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ABSOLUTE POWER MEASUREMENT AT MICROWAVE FREQUENCIES L
By A. L. CULLEN, Ph.D., B.Sc.(Eng.), Associate Member.

(The paper was first received 13th June, and in revised form 9th November, 1951.
15th February, 1952.)

SUMMARY

The radiation pressure of electromagnetic waves on a reflecting
surface may be used as the basis of a method of power measurement at
microwave frequencies. The method is absolute, depending only on
measurements of mass, length and time; no secondary electrical
standards are involved in the experimental procedure Moreover, no
appreciable power is absorbed by the apparatus.

This method has been compared with a balanced calorimeter watt-
meter, and agreement to within 1-2 watts has been obtained in the
range 10-50 watts. The major difficulty encountered in obtammg
greater accuracy with the radiation-pressure apparatus described is
the disturbing effect of convection currents of air, caused by the heating
of the reflector by the small fraction of the incident microwave power

which is not reflected.

' - ;.4.LIST OF PRINCIPAL SYMBOLS

a, b = Dimensions of rectangular waveguide.
A = Normalized characteristic admittance.
B = Normalized susceptance.
¢ = Velocity of light in vacuo.

F = Force due to radiation pressure.
h = Height of ripple.
H = Magnetic field strength.
H, .= R.M.S. magnetic field in incident wave.
I = Moment of inertia.

m, o = Coupling coefficients.

p = Instantaneous value of radiation pressure.
P+ = Incident power.

r = Radial co-ordinate.
r; = Radius of a circular guide.
rz — Ratio of amplitudes in successive swings.
Z, = Characteristic wave impedance.

B = Phase constant.

o = Damping coefficient.

A = Penetration depth.
Ky = Free-space permittivity.
z\ — Guide wavelength.

g Angular position of movement.

p = Field reflection coefficient.

p, = Power reflection coefficient.

X = Radial propagation coefficient.
wo = Free-space permeability.

w = Angular {frequency.

(1) BASIC PRINCIPLES
(1.1) Introduction

In 1873, Maxwel!! showed from his electromagnetic theory of
light that a beam of radiation falling normally on to a flat surface
would give rise to a pressure equal in magnitude to the electro-
magnetic energy density at the surface. He suggested the
possibility of experimental verification in the following words:

“Such rays falling on a thin metallic disc, delicately sus-
pended in a vacuum, might perhaps produce an observable
mechanical effect.”
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In 1876, Bartoli2 derived Maxwell’s result frorn the secondl
of thermodynamics in a very general way, showing that it y
applicable to all streams of energy. He also attempted to veri
the result experimentally, but was unable to overcome disturbing
effects due to the heatmg of the reflector, which gives rise to ¢ on
vection currents of air and to the radiometer effect, collectivel
described as “‘gas action.”

Lebedew,3 using light waves, succeeded in: 1900 in ehmma
these unwanted effects from the final result, and he was the m
to give a reliable demonstration of the reality of radiatic
pressure. By 1902, Nichols and Hull* had made a thoro
investigation of the ‘‘gas action,” and had established
quantitative accuracy of Maxwell’s result.

Recently, Carrara and Lombardini? have demonstrated the
existence of radiation pressure at microwave frequencies, but
apart from an indication that the pressure was of the correct
order of magnitude, no quantitative results were obtained.

Independently of this work, a quantitative method of me
ing power at microwave frequencies by making use of
radiation pressure effect has been put forward.® Preliming
experimental results have already been reported;® it is the purg ;;
of the present paper to describe the techniques adopted and
explain their theoretical basis.

_'F-_i:
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(1.2) Elementary Theory ge
Maxwell’s derivation of an expression for the pressum
electromagnetic radiation was based upon energy consideratic
and gave no indication of the mechanism of the effect. Sir I
Thomson later obtained the same result by considering ¢
mechanical force exerted by the magnetic field of the wave Gﬁ
currents induced by it in the reflecting surface. «
This more physical approach will be followed here to pro!
the desired result. Consider a simple harmonic plane
normally incident on a highly conducting surface. The wave¥y
be almost completely reflected at the surface with approxi i1
doubling of the magnetic field and partial cancellation of #
electric field. Some energy will flow into the conductor, l:nif :
penetrate only slightly, in accordance with the well-known sk
effect. Inside the conductor, displacement current W
swamped by conduction current; if the instantaneous magne
field in the conductor is H, and the instantaneous current @ .,i__.
is ¢, curl H = ¢ at all points. =
With a Cartesian co-ordinate system, and OX as the directio
of propagation of the plane wave, QY as the direction n? _
electric vector, and OZ as the direction of the magnetic VeCH
and the conductor surface perpendicular to the OX axﬁ.!
reduces to 5

YH X = —t, . . . . witss
Consider a volume element dxdydz inside the conductar. A
current passing through this element is ¢, dxdydz, and its 1€8
in the direction of the current is dy. Thus the force *;_-,_
element (Bli) is B,dxdydz or poH.dxdz. This may "
regarded as a pressure acting on the side dydz and

poHtydx.

The total instantaneous pressure, p, is found by mtegm |

-':1_'

-
=:h-
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pressures on the sides of all such elements; thus, if the conductor
is semi-infinite

=

H i dx

™~

P = Iy

Using eqn. (1)

n
|
=

and since H_ =0

P=13pmHG . . . . .. Q)

This equation gives the instantaneous pressure in terms of the
instantaneous magnetic field at the conductor surface.

[t is more useful in practice to know the average pressure over
a long period of time, so that if ,,.1s the rm.s. value of the
magnetic field, the average pressure 5 is

P=speHzy, . « & ... (3

The total force F exerted on reflecting surface by a beam of
cross-sectional area ¢’ is given by

F= juoHz, a (4)

The experimental verification of this equation presents some
difficulty, because H, . cannot be measured directly. In the
experiments of Nichols and Hull, the following procedure was
adopted:

(a) First, the pressure of a given beam of radiation on a reflecting
surface was determined.

