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A Simple Technique For Measuring 
High iVlicrowave Electric Field Strengths* • 
C.S. Maclatchy1 and R.M. Clements2 

ABSTRACT 
A simple, non-perturbing method for measuring the electric field strength in a device, such 

as a microwave oven, is described. It is based on measurement of the minimum and/or max

imum pressure at which a selected gas (in our case Heg) in a small cell breaks down. As 

microwave, breakdown in gases is we/I understood, pressures measured can be easily converted 

to absolute values of field strength, with no calibration required. The cells may be small, so 

spatial resolution is reasonably good. Field strength measurements in a commercially available 

microwave oven were made using this technique, and were compared to fields deduced from the· 

power dissipated in. water loads. Two different methods of computing the field from power 

dissipation calculations are compared with the Heg3 measurements. 

INTRODUCTION 
There is a need for a simple technique of measuring the electric field strength in large 

cavities without adversely perturbing the field distribution. In the present case, an experiment 

had been established to investigate the effect of microwaves on combustion which is based on 

speculation by Ward [l] who states in a recent review article that a small amount of microwave 

power absorbed in a flame from would strongly enhance the combustion process. According to 

Ward's argument, the microwave power would be absorbed preferentially in the flame front 

where the electron density is high enough ( == i 018 m-3
) so that the electrons could efficiently cou

ple to the microwave electric field. In addition, the amount of electron heating depends on the 

electric field ·strength. Since it was our purpose to study the heating effect of the microwaves on 

the electrons,-it was necessary to devise a technique for measuring the microwave electric field. 

Although the measurement of power density appears to be fairly routine, it was not possible to 

find a simpie technique that could be used to measure the electric field without perturbing the 

field distribution. We were also interested in a technique that would not require expensive 

microwave equipment which is not available in our lab. Our solution to this problem was to 

place small glass cells, containing a mixture of helium and mercury vapor, inside the cavity at 

the region of interest and observe the breakdown of the gas as a function of the gas pressure 

when the microwave field is turned on. By knowing the critical pressure for the cell at which 

breakdown will just cease to occur when the microwave power is turned on, and by varying the 

cell pressure around this point, it is possible to deduce the strength of the electric field inside the 

cell. This method has the advantage that it causes minimum perturbation of the electric field 

distribution in the cavity and it is based on extremely well documented theoretical and 

experimental information [2]. 

'Heg. an acronym of the chemical symbols for helium and mercury, is made by introducing a small droplet of mercury to a pure sample of helium. The mercury 

,..apor contamination in the helium is sufficient to p~oduce a gas w~ich has very desirable microwave breakdown characteristics. 
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The iji.easurement of microwave power levels is by no means a new problem. Devices such 

as thermistors. barretters, load lamps and bolometers are commonly used [3]. However, such 

devices do not seem to be applicable to large cavity measurements because of their tendency to 

affect the field distribution. Water loads [4,5] have been used with some success but are more 

likely to represent the field of a loaded cavity rather than an empty cavity. More recently [6, 7,8] 

liquid crystals have been used although such measurements result in a qualitative assessment of 

field strength only. Neon tubes [3] were once used to monitor power and a cylindrical fluores

cent lamp [9] has been used to monitor the relative electric field strength along the periodic 

structure of a microwave applicator. In the present experiment, the objective was to measure 

the electric field strength inside the oven while minimally perturbing the field distribution. The 

previously mentioned techniques either do not give a quantitative value of the field, or perturb 

the field, or both. The water load method yields a measurement of the power absorbed from the 

field and may be used to estimate the electric field strength [5]. However, when traditional 

methods of computation are used, an erroneously high value of the field strength is obtained. 

In this experiment, two methods of measuring the electric field strength averaged over a 

small volume in a commercial microwave oven will be discussed. In one case, a 50 mf, spherical, 

survey flask containing water is placed in the oven and the heating effect of 2.45 GHz radiation 

on the water is used.to estimate therms electric field. In the other case, small cells containing a 

mixture of heiium and mercury vapor, or Heg' gas, are placed inside the cavity and the 

breakdown of the gas is observed as a function of pressure. This method will- be called the Heg 

cell method. 

