated mice, but were 

not hung into position for mock irradiations. The results are shown 

in Fig. 19. The mice do not seem to recover from the initial weight 

drop i:ieen imme.diately following exposure, and in no case is there evidence 

of grdwth acc~leration above that of the control mice during the 20-day 

period. The body tem.perat~re behavior of the mice undergoing irradiation 

may be seen by reference to Figs. 3 and 4. 
' . . 

J .. LONGEVITY TESTS 

In preparation for longevity te.sts, during which few or no temper

ature recordings will be taken, a technique of irradiating groups of 

10 mice simultaneously has been developed. The cage consists of a 

circular, compartmentalized box made of thin Plexiglass (Fig. 20) 

that has a bottom made of plastic window screen. The cage is suspended 
I 

from above in a horizontal position, and is irradiated from below. To 

minimize the effect of multiple reflections, especially between adjacent 

animals, the cage is slowly rotated (at about l rpm) during irradiations. 

Control animals are likewise placed into a rotating cage, but in a 
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FIG •. 20.--Plastic cage for group irradiations. 
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(II.. CELLULAR ORGANISMS} 

mock-up chamber at room temperature. A colony of 200 mice will receive 

repeated irradiations {on 5 successive days out of every 7); with another 

100 mice serving as controla. The principal variables to be recorded 

will be survival and weight, but attempts to check other physiological 

characteristics will also be ma.de. 

IL EXPERIMENTS WITH CELLULAR ORGANISMS (P. O. Vogelhut} 

A.. .RELA.TIVE EFFECT OF DIRECT AND MICROWAVE HEATING 

The objective of this experiment was to differentiate between the 

effects of direct and microwave heating when the same amount of cooling 

is provided in both oases. The direct heating is applied by means of a 

coil of resistance imnersed with the sample. The experimental organism 

is yeast. It is suspended in an appropriate buffer that also serves as 

a cooUng liquid. To obtain a measure of the biological effectiveness 

of the two types of heating, the yeast cells are plated on nutrient agar 

after exposure and allowed to grow. When clearly visible colonies are 

formed, a count is taken and compared with the count obtained from non

irradiated cells. ,This percentage is assumed to give a good index of the 

survival of individual cells under various experimental conditions. 

A 1/8-in. wide slot is milled along the broad side of X-band wave

guide· to accommodate the insertion of a 1/8-in. glass tube (Fig. 21), 

oriented at an angle of about 12° with the waveguide axis to minimize 

reflections of the impinging electromagnetic waves.· To concentrate the 

field in the region of the glass tube a strip of copper is attached 

to the tube, conforming with its shape. A pumping mechanism keeps the 

suspension cycling through the microwave absorbing region. An automatic 

timing device is coupled to the pum_p that controls the flow of the cells, 

The resistive-heating arrangement is shown in Fig. 22. A glass tube 

of the same diameter is immersed in an oil bath heated by a coil of 

resistance wire. The oil bath surrounds a section of tube of the same 

dimensions as the tube in the microwave absorbing section of the appara

tus. The same pumping and timing devices are used in both tests. 

The pumping device consists of two motor--driven syringes connected 

by rubber tubing to the glass tubes, which in turn are connected to 
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FIG •. 21..--Wav'eguide absorbing section for irradiat~on of yeast suspension. 
The suspension is continually oooled by being circulated through a water 
bath (left); a :motor-ddven syringe is used for pumping. 
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FIG. 22.--Resistive-heating arrangement. Heating-wire helix controls 

temperature of oil bath between concentric glass tubes, the inner one 
of which contains the circulating yeast suspension. Uneven appearance 
of helix is caused by oil remaining between wire and outer wall after 
tube was emptied for photographing, 
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two test tubes. 

The timing mechanism consists of two limit switches at the ends of 

travel of the syringe pistons acting through a time delay on a synchron

ous motor. By these means the rate of flow of the suspension and its 

total volume are I1Uade adjustable for optimwn exposure conditions. 

A diploid strain of Sacharomyces Cerevisiae X-30 was grown on 

YEPD £or 10 days, then kept in a refrigerator at 4°C for 4 weeks. 

A suspension of 2.1 x 103 cells/cc was put into the test tubes, 15 ·oc 

in each. Then the liquid oolwnn was raised to the appropriate height 

for exposure to radiation. At time O, before the cycling process started, 

5 aliquots of O.l oc were taken from each of the test tubes~ plated on 

-YEDa and incubated at 30°c. The s rune procedure was followed after 5, 

20, 40, and 60 cycles. After 24 hr of incubation time the colonies were 

counted and compared with the controls. Survival values were calculated 

as the ratios of exposed to unexposed cell samples. The average deviation 

from the mean survival value "at each experimental point was 5 per cent. 