(b) Secondly, the beam of radiation was allowed to fall on a

wholly absorbing surface, and the resulting temperature rise was

employed to calculate the incident power £+ 1n the beam.

(c) Finally, the power-reflection coefficient pp of the reflecting
surface was determined.

The details of experimental technique are not relevant at
present, but it is necessary to consider the calculation of H,,,
from p and p,. If displacement currents in the conductor are

neglected, the refiection coefficient p for the magnetic field can
be written as

o (o ey (o e
\ K N o \ K \ o

i (] - \;F%ﬁ])/(l ~- \/%ﬂ] . (5

~ This expression can be put into a more convenient form by
Introducing the free-space wavelength A and the penetration
depth in the metal, A.

Since 27/A = @/ (ko) and A = VvV 2lwpyo) it follows that
27\ E

A N

The previous neglect of displacement currents in the metal is

"OW seen to correspond to neglecting (A/A)2 in comparison with

Uﬂit}{. It is therefore appropriate to work to the first order in
AJX in the following calculation, when eqn. (5) becomes

P=1— (1 +j)2nAJA

a

. This is the field reflection coefficient; the power reflection
“etficient p is equal to [p|2, and so

Pp, =1 — 47mA/A o e e w0
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If the incident r.m.s. magnetic field strength is A _ and

Frms

the total r.m.s. magnetic field strength at the surface of the con-
ductor is H,, ., then

Hr%ns — H:n.s)zll x 3 Plz
~ 4(H:,;ﬁ)2( | 2
A
Therefore H2 ~ 4H* ) lzp "’) § 0§ enow D)
The incident power in the beam is
P+ =, [O%H: 2 | (8)

Ko

Substituting from eqns. (7) and (8) in eqn. (4), and remem-
bering that ¢ = 1[4/ (f1o%) Where ¢ is the velocity of light
P+

F —
C

(1 T Pﬁ) . . . . . (9)

This is the equation derived by Maxwell and verified by
Nichols and Hull. If the reflector were perfect, p, would be
unity. Thus, the upper limit for the force is

F=2P+/]c (9a)

At optical wavelengths, p, Will be appreciably less than unity;
€.g. for one of the silver reflectors used by Nichols and Hull the
value of p, was 0-92. At microwave frequencies, however,
almost complete reflection is easily obtained; e.g. in copper, the
penetration depth is 1-1 % 10-4cm at a wavelength ot 10 cm,
so that, using eqn. (6), the reflection coefficient differs from unity
by about 1 part in 104.

The order of magnitude involved is such that, for an inci-
dent power of 1 watt, the force is 0-677 » 10-S8 newton or
0-667 < 10—-3 dyne. Clearly, a sensitive apparatus is necessary
to detect such a force, and one must expect to find experimental
difficulties in its accurate determination.

It is instructive to derive eqn. (9) from a simple quantal
treatment in which the beam of radiation is treated as a stream
of photons. Let there be » photons per unit volume in the inci-
dent beam. Each photon has energy /w and momentum /v/c
and travels with velocity c. The power P+ in the incident beam
1s then

(10)

If the power-reflection coefficient of the reflector is P @
fraction p, of the incident photons will be reflected* and a fraction
(1 — p,) will be absorbed. Equating force and rate of change of
momentum gives

F = 2nlwva'p, + nhva'(1 — p,)

P~ = nhvca’

or F = nhva' (1 + p ) (11)
Substitution from eqn. (10) yields
P+
F = —_(l R Pn)
C ]

which is in agreement with egn. (9).

(1.3) Previous Experimental Investigations

The experiments of Lebedew and of Nichols and Hull were
similar in principle. The light beam whose radiation pressure is
to be measured, falls on a highly reflecting mirror mounted at
one end of the torsion arm of a torsion balance, a similar mirror

* Itisreasonable to assume that the frequency is unchanged on reflection ;: phenomena
such as fluorescence are therefore excluded.
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at the other end of the arm serving as a counterweight. The
torsion balance is mounted in a vacuum so that gas action may
be minimized, the angular position of the torsion arm being
indicated by a lamp, mirror and scale in the usual way. In
principle, the scale readings with and without the light source
are cbserved, and from these readings the angle of twist of the
suspension may be found. Hence, if the specific couple is
krnown. the torque can be calculaied, and since the radius of
action of the torsion system is known, the radiation force may
be determined.

The radiation pressure due to radio waves was observed in
1930 by Mlle Husson.5 Radiation of about 17-5 cm wavelength
was directed towards a half-wave resonant dipole of aluminium
foil, and the pressure of the incident radiation was detected, a
quartz-fibre suspension system being used.

Some rather more detailed work was described by Fritz® in
1931: the general arrangements were similar to those of Mlle
Husson. and forces of the expected order of magnitude were
observed.

Carrara and Lombardini? were the first to make use of war-
time developments in microwave technique to demonstrate
radiation pressure. [n their experiments, an aluminium reflecting
blade was supported at one end of a torsion arm and enclosed in
a glass cover. Radiation at a wavelength cf 3 cm was directed
on this blade and a deflection of the right order of magnitude
was observed.

The methods employed by Husson, Fritz, and Carrara and
Lombardini are free-wave methods and cannot give accurate
quantitative results, because, as the latter point out, an exact
calculation of the force for a given power flow involves the
solution of an exceedingly difficult diffraction problem.

This difficulty, which was absent from the experiments of
Nichols and Hull, arises because the relatively long wavelength
prevents the formation of a narrow parallel beam of radiation
such as that employed by them. Moreover, since the net power
output of the source is eventually radiated into the laboratory,
the resulting spatial standing-wave pattern will cause the observer's
position to influence the results to some extent.