WATER LOAD METHOD 
The water load method has been successfully applied to measurement of power levels and 

can be used to measure the electric field strength as well. Two methods of calculating the 

magnitude of the electric field will be described, one published previously by White [5] and the 

second an alternative approach introduced by the present authors. Because there seems to be 

some misunderstanding about the calculation of field strength from the power absorbed in a 

water load, a complete derivation for both methods will be presented here. In both methods, a 

small vessel of water is placed in the oven or cavity at the position of .interest and the 

temperature rise, 6T, which occurs over a short period of time, 6t, is measured. If h is the 

specific heat of the water, then the average volumetric power absorption is 

p 
V = 

6T 
h - • 

6t 
(1) 

In measuring this quantity, it is assumed that due care is taken to account for the heat capacity 

of the survey flask and the thermometer and that any cooling effects during the measurement 

are evaluated. If the duty cycle of the magnetron is different from 6t, this must be accounted 

for as well. The instantaneous power absorbed per unit volume from the microwave field is 

p 

V 
= aE.2 = K.E.,E/ (tan o) 2,rf (2) 

where a represents the conductivity, K. is the relative permittivity, Ea is the permittivity of 

vacuum, E, is therms electric field strength inside the water, tan o is the loss tangent and f is the 

frequency of the microwave radiation. If it is assumed that power is absorbed uniformly 

throughout the survey flask, then it is possible to write · 

E.2 = ·P/V 
K. ea (tan o) 21rf 

(3) 

The magnitude of the electric field outside the volume of water must now be evaluated. 

White suggests that the standard result of a dielectric sphere imbedded in a uniform static elec

tric field [ l 0] be used, namely 

I 
l 
I 
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K. + 2 =·---3 

9 

(4) 

where E. represents the electric field amplitudejust outside the flask. To a good approximation 

it is found that for K. > > I 

[ 
(K. + 4) P /~ ] 112 • 

I 8,rf e., tan o 
(5) 

However, the validity of (4) is doubtful because it fails to account for the energy stored in the 

magnetic field. This is easily seen from the fact that an alternating field is derived from both a 

scalar (<P) and a vector ff) potential, E = -V</, - §riot. For a plane wave the scalar potential 

term is zero and the field can be derived entirely from the vector potential [10]. Since (4) is 

based on the scalar potential only, it is unlikely to apply in the present case. Also, this analysis 

in-no way accounts for reflections at the surface of the load. 
Another way of looking at the calculation of E. is to assume that the water-containing 

survey flask is a spherical dielectric embedded in a field of microwave radiation. Part of the 

radiation which strikes the sphere will be reflected and part will enter the water where it is par

tially absorbed. Let the fraction which is transmitted to the load be rand, of this portion, let the 

fraction which is actually absorbed and produces heating be A. The magnitude of the Poynting 

vecIOr at the surface is c E. E.2 where E. is the average rms value of the electric field just outside 

the sphere and c is the velocity of light in vacuum. If the radius of the sphere is a, then the 

measured power absorption is related to the average electric field strength by 

[ p ] i 11"a3 = c e., E.2 . 41ra2 • r . A. 
V 3 

(6) 

The nature of the radiation field inside the cavity precludes the precise evaluation of rand 

(\. but their values can be estimated. The absorption of power inside the water can be handled in 

the following way. lf S represents the magnitude of the Poynting vector, then Sis related to the 

absorbed power by dS/ dx = -P /V where xis any linear coordinate. From (2) this leads to 

dS 
-d = -K. e0 El (tan o) 2Tif. (7) 

X 

Since S = K. e. Et c.,where c., is the v~locity of the radiation in the water, it is clear that 

dS 
dx 

Stano s 
d 

(8) 

where >-w = c.,/271"f is the radian length in· the-water. From this equation it can be seen that d 

represents an effective skin depth and that S decays exponentially, S = S.exp(-x/d). If it is 

assumed that a uniform power flux enters through the surface of the sphere, then it is possible 

to integrate over the volume of the sphere · 

[ Pv] 4 - 1ral = 
3 

-2a 
=41ra2 .S •. (I-e d). (9) 

The term in parentheses represents the fraction of the power absorbed by the sphere and S. 

would be r c e. E.2 in (6). For the properties of water under microwave conditions at 30°C [11] 

d = 1.85 cm. Thus for a spherical water load of 50 me (a = 2.3 cm) about 900Jo of the power 

'ca,. 
- ---~ 

.. ' 
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that enters the sphere is absorbed. Reflections from the inner surface, which would increase this 
fraction, have been neglected. A water temperature of 30°C is used because the temperature 
range during heating is about 20-40°C. 