As shown in Fig. 23, the controls (which underwent the srune experi~ 

mental procedure as the two samples that were exposed) did not deviate 

much from the value expected on the basis of cells taken from the test 

tubes at time 0, plated, incubated, and counted. Direct heat alone 

produces an effect on the survival of the cells. This effect, however, 
\ 

appears to be wea~er than that observed if the yeast cells are subjected 

to microwave irradiation. As the number of cycles increases the differ~ 
. :·. 

ence between dir~ect and microwave heating becomes more pronounced and 

seems to reach a constant value. Each experimental point represents 

the average of 5 plates •. · The error at every such point is not more 

than 5 per cent, a value that is well within the limits of natural 

variations in the biological specimen. ---, • 

1The __ fact that yeast is killed at temperatures below the usual 

inactiv•ation temperature (54°c) does not constitute a new experimental 

finding5; it is probably an artifact of the experimental procedure. 

One possibility is that the heat in the suspension drops too quickly for 

the thermistors at both ends of the tube to register an excess in temper

ature, i.e., the suspension is actually at a higher temperature than 

calculated from the thermistor temperatures, the heat conductivity of 

glass, the rate of flow of the suspension, and the ambient temperature • 
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The result is found not to exceed 30°C. Another possible explanation 

is that yeast cells aggregate to fbrm clumps of cells during the 

experiment, or that some cells are lost at the various rubber connections 

in the apparatust such a loss of growing colonies would appear as a 

decrease in the number of surviving cells. 

On the other hand, if these observations represent artifacts, then 

the controls that undergo the same treatment should exhibit a similar 

trend. Since such an observation was not made, it seems reasonable to 

assume that the decrease in survival value was not caused by loss of cells 

at the connections of glass and rubber tubing. -Before samples were taken 

from the test tubes for plating, care was taken to stir the suspension 

in order to obtain a uniform sample. By this procedure cell clumps were 

mostly broken up on other test cases. If the cell aggregates did not 

desegregate in the samples that were exposed to heat or microwaves, a 

phenomenon interesting in itself occurred. 

According to the above considerations it was assumed that a definite 

difference may exist in the survival value of yeast exposed to direct 

heat and microwaves; another experiment was designed to confirm this view. 

B.. .MICROSCOPE OBSERVATION OF COOLED LIVING CELLS DURING IRRADIATION 

The objective of this experiment was.to determine whether an 

aggregation of individual cells occurs under the influence of microwave 

heating and if so, whether this is a purely thermal effect. The experi

ment was performed only qualitatively, since a rigorous translation of 

all parameters of the experiment described in Sec: II-A above to those 

controllable in the present experiment would be extremely difficult. 

A transition from water o.ooling to air cooling and from moving suspension 

to stationary was necessary to allow for observation of the individual 

cells by microscopic procedures. 

A l/4-in. hole is drilled in X-band waveguide at an angle of 4.5° 

(Fig. 24). A copper wedge is inserted to concentrate the field lines 

in the region of the suspension, which is contained in a 1/4-in. glass 

tube 0 Cold air is blown through the waveguide and the te:qiperature of 

the suspension is checked by quick insertion of a thermistor when the 

microwave power is. temporarily switched off. The glass tube has very 
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FIG. 24.--Arrangement used for microscope observation during microwave 
irradiation. 
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thin walls to allow for observation of the individual cells, which are 

kept at a concentration of 105 cells/cc. The microscope objective is 

put very near the glass tube and a light beam is focused by means of a 
., -~ 

variable l;i.ght condense.r to the desired spot. The objective introduces 

only a negligible amount of distortion in the absorption of the microwaves 

by the suspension. 

With the microscope in place, the microwave power at a level of 

20 w, and the cooling mechanism operating, the following observations 

were made:, 

(a) After about 2 min after turnj,.ng on the power and cold-air 

stream, equilibrium, in the motion of the individual cells was attained. 

The time necessary to reach this equilibrium depended strongly on the 

amount of heat input and cooling provided, and t:> a cer~ain extent on the 

intensity of the light beam of the microscope. 