(2) AN ABSOLUTE METHOD OF POWER MEASUREMENT
BY RADIATION PRESSURE

(2.1) Use of Guided Waves

The diffraction and radiation difficulties of Carrara and Lom-
bardini’s work may be overcome by using a waveguide to direct
the radiation on to the reflector and prevent its subsequent
radiation. Consider therefore the force on a reflecting plate
closing one end of a wave guide of unspecified cross-section, fed
by a perfectly matched source. Let the r.m.s. values of the
transverse components of the electric and of the magnetic field
strengths in the incident wave be €+ and H+ respectively. If
the guide is terminated by a matched load, there will be no
reflection of the incident wave, and the power supplied to the
load can be obtained by integrating the time-average Poynting
vector over the cross-section. It is convenient to introduce the
wave impedance Z, of the waveguide, which, for any air-filled
guide supporting an H mode* has the value

A -'p.
Z. = & |t0 R § .
¥ AN K, L8

The power flow then becomes

-

= AH -
P+ = o (}E)_AM(H 2ds . ... (13)

where dS is an element of the surface of the cross-section.

= It will be sufficient to restrict our attention to H modes.

Next suppose that, with the same matched source supplying
an incident wave of the same amplitude as before, the guide i
closed by a perfectly reflecting plate. The tangential electric field
will be zero at the plate and the transverse component of the
magnetic field will be doubled, having the r.m.s. value 2H~
The force exerted on the element dS by this field 1s 3u(2H )48
so that the total force on the plate 1s

-

F = 2uy| (H*)%dS . (14)
JS :
Substituting from eqgn. (13) gives
2P~ A
Foto (15)

g

since v/ (oK) = 1/c. This equation is also valid for any E mode,
but the proof is omitted. In principle, a method for measuring
the output of a microwave oscillator thus exists. If the oscillator
is matched to a waveguide closed by a perfectly reflecting piston,
the power P+ which the transmitter would deliver to a matched
load terminating the waveguide can be found by measuring the
force F on the piston and employing egn. (13).

The objection to this method in practice is that microwave
oscillators depend somewhat critically on the load impedance
into which they are coupled. A purely reactive load might result
in damage to the oscillator or might even prevent its operation
entirely.

[t is clear that, if a radiation-pressure system is to be employed,
some method must be devised which permits the oscillator to
work into a matched load. A method of achieving this result is

_discussed in the following Section.

(2.2) The T-Junction

[t is now well known!0 that a symmetrical waveguide T-junction
has many properties in common with a transmission-line T-
junction. In particular, a suitably placed piston in the side
guide will allow transmission without reflection in the main guide.
This property at once suggests a solution to the problem raised
at the end of Section (2.1), i.e. to measure the radiation pressure
on such a piston, allowing the power to flow on without reflection
in the main guide. In these circumstances, the transmitter can
work into a perfectly matched load and will be operating under
optimum conditions. If the T-junction is compensated so that it
behaves exactly like a transmission-line T-junction, it is not
difficult to show that the force F, acting on a piston in the side
arm is given by .

P A
2¢ Ay

The force is reduced to one-quarter of that given by eqn. (13)-
because the incident field of the progressive wave* in the main ,
guide is now being sampled without causing reflection; no longer
is there the previous doubling of the magnetic field by reflection
and resulting quadrupling of the force.

From a practical point of view, it is desirable to use for .the
side arm of the T-junction a guide of circular cross-section
carrying the Hy, mode. This mode has no radial current floW,
so that moving pistons present no difficulty. - For the main guide,
however, a rectangular guide carrying the H,, mode is desirable.
Although it would be possible to make a compensated T-junction
of this kind, it is not necessary. for it is easy to make use of the

(16)

Fz-'

known general theory of T-junctions to iind the requll‘ﬂ%
force/fpower relationship for an uncompensated T'jUHCtIOﬂ:
This theory, given by Allanson, Cooper and Cowling,!'! leads t‘?

- - . . - - . - =
* Since the wave in the main guide is progressive, we may write P for P~
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Fig. 1.—Uncompensated symmetrical waveguide T-junction and its
equivalent transmission-line junction.
Characteristic admittance of leg 2
A= s : 4
Characteristic admittance of leg |

the result that a wave guide T-junction, having symmetry about
the plane QQ’ (see Fig. 1), is exactly analogous to a symmetrical
shunt transmission-line T-junction with a susceptance at the
junction. It 1s obvious that a correct choice of the short-circuit
position on line 2 will cancel the susceptance and allow trans-
mission without reflection. When a short-circuiting piston is
placed in the corresponding position in the side arm of the guide
junction, transmission without reflection from leg 1 to leg 3
is achieved.

The correct position is found by making use of the formula!!
for the normalized input admittance at a characteristic point
O, in leg 1 when leg 3 is matched and leg 2 closed by a piston d,
from a characteristic point* O, in leg 2; this may be derived
from Allanson, Cooper and Cowling as

Yl = ] ‘—][A cot ﬁZdZ = B] « = (17)

where A is the characteristic impedance of leg 2 normalized to
leg 1 [see Fig. 1(b)].

The force on & piston ‘at the matching position (where
A cot 3,d, — B = 0) can easily be shown to be

F, = Py A F-A.J_.Ez_
- 2(' Agz | A .

(18)

The form of T-junction used in practice is shown in Fig. 2.
The use of slot coupling suggests the application of Watson's
theory of slot-coupled T-junctions!2 which, although less general
than the preceding theory, has the advantage that it contains a
parameter o which depends on slot length, and a parameter mz
which does not, so that the effect of this variable may be more
readily assessed. Watson's m and « are related to A and B by
the expressions

“

n ;

A = s S 3 |
" == Jps ) _
Foow o m s o 9
o' |
B= — _ |
x> - m? JI'
Substituting in eqn. (19). it follows that
P A1
F‘_‘i = l (20)

© 2c A, m

This expression is independent of x, SO that the force is inde-
Pendent of slot length. This rather surprising result is true only
iPproximately for guide walls of finite thickness, but is fairly

% 3 = - - . . . - o .
il A ciiaracteristic point, e.g. O;, in leg 2 is one at which a short-circuiting piston
ot Ciock transmission {rom leg | to leg 3. The nodes of the resulting standing-wave
ST N leg 1 define the characteristic points, e.g. Oy, in leg I. The characteristic

raings, e.g. Qs, in leg 3 follow, in this case, by symmetry.

accurate for slots about /2 in length, i.e. much longer than the
wall thickness.