The value of T can only be approximated because of the complex radiation field in a 
microwave cavity. For the purpose of this calculation, we shall consider two extreme cases, 
neither of which is entirely correct. but both of which will allow us to estimate_ T. In the first ex
ample, assume that the flux is uniform from all directions. The transmission coefficient is that 
for normal incidence given by (10] 

4n 
T=---• 

(1 + n)2 
(10) 

- Since n, the index of refraction, is .JK. = 8.8 for water at 30°C and 2.54 GHz, T = .31. In the 
other extreme case, plane waves are considered to be incident on the sphere from one direction. 
In spherical coordinates, an element of area projected perpendicular to the incoming wave front 
is a sin O dcp a cos O dO. The electric field can be broken into components parallel and normal to 
the ct> direction · 

If the transmission coefficients for these two components are Tp and TN, then 

p 4 1,p=lr 19=r/2 · . 
[ - ] -1ra3 = A. CEo [ (E. cos ct>) 2

Tp + (Eo sin cf,) 2TN] 
V 3 • • 

. a2 sin O cos 0 dcp dO. 

· The actual functional form of 'P and TN may be found in [10] and will not be reproduced here. 
Numerical integration yields 

[ P , 4 3 _ A .:; 2 .1 i r 11 yl3r.a- .ce.,....,, .. .ra ... (11) 

Thus between lOOJo and 40% of the incident power is transmitted into the spherical water 
load. The effect of the glass survey vessel has been neglected because its wall thickness is much 
less than the wavelength of the radiation. Under these conditions it can be shown that reflection 
occurs as if there were only an air-water interface with no layer of glass between. Equation (6) 
may now be used to calculate the upper and lower limits of the field strength from 

(12) 

Heg Cell Method 
The breakdown characteristic of gases in microwave fields is well understood and is the 

subject of a book by MacDonald [2]. He discusses both theoretically and experimentally the 
breakdown as a function of pressure of a large number of common gases and gas mixtures. Heg 
is one of the gases discussed in great detail. From a practical point of view, Heg is easy to make; 
merely a drop of mercury in a vessel of helium and second, the minimum field strength for 
breakdown is lower than for any other gas or gas mixture: Because the fields we wanted to 
measure were relatively low (100-200 V / cm) the latter reason dictated the use of Heg. However, 
the technique which we describe could be used with other gases in the cell provided that the 
fields were large enough. 
· The magnitude of the electric field which will just cause breakdown in Heg is a well-defined 
function of the gas pressure, the microwave radiation frequency and the effective diffusion 
length A in the cell._For a cylindrical cell, 
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[ .!.p 
. X. (13) 

where R is the radius of the cylinder and X is the length of the cylinder; Analytical methods may 
be used to predict therms field which will just cause breakdown to occur. For those who are ex
perimentalists by nature, iris easier to calculate the critical field from a universal curve which 
represents the effective critical field as a function of pressure, namely 

AE. = f(Ap). (14) 

This function is independent of the microwave frequency. The effective field, E., is related to 
the actual root mean square field by 

2 

E = E.(1 + wz )"2 

" 
(15) 

where w is the angular frequency of the microwave radiation and v is the electron-neutral colli
sion frequency. With these equations it is possible to calibrate any cylindrical Heg cell from the 
experimental and theoretical curves in MacDonald's book. The calibration curve will be a plot 
of the critical field E which will just cause breakdown to occur as a function of the pressure 
p for a fixed frequency w. 

EXPERIMENT 
The Heg cells were made from small pyrex cylinders with volumes ranging from about IO 

cm3 to 75 cm3
• In the models found most useful, a narrow bore sidearm with a stopcock was at

tached so that the cell could be connected to a vacuum system. This allowed the pressure to be 
adjusted to any convenient value. A small droplet (diameter ::::: 1 mm) of mercury was placed in 
each cell to ensure the presence of mercury vapor. For the technique to work, it is vital that the 
cells be free of contamination. 

