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of the present short paper shows that the agreement between the

two methods is, in fact, exact. The ratio of the right-hand side to

the Ieftihand side of (5) was inaccurately given in [7] as 0.981 for

the first zero (fundamental Ahy mode) and 0.955 for the second

zero. We now recognize that this ratio is unity for all the zeros.
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The Relation of Teratogenesis in Tenebrio molitor to the

Incidence of Low-Level Microwaves
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Absfiacf-The teratogenic effects of irradiation by low-level micro-

waves have been studied rking the pupae of the darklhrg beetle

Tenebrio rnolitor. For exposures of 2-h duration, statistically sigrrifi-

csnt increases in teratogenesis were observed at waveguide power

levels down to 200 gW; the pupation time increased monotonically

with the power. E@osures of various durations and powers at a

constht dosage of 4 mW/h strongly suggested that it is the total

dosage which determines the level of teratological damage.

I. INTRODUCTION

Llndauer et at. [1] have reported: 1) that statistically significant

teratological damage can be inflicted upon the pupae of the darkling

beetle Tensbrio molitor by microwave irradiation at 9 GHz and

power level of as little as 8.6-mW/cmZ GW (10-mW level in WR-90

waveguide) for 2-h exposures; and 2) that there is no significant

difference between exposure at 20 mW for 2 h and exposure at

10 mW for 4 h. These observations raised two questions. Fh-st, what

is the minimum power level which will, with 2-h exposures, have

a statistically significant teratogenic eff ect ? Second, since the response

of a biological system to a stimulus is often a function of the product

of the stimulus intensity and the exposure time, do the results of

Lindauer et al. [1] indicate the existence of such a reciprocity

relation? The experiments described in the following were carried

out to answer these questions.
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II. MATERIAL AND METHODS

One- to two-day-old pupae (nominally, 15-mm len@h and 5-mm

diameter and cultured as reported previously [1]) were mounted

for irradiation in Styrofoam blocks and then inseri,ed along tlie

center line of an X band waveguide with their ant eriors toward

the power source. The experimental arrangement and the microwave

circuit for irradiating pupae were the same as those described by

Llndauer et al. [i], to which the reader is referred for full details

and a schematic of the apparatus. The operating f “equency was

again 9 GHz. The pupae for the control group wer > mounted in

waveguides as if for irradiation but no microwave power was applied.

The irradiated pupae and control pupae were placed in individual

numbered vials in a darkened environmental chambc r at 21 “C for

the duration of pupation. Using “single blind” te ~hniques, the

emergent adults were categorized for gross morphological defects

according to the scheme of Carpenter and Livstone [2~1 where

D

G1

G2

G3

N

insect died during pupation;

insect developed head and thorax of an adult, bv t retained the

abdomen of a pupa, sometimes with pupal case attached;

adult insect had rumpled and grossly distorted elytra and/or

shredded wings;

adult insect was normal except for small dkcrete holes in

elytra;

adult insect was apparently normal.

To determine the effects of power level at constant duration of

irradiation, pupae were irradiated for 2 h at diffe~ ent levels of

incident power, the level being reduced until statistically iignifickrrt

damage was no longer observable with the number of the pupae

employed. Pupae absorb roughly ~ of the incident power [1]. The

total incident power (in milliwatts) can be converted to power per

unit area (in milliwatts per square centimeter) at the center of the

WR-90 waveguide employed by multiplying by 0.85; thus, at a level

of 20 mW a pupa is exposed to a power density of 17 mW/cmZ and

is absorbing energy at a rate of roughly 7 X 10-3 J~L

To determine the effects of power level at constant dosage,

pupae were given exposures of 4 mW/h (e.g., 2 mW of CW wave-

guide power for an uninterrupted 2-h exposure) at power levels

of 2’-1 mW (O < n < 5) and corresponding exposure times of 2S–” h.

III. RESULTS AND STATISTICAL ANALYSIS

The results of irradiation at various power levels are shown in

Table 1. These data were analyzed by the classic chi-scluare test L3]

with categories Gl, f22, and G3 combined to avoid un iue emphasis

TABLE I

lNCIDENCE OF TERATOGENIC DAMAGE FOR 2 H ow ]JXFOSURE AT

VARIOUS POWER LEVELS

—

Group D G1 G2 G3 ?1 Total

20 mw 20

(26.78) ( 141.16?) ( 3 02.37%)

75
(9.73:) (1:47%)

10 ml$ 21 10
(25voz)

80

(26.7%) (12. 5-,) (6.53 ?,) (30240?)