The values of 4 and B (or m and o) determine the impedance-
transforming properties of the junction, and can bs found by
measurements of the positions of nodes of the electric field in
one guide when the other two are terminated in perfectly reflecting
movable pistons. It should be noted that standing-wave-ratio
measurements need not be made, so that the detector law is of
no consequence. Thus, the relationship between force and
power for any T-junction can be found from measurements of
length and a knowledge of the velocity of light.

In some simple cases, the constant relating force and power
can be calculated theoretically, and such a calculation has been
made for the T-junction of Fig. 2.

Electric field

Fig. 2.—Slot-coupled T-junction.

The calculation depends on the result that the current flow in
the side wall of the main guide runs through the slot into the side
guide without discontinuity when the piston in the side guide is
correctly located (see Fig. 3). Thus, since the distributions of

(a) ()
Fig. 3.—Current flow at slot.

(@) Current and magnetic field in rectangular guide.
(h) Continuity of current at slot.

>— Current flow.
- ———>— Magnetic field.

radial magnetic field in the circular guide and longitudinal mag.
netic field in the main guide are very similar, it is reasonable to
equate the maximum values of these fields (see Fig. 4).

The details of the calculation will not be given here, but the
result is _.

1 W"%’\EIA&*Z HJO(X"‘I;

1 2ab3 | J,(Xr) R (D)

where A,; and A,, are the guide wavelengths in the main and
side guides respectively, r, is the radius of the side cuide,
Xr, —= 3-8317, 1.e. the lowest root of the equation J (Xr)) =0
and J(Xr) 1s the first maximum of the first-order Bessel function.

(2.3) Experimental Investigation of Mode Purity in Circular Guide

The whole of the preceding theory has been based on the
assumption that it is possible to couple the main rectangular and

e
-
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Maximum Maximum Cylindrical Supporting bt
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OB X i
| /4 I \ | ] e
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: / LR | / -
= 06 | ® \\7 - Rﬁt&tl_
= / S \ T Translation
. 5 ! Reflecting Collar’ | Micrometer
Z 0-4 S I\ disc Guide bar drive unit E
: S | :
’3 ' ! \ Fig. 5.—Apparatus for T-junction experiments. =
> =
\ 'P_- z
0-2F I Slot length - A = Provision of a small hole in the reflecting disc allowed th
I \\ . :nsertion of the coupling loop of a crystal detector unit, orientes
| \ to couple only with the radial magnetic field. g
0 o~ ‘ ' A— A CV67 klystron operating at 9 10 cm fed into one end of th
0 1 2 3 4 5 6 . ; . _ .
Radius in circular guide,r,ecm main guide, the other end being terminated by a well-matche
&Dmm ce along slot.x. . load; preliminary measurements of the angular variation of
| _ ok | radial magnetic field showed considerable variation with ro
Fig. 4.—Magnetic field strengths in rectangular and cylindrical guides. tion, as was expected. An attempt to reduce the H,, and
T H modes by using wire mode-filters was made, and some improw
ment was found.
subsidiary circular waveguides in a T-junction in such a way Tt was then observed that the angular distribution of field
that only one mode is excited in each. The rectangular guide excitation of unwanted modes depended In a mar nanm

dimensions are so chosen that only the dominant Hy, mode is  on the axial position of the reflecting disc in the circular gui
propagated, and that all the evanescent modes are rapidly Fora micrometer-drive setting of 1-77 cm the angular distributi
~ttenuated. However, a circular guide of diameter large enough ~ was very nearly uniform, which indicated almost pure Hy, m
to support the Hp, mode will also necessarily support several Standing-wave-indicator measurements showed that this settis
other modes, and the amplitudes of these unwanted modes must  closely corresponded with optimum matching in leg 1.

he reduced sufficiently to be negligible. In Table 1, the lower- Quite small departures from this setting led to a
cyclical variations, and these could be analysed into H;; and H

Table 1 components, as shown in Fig. 6, in which the ordinate repres

g

P__———-—_——__—_——__——_—_ — - S—
| | | | |
Critical diameter, cm : 5-34/6-95|8-84 11-1 12-2!1 14-9?[ 15-4| +0-3 - g
o £ b
Mode .. . o . o Hll E()] , H21 ,- E“ H31 | E21 | H4l o
| HOI Il | | % +02 o
) | | | I s
Critical diameter, cm | 15-5| 16-0| 18:5|18:6|19-5(20-4| E
Mode b : 8 - !i H;z | Eoz E31 H51 ' sz | E12 [ £+0 1\' )
[ S SN SN I— | Hoo | | =
order waveguide modes are listed in order of their appearance as 5 0}_ A 1'_ : 1 8 7= 11*8#’ 1‘_9
Jon-evanescent modes as the diameter of the guide is increased, E Sl o nlation. o, ot
together with the critical diameter at which they appear when the = | }:111 ot
"Ql . ¢l

free-space transverse electromagnetic wavelength is 9-1 cm. _
The diameter of the circular guide employed in the experi-  Fig. 6.—Spatial harmonic content of angular field distribu
ments is 12-5 cm; this does not represent an optimum choice,

but is the internal diameter of some resonant-cavity “‘echo boxes™”  the ratio of the radial magnetic field of the unwanted mode

that happened to be available. It will be seen that six propagating - that of the Hy, mode at a radius of 1-91 cm. The H;; mo@
modes are possible, namely the Ey, and E;, and the Hy,, H,,H, always much weaker than the H,; mode, and is never more
and H,, modes. Of these, the kg, mode is not excited because it 5%, of the Hg, field over the range of settings covered. 10
has no radial component of magnetic field, and the modes with  a first-order theory of the variation of the angular field patl
odd symmetry, E,,, H;; and H;, are—ideally—not excited, be- with axial disc position x, we may therefore neglect the Hy 0
cause the anti-phase slot excitation couples only with those modes and consider the variation of the H,, mode with Xz==
having even angular symmetry, namely H,, and H,,. Departure transmission-line analogue of a waveguide carrying a
from the ideal is to be expected,and a certain amount of odd-mode propagating mode has already been used, and an extensiol
excitation may be anticipated, but the most serious difficulty is this idea leads to the representation by » transmission lin
clearly the H,; mode. guide which can support # modes. Two transmission lines:
Experiments were therefore made to find the angular distribu- therefore be required to represent simultaneous propagat
tion of the radial component of the magnetic field in the circular the Hy, and H,, modes in the circular guide. Both these:
guide of a slot-coupled T-junction. The apparatus used in these may be regarded as being short-circuited at the position 0F
experiments is shown in Fig. 3. reflector in the circular guide, although reflection of
Accurate and independent adjustments of the angular and mode will be somewhat imperfect due to the presence of a ra
axial positions of the reflecting disc could readily be made. current component in this mode which the annular gap o€