To make a measurement of the electric field, the following procedure was adopted. First 
the cell is pumped down and helium is bled into the cell at a pressure of about 1.3 kPa. For most 
cells, breakdown is fairly easy to achieve at this pressure. The Heg cell is then placed in the 
microwave cavity at a position where the strength of the electric field is to be measured. The gas 
will break down more reliably if a weak radioactive source (5 µ.Ci 6°Co would be suitable) is 
placed in ~e oven near the Heg cell. This procedure is in accordance with the experimental pro
cedures outlined in MacDonald's book. This provides a few free electrons to initiate the 
discharge. When the cell breaks down, it is left on for a few s so that the cell walls are 
thoroughly heated. This improves outgassing and decontamination and leads to better results 
later on. The cell is then returned to the vacuum system and allowed to cool. The pressure is 
then adjusted to another value and the operation outlined above is repeated at different 
pressures which are systematically chosen, until the cell ceases to ignite when placed in the oven. 
Both the high and the low critical pressures are found. If the field is the same for both cases, 
then one has some assurance that the cell has been properly cleaned. An example of the type of 
curve produced from these observations is shown for two different values of A in Fig. 1. The 
electric field strength is shown in Table 1. 

It can be seen that these measurements, performed with cells of widely differing A, agree 
within experimental error which is estimated to be slightly less than 20%. The low pressure 

. results are likely to be less reliable due to the greater effect of small amounts of cell contamina
tion. The symmetry of the curves at high and low critical pressure is in accordance with the· 
breakdown observations and theory in MacDonald's book. 

OBSERVATIONS FROM THE WATER LOAD TECHNIQUES 
Because the water load method is an accepted technique, it was thought that it and the Heg 

cell method should be compared. The value of P / V was measured by placing a 50 mf spherical 
flask in the oven and measuring the temperature rise for a 30 s exposure to the microwave radia
tion. The volumetric power absorbed at the same position as that used in the Heg cell measure
ment is 8W /cm3 ± 10%. With K. = 77 and tan o = .12 [11], values for water at 30°C, (5) gives 
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an rms field strength of 660 V / cm. This calculation is for a frequency of .2.45 GHz and the 500Jo 

duty cycle of the magnetr.on has been taken into account. Fields of this strength could be ex

pected to cause breakdown in Heg for the conditions indicated in Table 2. The expected results 

are clearly outside the observed range by an amount much greater than the experimental uncer

tainties would warrant. Thus the electrostatic method of computing E. from the heating effect 

does not appear to be in agreement with the Heg cell measurements. 

E 
CJ 

~ 100 

., 
~ 

w 

103 

Heg Cell Pressure (Pol 

Figure 1 Two different Heg cells (A = 0.23 cm and A = 0. 73 cm) at the same position in a microwave 

oven. Pressures for which easy breakdown occurred, indecisive breakdown and no breakdown are in

dicated. Indecisive breakdown indicates that some trials produced breakdown whereas others did not for 

a particular pressure. 

High 
pressure 

Low 
pressure 

Table 

A=0.73cm 

E_ = 150 ::!: 25 V/cm 

E_ = 185 ::!: 25 V /cm 

R = 2.1cm 

X = 4.2cm 

A= 0.23cm 

E,m, = 145 ± 15 V /cm 

E,m, = 150 ± 20 V /cm 

R = 0.55cm 

X=l0.5cm 

If on the other hand, (12) is used, a better agreement is achieved although it is possible to 

calculate only a relatively broad range for E •. The results of a set of measurements are shown in 

Fig. 2. In order to obtain these, the survey flask was placed in the central region of the oven 

which had been placed on end. The value of (PI V) was then measured as a function of the 

distance above the lower side of the oven. Maximum (T = .1), minimum (T = .4) and the 

average values of E. were then calculated from (12) and have been plotted. A position 16 cm 

above the bottom of the oven was then selected for reasons of convenience and a Heg cell (A = 
.23 cm) was used to measure the field. First the cell was placed in the oven with no survey flask 
or other load present. A value of E. = 170 ± 1 0V / cm was obtained and has been shown on the 
graph. Clearly this value is in excess of the survey flask measurement. Next, the survey flask 
was placed in the oven at the 16 cm position and the Heg cell was placed by its side and the 
measurement of E. repeated. In this case, the Heg cell measurement of E. is 115 ± 15 V /cm.As 

can be seen from the graph, this value of E. is in quite good agreement with the water load 
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Table 2 