2 mFl 16 14

(23.9?)

29
(9.60;) (3.t:)

67
(20.9%) (43 3~)

1 Inw 15 73

(2 31.73a ) (8.62 -.) (20.5%) (2.$:) (453::)

0.2 mw 14 s 1

(20.9:)

39 67

(7.;”) (11.92) (1.5:) (58 2?)

0.1 mw
(202.;3) (6.~%) ( 1 01.15%)

105
(1.;:) 65(61 9;)

0.05 mw

( 161.12%)

6

(5.49”>1

47

(8.8’=)

68

(0.1:) (69 1:)

control 54 13 22

(18.1!)

208

(4.4:)

298

(7.4:) (0.:%) (69.8%)
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Fig. 1. Percentage of normal (0), damaged (A), and dead (Cl) adults

following 2-h irradiation of day-old pupae at various levels of wave-

guide power. The percentages were regressed agaiust the logarithms

of the power levels (0.05-20 mW) and the following lines determined:

normal, –17.93 log,, P + 45.61 (r = –0.99); damaged, 14.32

loglOP + 31.74 (?’ = 0,99); dead, 3.6010g~o P - 22.66 (r = 0.97).

P is the power in milliwatts and r’ is the correlation coefllcient.
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Fig. 2. Dnration of pupal state versus waveguide power for the speci-

mens of Table I. The error bars extend for two standard deviations of

the sample population. The straight line resulted from regressing

duration against thelogarithm of thewaveguide power (0.1–20mW);

Its equation is 1.3710g~o P + 10.44 (r = 0.99).

onthelow rate of occurrence of G3. First, various irradiated groups

were compared with the control population; all showed differences

significant at the 0.05 level except the groups at 0.1 mW and 0.05 mW.

Then various groups were compared with one another, there were

nosignificant differences atthe 0.051evel between the 2-and l-mW

groups and between the 0.1- and 0.05-mW groups.

Tliesedata have been processed andplotted in Fig. l;it can be

seen that the variation in the effect is sensibly linear in the logarithm

of waveguide power with an apparent onset of effect in the neighbor-

hood of 0.05mW. Fig, 2showsthe variation in the duration of the

pupal state with waveguide power for these same specimens; it

confirms thelengthening noted by Carpenter and Llvstone [2] and

also dk.plays a logarithmic variation of effect starting roughly at

0.05 mW. This lengthening of pupation period in response to micro-

wave irradiation occurred not only for specimens which developed

into adults of all three grades of abnormality but also for specimens

which developed into seemingly normal adults.

The results of the test for reciprocity are shown in Table II. The

various irradiated groups were again compared with the control
group using thechi-square test and allshowed signifimntdi fferencefi

at the 0.05 level. A comparison among different irradiated groups

was made by applying a chi-square test for comparing several

grouped distributions [33, and there was no significant difference

at the O.051evel.

IV. DISCUSSION

The results presented in the preceding demonstrate a clear in-

crease in teratological damage due to microwave irradiation and

show that it can be statistically significant at total dosages as low

as 0.4 mW/h. (0.2 mW applied for 2 h). The data of Table I suggest

that the use of larger sample sizes might extend the region of statis-

tically significant damage to somewhat lower dosage levels; the

TABLE II

INCIDENCE OF TERATOG~NIC DAMAGE FOR DOSAGE OF 4 MW/n

Group D G1 G2 G3 N Tot. 1

16 roW, 0.25 hr. 6 59
(23!7%) (10,2%) (201.:%) (3!4%) (422.j%)

B nw, 0.5 hr. 6 13 62
(221.468) (9,60, ) (21.0:) (3?2%) (4 32.75‘3 )

4 mi$!, -1 hr. 13
(241.}%) (8?2%) (21.3%)

61
(3!38) (4~.66%)

2 rrlw, 2 hr. 14
(2 41.72%) (1 OTO?J (20.0%)

30
(2!9%)

70
(42.9%)

1 mN, 4 hr. 15 6
(23.8:)

13 27 63
(9.5%) (20.6%) (3:2%) (42.9%)

0.5 mli, 8 hr. 15 6
(22.7%)

2
(191.:%)

30 66
(9.1*) (3.0%) (45.4%)

Control 28 7 0 112
(17.6%)

159
(4.43) ( 71.25%) (0.0%) (70.4%)

analyses of Figs. 1 and 2 confirm this impression and, additionally,

suggest the exietence of an apparent onset of effect near 0.1 mW/h,

for the sample population studied. Since irradiation at 20’ mW is

known to produce a measured rise in pupal temperature of less

than 20(3 [1], and since heating by conventional thermal techniques

appear not to be teratogenic [11, [21, one might conclude that the
origin of the effects observed here is not thermal in the usual macro-

scopic sense of this term.