=

R
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the reflecting disc angl the _guide will t-end to interrupt. Since the
two modes are effectively in parallel in the plane of the coupling
slots, they may be represented by the transmission line system
shown in Fig. 7. It 1s assumed that these transmission lines have

Fig. 7.—Transmission-line analogue of two-mode propagation.

phase constants equal to those of their parent modes in the
circular guide, so that if the reflecting disc is placed X, distant
from the slots in the circular waveguide, the corresponding
position of each short-circuit in the equivalent transmission line
system 1s ., distant from the junction.

The conditions at the junction as x, varies can now be con-
sidered. When x, has the value A ,/2, the Hy, line will have zero
input impedance, thus simultaneously short-circuiting the H,, line
and the slot.  Furthermore, no excitation of the H,, line occurs
when the short-circuit has this particular position. The corre-
sponding situation in terms of the prototype waveguide junction
is that in which the reflecting disc is A,,/2 from the plane of ihe
slots, when there will be no excitation of H,, mode in the
cylindrical guide and perfect transmission in the rectangular
guide. For other positions of the reflecting disc close to the
correct one. a small amount of H,, mode is to be expected.
A simple transmission-line calculation shows that the ratio of
H,, to H;, excitation should be given by

H,, . Sin ﬁ_gxz
Hy, sin 35 x,

where & is a constant depending on the effective characteristic
impedances of the two lines, and 3, — 27/A,, and B = 27/A;,
are the phase constants for the Hy; and H,, modes respectively
in the cylindrical guide.

Near the correct disc position (Byx, ~ ) the denominator of
this expression may be regarded as constant and the fracticnal
eXCitation of H,, mode is seen to be directly proportional to the
departure of X, from Ag;,_l2, with a reversal of sign on passing
through this position. These deductions are confirmed by the
¢xperimental results shown in Fig. 6.

It is clear that the mode-purifying wires play no great part in
%termining the angular distribution of field, and it was decided
‘0 remove them, relying entirely on the mode selection effect to
“isure adequate mode purity.

Mee..su rements of the angular field distribution without mode-
Punfying wires were made, and Fig. 8 shows the result. For a
“OImect setting of the piston, a reasonable degree of uniformity
“n be achieved, as shown in the curve for a micrometer drive
®@ding x)' — 1-7cm. Optimum matching and angular distri-
bunprn were again found to occur at very closely similar values

*2. It was concluded that the mode-purifying wires were not
::_nttal, and that an adequately pure H,, mode could be

ved by the mode-selection effect alone.
e further point of interest emerges from the transmission-
-~ @nalogue of Fig. 7, if the roles of the H,, and H,, lines are

Merchanged and
nction

(22)

the short-circuits are set /\;,’212 from the

The slot will then be short-circuited by the H,, line,
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Fig. 8.—Angular field distribytion in circular guide without mode-
purifying wires.

rr
x X2 -- constant,

A 2= 10 em.

> ..
X, = 18 cm.
£

————— X, = 17 cm.
£ r
X, = 1-6 cm.

and there will be no excitation of tke Hy, line. It would there-
fore be expected—if reflection of the H,, mode from the reflecting
disc in the circular waveguide is nearly perfect—that if this disc
is set A5/2 from the plane of the slots, there would be perfect
matching in leg 1 of the main guide, if leg 3 is perfectly matched,
and pure H,, mode excitation of leg 2. The results of an experi-
ment made under these conditions is shown in Fig. 9, and
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Fig. 9.—Angular field pattern for H, mode operation without mode-
purifying wires.

X266 cm.
s;1 = 0:97 (optimum).

although a marked odd symmetry is also present, the angular
field distribution quite closely follows the theoretical [sin 24|
form. The standing-wave ratio in leg 1 under these conditions
was 0-97, and this was the optimum value when operating in this
region of values of x,. Precise agreement of theory and experi-
ment should not be expected, because some power undoubtedly
leaks past the reflecting disc under these conditions of operation,
but the results confirm the general correctness of the mode
selection theory. '

Summing up, it has been shown that almost pure H,, mode
propagation is obtainable in the slot-coupled circular waveguide

when the reflecting disc is placed so that a travelling wave in the
main guide suffers no reflection at the junction.
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(2.4) Experimental Determination of the Parameter m

The experimental method of determining  is based essentially
on measurements of susceptance in the main guide as a function
of the position of the reflecting disc.

Watson!2 gives the relationship between the normalized ad-
mittances Y, and Y; in the main guide and the normalized
impedance Z, in the circular guide as

] om
Y, - Y, £,

If leg 3 is closed by a piston adjusted so that ¥; = 0 (e.g.
x; = A,,/4), Y, will be equal to the admittance coupled into the
main guide by the slots.

If leg 2 is closed by a reflecting disc at x,, so that the normalized
impedance Z, 1s equal to j tan B,x, then, neglecting small losges,
the normalized input admittance Y, will be purely susceptive,
say, jB,, and we have

Jjo

/B, = micot Byx, — & (23)

If B, is measured for various values of x, and its reciprocal 1s
plotted in terms of cot 3,x,, a straight line of slope /m and Inter-
cept « should result.