A= 0.73cm 

A= 0.23 cm 

Expected 

27 Pas p s 7.3 kPa 

93 Pa s p s 6. 7 kPa 

Observed 

86 kPa s p s 1.5 kPa 

330 Pa s p s 1.1 kPa 

13 

measurement at the same position. The other interesting thing to notice is that the survey flask 
loads the oven and reduces the field. That this is indeed a loading effect can be seen by examin
ing Fig. 3. The conditions for this measurement were identical to those of Fig. 2 except that a 
250 m£ beaker of water has been placed in the bottom, left hand corner of the oven. This obser
vation that the presence of a load in the oven changes the field distribution is of course not new, 
but it indicates an advantage of the Heg cell measurement: the field distribution in the oven is 
minimally disturbed prior to ionization of the gas although the field is likely to be strongly per
turbed once the gas breaks down and becomes conducting. In addition, it was observed that 
heating of the pyrex cell was barely noticeable when no breakdown occured. This suggests 
minimal power absorption from the field and minimal perturbation of the field. The other im
portant conclusion is that the present technique of computing the electric field strength from 
(12) appears to be qualitatively correct although it has not been possible to accurately determine . 
T theoretically. Smaller survey flasks have also been examined and yield somewhat smaller 
values of Eo but these results do not appear to be experimentally significant. 

If we take the average value of the field as measured with the survey flask to be a good 
measurement of E. since it agrees with the heg cell measurement, it is possible to determine Tex
perimentally. The experimental value of T turns out to be 0.2 in reasonable agreement with the-
theoretical limits of O. l ano 0.4, an indication that our model is at least conceptually correct. 

200: 
l 

175 TA 
~ 

..L. 

150 

E 
125 u 

' > 

Cl> 100 E ... 
w 

75 

50 

25 

0 
10 14 18 22 26 30 34 

DISTANCE ABOVE CAVITY BOTTOM (cm) 

Figure 2 The water load method and the Heg cell technique comp~r~d. When both the survey flask and 
the Heg cell are placed side by side in the oven, reasonable agreement is achieved. For A, no survey flask 
is present and for B, the Heg cell is placed beside the survey flask. The dashed curve represents the 
average of the upper and lower curves calculated from (12) for T = 0.1 and 0.4 respectively. 



14 , JOURNALOFMICROWAVEPOWER, 15(1), 1980 

150 .------,---,-----,----.----r----. 

125 

c 100 
<> 

' > 

.. 751 E 
~ 

w 

50' 

25 

---

i\ .. . ·-· /\ I - .. ·, • • 

O'---~--~-~--_._ ____ _ 
10 14 18 22 26 30 34 

DISTANCE ABOVE CAVITY BOTTOM (cm) 

Figure 3 Survey of E, based on (12) with T = 0.2 when a 250 
mf beaker of water is present in the oven. 

CONCLUDING REMARKS 
Several methods of determining the effective electric field strength in a small region in_a 

microwave oven have been described. The Heg cell technique can be used to measure the field 
without perturbing it. Because of the well-known behaviour of gases in microwave fields, this 
measurement of Eo is considered to be the most reliable. An improved test of the experimental 
technique could be realized if the Heg cells were calibrated in a waveguide where the field 
distribution is accurately known. However, such equipment was not available to the authors. 

Although previously reponed in the literature, the calculation of Eo from water load 
measurements on the basis of electrostatic theory has been demonstrated to give erroneously 
high estimates of the field. For this reason an alternative approach wherein the spherical load is 
assumed to absorb energy from a surrounding radiation field has been developed. This has led 
to an estimate of the amount of energy transmitted into the load which lies between 10 and 
40%. A more accurate determination is not possible because of the indeterminate nature of the 
radiation fieid within the oven. When the Heg cell measurements are compared, it is possible to 
show that about 20% of the incident power is actually transmitted into the spherical water load. 
It has also been shown that a water load tends to perturb the field and will result in a value of E0 

which is considerably lower than that which exists when no load is present. 
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