(b) When equilibrium was reached a vortex motion of the cells became 

apparent. It was stronger in the center of the glass tube and almost 

vanished a.t the boundary of glass and water. At the boundary, however, 

particles of much smaller size than the yeast cells were sometimes found 

to exhibit the same vortex motion to wh;i.ch the bigger cells conformed 

in the center of the·tube. The speed of these vortices depended on the 

heat input of the microwaves and on the cooling provided by the cold-air 

stream. As the vortices described their motion a number of cells was 

caught at their boundary (at most 5 cells) which then aggregated to form 

a clump and tended to stay in the center region of the vortex. 

'1n a stationary fluid with small particles suspended in it a 

vortex-like motion is observed that can form aggregates of these 

individual particles. No so called 11 pearl-chain formation" could be 

observed under the above experimental conditions. These results confirm 

the view expressed in the first experiment, that a decrease in the survival 

value of suspensions exposed to either irradiation by microwaves or direct 

heat was mainly due to an aggregation of individual cells and not a lethal 

effect on them by either radiation. 

The fact that the individual cells stick together with greater 

strength if the aggregation is formed by the influence of vortices 

required further investigation, as described below. 
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C. IRRADIATION OF CELLS ON A MICROSCOPE SLIDE AND CONCURRENT OBSERVATION 

OF THE FORMATION OF BENARD CELLS 

In order to obtain circumstances of better control during the 

irradiation of cells the suspension was put on a microscope glass slide. 

Higher magnification was possible sinee the slant neces-sar:y for the glass 

tube in the previous experiment could be more easily overcome and objec

tives of higher power were used for observation. The object of the study 

was the formation of the vortices and their dependence on the field 

strengths of the electromagnetic radiation. 

A slide with the yeast suspension in a watch-glass dip and a cover 

slide sealed over it is put on the microscope table and,.- (3. small horn 

antenna placed in close vicinity (Fig. 25). · .. The pa~ts of the micro scope 
', 

exposed tQ radiation are shielded with highly absorbent ~terial (not 

shown). A rubb.er tube. conducts cold air to the sli.de Ao''' provide adequate 

cooling, similar to the amount given in the experiment,-of' Sec. II-B. 

The power radiate:d by the horn antenna- is, 20 w. 

It is not known how much of the micrpwave power is absorbed by 
I I 

. the suspension on the glass slide; available measurement procedures 

can~t C<!>nveniently prqvide this information. The results of the 
\'! 

experiment can be therefore reported only'qualitatively. · 

The same type of vortex mqtion was seen as in the previous experi

ment. This time, however, a definite pattern was discerned. The vor

tices rl3sembled rectangular 11 cel1s" of a regular array of dimensions. 

The '"cell" size increased and decreased, according; to the electric field 

strength at any point. This correlatioh could only be seen qualitatively 

by moving the slide'• or the horn ovei- measured distances. Here again the 

amount of cooling -was in correlation with the apparent "cell11 size. 

When distilled water was put-on the slide instead of a suspension 

, of yeast cells in .. such a way as to leave an ~ir space between it and the 

cover slide,. th~ · condensing water vapor formed the same array of B~nard 

cells as are usually observed when an electrio•ally conducting liquid 

is put on a slide and uniformly heated from below. This pattern, ho.waver, 

was modified to some extent by the presence of' the electric and magnetic 

field lines. 
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FIG. 25,--Altern~te arrangement for microscopic obserya.tion. 
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D. CONCLUSIONS DRAWN FROM THE ElPERIMENTS. 

Whenever heat is delivered to. a suspension of living single cells 

the effect depends on the configur~tion of the experimental set-up. 

Since the experiment was originally designed to differentiate between 

thermal and nonthermal effects of microwaves a cooling mechanism had to 

be included. The most effective :way :was thought to be cooiing the cells 

in water suspension since then most. parameters of the experiment could 

be controlled. The foregoing results demonstrate that this :w~s ~n unlucky 
., .·• 

ch.oice, owing to unforeseen complications. The only effect that could be 

demonstrated was the aggreE;;ation of individual cells into clumps owing to 

vortex formation in the suspending liquid and the consequent apparent 

decrease in the number of surviving· cells.. The fact that there is a 

difference in the number of aggregated cells according to whe1:her suspen

sion is irradiated with either microwaves or direct heat can be explained 

by the following consideratj,.ons. 

The theory of tl'}.e onset of convection in a layer of an incompressible 

fluid subject to thermal instability was originally treated byRayleigh6 

7 8 
in the purely hydrodynamic situation and by Thompson and Chandrasekhar 

when the fluid is electrically conducting and is placed in a homogeneous 

magnetic field. 