The determination of B, can best be achieved by a method
which does not involve knowledge of the absolute values of x,
and x, but only increments in these quantities. Such a method
is due to Feenberg,!? and has been developed somewhat by the
present author.14

The experimental arrangement is shown in Fig. 10(a). Leg 3

Ho rectangular,

| 1 Sy O _03 .3 V,Piston
Probe , !
E|== - ' - I
L ' . H - __J
. | ]
— - X} - | S— ,02 —t X3 ——
12 "_HUI Cirl'Ul.a.r
’) I ! &
. . ~Piston
BENE .
L
()
;;
| !
= | h
| . Y
- :_ '
l
X3
(b

Fig. 10.—T-junction impedance measurements.

() Arrangement of guides.
(b) Typical nodal-separation diagram for Feenberg’s method.

is closed by a movable piston at x5 and leg I, which includes a
slotted section and moving probe to act as a standing-wave
indicator, is fed from a klystron oscillator. Considerable
attenuation is introduced between the klystron and the standing-
wave detector, in order to avoid frequency pulling by variations
in the purely reactive load during the experiments.

The experimental procedure is to set x, to a given length,
locate a node of electric field in leg 1 at x, say, with the piston in
leg 3 at x,, then alter x;, note the value of x, corresponding to
the new position of the node in leg 1, and continue this process
until sufficient points have been obtained. If x, = x; is plotted
againsi x., the resulting curve will have the general shape indicated
in Fig. 10(H).

The height, A, of the ripple is a measure of the discontinuity at
the junction. If x, is chosen so that the slot-coupled section is
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indistinguishable from a section of uniform rectangular guide
the nodal planes in leg 1 will move along uniformly with the piston
in leg 3, so that the distance between the piston and a node wig
not change, i.e. x; — x, will be constant and the ripple hejghs.
will be zero.

For this value of x,, a travelling wave in leg 1 will pass into
leg 3 without reflection; this is the condition in which the T.
junction is operated in the radiation-pressure application.

W

Al

At any other setting there is a simple relationship between the
ripple height 4 and the magnitude of the reflection coefficient
'p,| which would be present in leg I if leg 3 were Del”fectlf
matched. This relationship 1is :

...
LS

=

£

S -1V,
pil = Sm—_;_—

(24)

This result is of general application, but in the case under
consideration the reflection is known to be due to the normalized
susceptance B, introduced by the junction, and it is possible to
relate this to h directly. If leg 3 is matched, its normalized
admittance is purely conductive and equal to unity, and the
total normalized admittance at the junction is 1 —- jB,. The
reflection coefficient for electric field is therefore |

s jBl
P1 = p) _HJBI
Pl =
Pl’ *\,r'f(_4 -+ B‘i‘:_)

whence

Solving for B, gives B, = 2|p|[\/(1 — |p;?)
Using eqn. (24) for |p,| gives

Eqgn. (23) can now be re-written directly in terms of the
measured ripple height A thus

| i
2 tan (B;A/2) tan B,x,

When B,x, = m, h= 0, and this is the required operating
position. If x, = m|B, — I, where [ is small, tan B,x, = g{
(A

(23)

—

Under these conditions, /# will be small, and 2 tan (8 ,4,/2) ~
Provided that m/B,/ > «

h= _5_2_ }—)I
ﬁl m

Agi _1.)/

or 1 =
Agz m

26)
[f values of 4 determined by the method explained earlier aré
plotted as a function of the corresponding values of /, a SM
line will result if the approximations involved in eqn. (26) é
justifiable. From the slope of this, the value of 1/m can be found,
if A,, and A, are known. The correct matching position of the
disc is not known until after the experiment, so that instead Of
measuring / directly, / - I, is measured from an arbitrary OT'&'H
Plotting 4 against / — I, gives the same slope as before, andﬁ
intercept on the / - [, axis gives the correct position of the
relative to the arbitrary origin. i
The experimental results were analysed by the method 0%
least squares, and the regression line of /1 on / — [, was calculatéest
by the standard statistical procedure. T
The slope of the regression line (the regression
_ 3.224 with a standard deviation of 0-030. This gIVeS *%
1/ the value 5- 58, with a standard deviation of 0- 14, COMPEER
with the value 5-78 obtained theoretically from eqn. (21). ;’

;E-
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(3) EXPERIMENTAL MEASUREMENT OF POWER

Figs. 11(a) and 11(b) show the arrangement of the apparatus
employed in the tests. A movable reflector in the ci rcular-section
waveguide is supported by a horizontal arm supported at its

Fibre suspension

MICROWAVE FREQUENCIES 107

circular guide is wholly circumferential. A system of concentric
wire rings such as that shown in Fig. 12 may be expected to act
as an almost perfect reflector of the electromagnetic waves, but

at the same time it will have 3 small effective Cross-section to air

- Soindle of

>~ torsion head

o
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Fig. 11.—Apparatus for power measurement by radiation pressure.

(a) Arrangement for direct measurements.
(b) Schematic of dpparatus for comparison measurements.

centre on a phosphor-bronze-strip suspension and balanced by
a suitable counterweight at the other end. The small force

exerted by radiation on the reflector produces a small rotation of

the moving system about the axis of the suspension, and this
rotation is measured by means of a lamp and scale associated
with a small concave mirror attached to the torsion arm. If the
specific couple of the suspension is known, the force can be

calculated, and the results given in Section 2.4 enable the power
to be found.

(3.1) Preliminary Experiments
LLI) The Reflector.

In the first experiments the reflector was a disc of aluminium
ffJil mounted on an aluminium-wire ring to give it the necessary
ngidity. The torsion arm was completely enclosed, the coupling
slots were covered with Styrafoil 0-0005 in thick and a circular
8lass plate covered the open end of the circular waveguide, so
that the apparatus was shielded from external draughts.

However, it rapidly became apparent that the mechanical
*haviour of the torsion balance was unsatisfactory. In the first
Place, the movement was found to be very heavily overdamped.

ondly, it was impossible to obiain a stable zero setting, even
" a relatively short-term basis of a minute or so. This con-
Ej”llr:ll wandering of the movement was due to convection
“Ments set up by small and changing temperature gradients
“Ithin the enclosed apparatus.