The property of reciprocity demonstrated by the data of Table II

is in accord with the observation of Lindauer et al. [1] that the

results of 20-mW CW for 2 h, 20-mW pulsed (peak power 5 kW)
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for2h,20-mW pulsed (peak power 50W) for2h, and10-rnWCW

for4h, areindistinguishable. Thatis, theavailable dataimply that

for sensibly continuous exposures, the teratological damage depends

upon the total dose received and not upon protocol by which it is

applied. Of course, there are biological phenomena which are

reciprocal over some ranges but nonreciprocal over others, or are

reciprocal for continuously applied stimuli but become nonreciprocal

when the dose is applied intermittently over a sufficiently long

period of time.1 Nevertheless, the available data do at least raise

the possibility that microwave photon is a cumulative teratogen.
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1A well-documented example of this is the phototropic respo~.se of

thecoleoptile [4].

The Coupling of a Single-Ridge Waveguide to a

Fabry-Perot Resonator

MICHAEL L. VAN BL.4R1CUM, STUDENT MEMBER, II?,E12

Absfract—The functional forms of the fields in a single-ridge

wavegnide are presented. J3ethe}s small-hole diffraction theory is

used to determine the coefficient for coupling from various parts of

the guide to a Fabry-Perot (FP) resonator. It is shown that fre-

quency-independent coupling over a very broad band is possible,

and specific examples are given for the band from 18.0 to 40.0 GHz.

I. INTRODUCTION

Inrmicrowave spectroscopy it is often desired to couple single-mode

microwave energy from a waveguide into a resonant cavity over

abroad band of frequencies. If this band is wider than the bandwidth

of a rectangular waveguide, then it is necessary either to use dif-

ferent sizes of rectangular guides over different parts of the band,

or to use another type of guide which has a suitable bandwidth.

Using more than one type of guide is inadequate if the input er,ergy

is to be continuously swept over the band of frequencies. However,

a ridge waveguide is very suitable for this application because of

its relatively wide single-mode bandwidth. In this paper, an approxi-

mate determination of the fields in a single-ridge waveguide and
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a scheme for broad-band coupling from a single-ridge waveguide

into a Fabry–l?erolAype (FP) resonant cavity, with particular

emphasis on the band of frequencies from 18.0 to 40.0 GHz, are

presented.

II. DETERMINATION OF BANDWIDTH

AND CUTOFF WAVELENGTH

When a rec~angular piece of waveguide is loaded with a single

ridge down the center (see Fig. 1), the impedance :md cutoff fre-

quency are lowered and a wider bandwidth and m]de separation

are obtained. In order to determine the bandwidth o Fsuch a guide,

it is necessary to calculate the cutoff wavelengths of tl LeTIZ~O modes.

These wavelengths are usually obtained by assuming parallel-plate

TEM modes propagating transversely in the separate rectangular

sections of the guide’s cross section. The TE~O cutoffs occur at the

frequency at which the parallel-plate guide has its ,mth-order

resonance. The discontinuity susceptance B., which occurs at the

change in height from one region to the other, must be included in

the calculation of these resonances. For m-odd mode~ the resonance

must be of the type which gives an infinite impedance at the center

of the ridge, while for the m-even modes the ridge-eel ker impedance

should be zero.

Fig. 2 shows the equivalent circuit for the ridge guide. From this

circuit it is seen that for odd resonances the relation that holds is

– YO1 cot
()

2?r

()

27r s
xl +BG+Y02tan ~~ =0 (1)

o c

and for even resonances

() ()27r s
– Yol cot ~1 +B. –Y,, cot ~~ = o. (2)
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In parallel-plate-type waveguides the characteristic,; impedance of
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Fig. 1. Configuration of the single-ridge rectangular w aveguide show-

ing the coordinate system and the dimensions. a = 0.712 cm: fJ =

0.3556 cm; s = 0.2667 cm; d = 0.04953 cm; t = 0.22:?2 cm.
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Fig. 2. Equivalent circuits for a

for even and odd modes. (a)
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single-ridge rectangular waveguide

For m even. (b) FOI m odd.