The theory shows that a layer of fluid heated from below first becomes 

.unstable when the Rayleigh number R exceeds a certain critical value 

R
0 

given by 
. 4 

R = g<t../3d,. 
0 Kv 

where 

d = depth of fluid layer 

g = acceleration of gravity 

o< = volume coefficient of thermal expansion 

{5) 

~=initial temperature gradient {directed downward to produce 

instability) 

K = thermometric conductivity (the ratio of thermal conductivity 

to the product of the specific heat and the density) 

V = kinematic viscosity (ratio of coefficient of viscosity to 

density) 
/ 

Motions with a cellular (Benard) pattern depending on the boundary 
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conditions ensue. If the fluid is electrically conducting and a 

magnetic field is introduced, electromagnetic forces will oppose these 

motions; R0 will be in~reased to Rc. The ratio of Rc to R0 
has been 

given by Chandrasekhar in terms of e. parameter 

where 

B 2 <rd 2 
z 

Q=-pv 

B = vertical component of the magnetic field 
z 
er = elec.tric.al conductivity 

p = density 

(6) 

To appreciate the physical significance of the rigorous theory., 

consider a,r.ougllly horizontal layer of fluid at rest which is heated 

from below so that a uniform vertical temperature gradient /3 exists 

between its hot lower surface and its cold upper surface. Let small 

disturbing cellular motions be introduced. Rising currents carry the 

fluid to regions of greater temperature and less density. The reverse 

is true for those parts of the fluid with downward components of velocity. 

The temperature at any point deviates by an amount ..o.T from its initial 

value. This results in a gravitational driving force per unit volume., 

tending to maintain the cellular motion which is given by 

F =pgrxAT 
g 

This driving force is opposed by a viscous force given roughly by 

(7) 

(8) 

where k is a constant and v is a velocity characteristic of the cellular 

motion. Finally, the temperature deviation AT which controls the 

driving force is related to this velocity by the usual equation for 

heat conduction in a steady state, namely 

and for smal 1 disturbances this equation reduces to 

KAT 
=k-

d2 

.42 .. 

(9) 

(10) 
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as far as orders of magnitude are ooncerned. 

Convection starts when the driving force just balances the viscous 

force. From Eqs. (7), (8), (9), and (5), this condition reduces to 

R = const = R
0

• For small velocities the relation (10) between v and 

'1T is linear. However, since the temperature deviation cannot exoeed 

the total temperature range across the fluid layer, this relation cannot 

hold indefinitely. Thus for small cellule.r velocities the driving 

force exceeds the viscou.s force, ~d limiting convective velocity will 

be eventually reached. 

Now suppose that the fluid is without viscosity, but has a finite 

el8ctrical conductivity <r. In the presence of a magnetic field B, the 

motion generates an electromotive force proportional to.! x ! whioh 

in turn gives rise to electric currents and an electrodynamic force per 

unit vo lume of the o rder 

(11) 

If magnetic and velocity fields are stationary, this force may be 

interpreted as a "viscous" force due to Joulee.n dissipation. Again 

equate the driving force to this "viscous". force as a condition for the 

onset of convection and obtain from Eqs. (1), (10), (11), (5), and (6), 

pgot.,Bd 2 

K<rB 2· 
z 

(12) 

It should .be emphasized that the vertical eomponents Bz and not the 

total field has been introduced in Eq. (12). The ru,r:izontal component 

is not effective. With a purely horizontal field the convection takes 

place in narrow cells elongated in t~e direct~on of the field with no 

Joulean losses. 

The cells aggregate at the boundary between the driving and "viscous" 

fo:rces. Their number depends on the streng·t;h of these forces. In the 

case of the irradiation of the suspension with microwaves two components 

co.nsti tute the "viscous" force:; the one dµe to Joulean dissipation, the 

other due to the viscosity of water. The boundary of the vortices will 

be sharper in this case and relatively more cells will aggregate than 

if only direct heating were present. 

The fact that a lethal effect of microwave radiation ca~ot be 
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demonstrated, neither by these experiments nor by the inve~tigations 

described in the .Axmual Scientific Report for 1957-58, is evidently 

caused by this effect. 

By exposing dried cells to microwave radiation with simultaneous 

cooling by air this obstacle in experimental procedure can be overcome. 

It should be noted that according to a theory by Polonsky
9 

it appears 

to be very doubtful whether X-band microwaves can affect single cells 

at ail. These cells possess a rather good shielding against these 

radiations by virtue of their membranes and electronic double layers, 

which are necessary to keep any disturbing radiations out of the intricate 

mechanism that underlies the functioning of every living cell. 
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