‘€ remedy adopted was to reduce the air resistance of the
Hector so that the convection currents would have no appre-
“ble effect and damping would be reduced.

he method makes use of the fact that the electric vector in the

currents. The electromagnetic theory of such a system of rings
has not vet been worked out, so far as the author is aware, and
the only relevant theory is the calculation of the reflecting

Fig. 12.—3-ring reflector.

properties or a system of parallel straight wires with a plane wave
obliquely incident made by MacFarlane.!$ [t is reasonable to
suppose that tiis calculation will give qualitatively correct
predictions of the effect of altering wire diameter and wire
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spacing, and might even yield a rough value for the normalized
reactance of the ring system. Qualitatively, if the wires are close
together in comparison with the wavelength, the reactance will
be small. Increasing the wire diameter reduces the reactance,
but the effect is logarithmic and therefore not marked. One ring
reflector employed used three 22 S.W.G. tinned copper-wire rings
of radii 1-5, 30, and 4-5 cm. MacFarlane’s theory shows that
a reflector of parallel 22 S.W.G. wires at 1-5-cm spacing has a
normalized reactance of 0-144 relative to the normalized wave
impedance of a plane wave obliquely incident at an angle

= arc cos A/A,, (corresponding to the half-angle of the cone
of elementary plane waves represented by the Sommerfeld
integral!® formula for the Bessel functions). Only 49 of the
incident power would leak past the reflector, and this figure is a
guide to the order of magnitude of the loss to be expected in the
waveguide case. For other reflector systems with more rings
the leakage is considerably reduced. The force acting on the
ring system may be deduced theoretically if the reflection is
almost perfect, in the following way.

Imagine an ideal ring reflector (or any perfect reflector) and a
disc reflector separated by about A ¢2/2 In a length of loss-free
circular waveguide, the exact separation d being chosen in such
a way that resonance of the H,, mode takes place. Since it has
been postulated that there is neither power leakage nor con-
ductor losses, the resonance, once established, will persist
indefinitely. 1f the rings and the disc are slowly moved a distance
x along the guide in such a way that their separation is un-
changed, the work done is (F — F’)x if the force due to radiation
on the disc is F and that on the rings is F'. This must equal the
work done if the guide is moved a distance x in the opposite
direction with the rings remaining stationary, since the relative
movement is the same in both cases. However, the force exerted
by an electromagnetic wave on a perfectly conducting metal
surface is wholly normal to the surface, since & is normal and
H tangential, and so the work done in moving the guide parallel
to its axis through a distance x is zero. It follows that F = F’,
and therefore the force on any perfectly reflecting obstacle is the
same as that on the disc. This is true even though there may be
considerable phase change on refiection, provided only that there
is no amplitude change.

In order to avold any loss of power by leakage past the rings,
the circular guide was continued for one-quarter of a guide
wavelength beyond the ring reflector, and closed by a metal plate.
Experiments to find 1/m for a ring-reflector system were then
made with the quarter-wave guard section in position. Deter-
mination of 1/m for a reflector having five concentric rings gave
a value 5-56 with a standard deviation of 0-055, as compared
with 5-58 with a standard deviation of 0-14 for a solid disc.
There 1s therefore no significant electrical difference between the
ring reflector and the solid disc when the latter is correctly
aligned in the guide. However, it is obviously difficult to ensure
correct alignment when the reflector is suspended from a delicate
torsion balance, and experiments were therefore made to deter-
mine 1/m with deliberate misalighment; the results are shown in
Table 2.

If square-law variation of 1/m with offset or tilt is assumed,
[/m will not be significantly affected if the offset is not greater

than 3 mm and the tilt not greater than 1°. These requirements
are easily met.

(3.1.2) Effect of Load on Specific Couple of Suspension.

The suspension used in the torsion balance was a phosphor-
bronze strip of the type used in galvanometers. The specific
couple of a given suspension was determined by timing its period
of oscillation with a known moment of inertia. Since several
different movements of differing weight were used in the experi-

Table 2
EFFECT OF ASYMMETRY IN REFLECTOR POSITION

- ——— e .

Arrangement . Vale:of L CSIE?
Symmetrical; plane perpendicular axis .. 5:56 | 0-055
Displaced 3-0 mm vertically; plane per- | 5-47 | 0-052

pendicular axis . 3
Displaced 3-2 mm horizontally; plane per- 5:59 | 0-035
pendicular axis |
Symmetrical; tilted 2-5° about vertical axis 566 = 0-059
Symmetrical : tilted 2-7° about horizontal 5-37 0-028
axis :

|
|
i
|

ments, it was felt to be desirable to check the periodic time und
various conditions of load. The differences found were n
51gn1ﬁcant if possible experimental errors are taken into acco

and it is reasonable to assume that no serious error will be mad
in assuming that the specific couple is the same—about 6-4 dyp
cmlradlan—ﬂ:)r all the movements used, all of which have weigh
in the range 10-15 gram.

(3.1.3) The Torsion Balance.

For speed and ease of reading, it was desirable that the tors
balance should have a dead-beat response, and to achieve thls h
reduction 1n air resistance brought about by the use of a rin
reflector was offset by the addition of a dashpot damper ;;
taining a silicone fluid. It was found possible to arrange th
damping to give about 19 overshoot. Typical response '

are shown in Figs. 13(a) and 13(b).
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Fig. 13.—Deflection/time curves for several reflectors under ¢ '”__;3'-'_-'-
conditions.

(a) Torsion head turned suddenly: 0-8% overshoot. 3 copper rings of 20 S.W.

(b) Magnetic field applied suddenly, then withdrawn suddenly. 3 L‘UPW
of 20 S.W.G.

(¢) Oscillator switched on for § min. 3 copper rings of 20 SSW.G.
Power —~ 25 watts.

— - = =— Power =~ ]12-8 watts.

(d) Oscillator switched on for 5 min.
Power ~ 40 watts. 5 aluminium rings of 18 S.W.G.
— — ——— Power =~ 36 watts. 3 copper rings of 20 SW.G.

(3.1.4) Drift. |
In preliminary tests of the complete apparatus it was 1%

that, on switching on the microwave power, the deﬂectlm
comparatively rapidly to a value corresponding appro i

- Tl

—
]
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o the force due to radiation pressure and subsequently drifted to
, different value (usually greater) in the course of about 5 min.
Some examples are shown in F:lgs. 13(c) and 13(d). The effect was
thought to_bf:‘ due to convection currents in the cavity set up by
he heat d1§SIpated in the reﬂectt_:ar under operating conditions.
A rough estimate of the thermal time-constant of the ring system
Smpl;n:)rted this view. |

The hypothesis of convection currents was tested for a par-
icular ring system by calculating the r.f. power dissipated in
+—which proved to be 0-05 watt with 30 watts in the main
guide——-and then introducing a comparable amount of heating
hy a small carbon resistor mounted inside the cavity near the
rings and heated by 50-c/s supply. (The microwave power was
«witched off during this test.)

The deflection of the ring system in this test was found to agree
in magnitude and time of build-up with the drift found under
microwave operating conditions. Further evidence was provided
by the discovery that the effect of the convection currents could
re modified by paper wind-deflectors inside the cavity.

various ring systems were tried in the hope that a design giving
very little drift would be found, but without much success.
wide variations in the form of the drift were found, and these

were apparently largely caused by quite minor changes in the
geometry of the system.

(3.2) Detailed Comparison of Calorimetric and Radiation-Pressure
Power Measurement

3.2.1) Generai.

[n the experiments about to be described, the general arrange-
ment of the apparatus was as shown in the schematic diagram of
Fig. [1(0). The object was to make simultaneous measurements
of power with the radiation-pressure apparatus and a calorimeter
vattmeter of the type described by Turner.!7 In order to avoid
rrors in the radiation-pressure measurement, it was necessary to
ake special care over the matching of the water load, and a
standing-wave ratio between 0-990 and 0:-997 in the wavelength
range 9-05-9-15 cm was achieved. Heat losses from the water
load and the balancing calorimeter were adjusted so that no
systematic dependence of indicated power on water-flow rate
irom 3 to 9 cmi/sec could be detected.

In order to avoid constant repetition of the rather laborious
calorimeter measurement, the magnetron oscillator was cali-
orated for power output against voltage on the h.v. transformer
primary when working into a matched load. The calibration
was checked from time to time.

1.2.2) Direct Method.

Some detailed comparisons of the radiation-pressure and
calorimeter wattmeters will now be considered: First, observa-
HIOI.IS made with the movement almost critically damped, and
qving deflection/time curves similar to those of Fig. 13 will
be discussed.

In Table 3. a set of results obtained from the radiation-pressure
Waltmeter is shown, a 20-S.W.G. 3-ring copper reflector being
ied. Mechanical tests [as shown in Fig. 13(a)] showed that
"¢ movement took about 45 sec to reach the maximum of its
0-8°, overshoot, but that after 30 sec the deflection was only
8% less than the final deflection and was changing very slowly.
M order to minimize errors due to convection-current effects.
i“ﬁ deflection after 30 sec was noted, and the final deflection
“‘mputed from it by multiplying by [-018. Deflections were
"asured both for switching on and switching off the trans-
fitter, and on the whole, better agreement was obtained in the
:ahteter case. [t migh‘t be thought that this is due to a change in

POwer of the oscillator in the first few minutes after switching
M. but a neon-tube standing-wave detector which acts as a

Table 3
COMPARISON OF POWER MEASUREMENTS WITH 3-RING COPPER

REFLECTOR

l—“ A — = ———
Power measured

. By calorimetric By radiation-pressure

method | method

watts i watts

IS 13-0

16 1553

21 17-5

27 24-35

31 28-0

39 38D

measure of relative power shows that the transmitter develops
its full output almost immediately after switching on.

Results obtained with the 5-ring aluminium system and shown
in Table 4 are rather more satisfactory, presumably because of

Table 4

COMPARISON OF POWER MEIASUREMENTS WITH S5-RING
ALUMINIUM REFLECTOR

Power measured
By calorimetric By radiation-power
method method
watts watts ;
46-5 46-0
40-3 39-0
31-5 32-0 |
26-0 24-5 ;
| 17-0 . 15-3 |
11-0 | 10-0 1
g

R I

the very pronounced step in the deflectionjtime curves which
makes the determination of the true radiation-pressure deflection
more reliable.

(3.2.3) Semi-Ballistic Method.

Nichols and Hull employed a semi-ballistic methed to avoid
residual air-current and radiometer effects, and it was thought
worth while to try this method with the present apparatus.

[f the movement is completely free from damping and has a
neriodic time 7, and if the oscillator is switched on for a time 7/4
with the movement initially at rest, the first maximum defiection
observed after switching off is 6,2, where €, is the final deflec-
tion which the oscillator would produce under steady-state
conditions. Thus, observing this maximum would suffice to
determine 6,. and hence the power.

[f the movement is damped, and satisfies an equation of the
form

1d20]de> -~ ydO]dt - 8 —= 0

its free oscillations will decay exponentially. Let r, be the ratio
of amplitudes in successive periods. If the oscillator is switched
on for one-quarter of the periodic time, the first maximum
deflection observed will be

90\:‘2(1 - 1 log. —]-)

Fa

(27)

to a close approximation for small damping, i.e. when v is small.
Thus, if r, is known, 6, can again be determined from an observa-
tion of the semi-ballistic throw.
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The foregoing theory is applicable only when ¢ in the
differential equation of motion is constant. A sufficient criterion
is the constancy of r, computed from successive maxima and
minima when the movement is allowed to swing freely. The
results of such a test are recorded in Table 5, which relates to
the 3-ring 20 S.W.G. copper reflector.

Table 5
CONSTANCY OF ry WITH VARIATION OF OSCILLATION AMPLITUDE
_ ' Difference between i An
Maxima Minima | successive maxima | Value of r;=
and minima, A4, An—1
30-56 :
| 21-35 | 9-21
29-50 | 815 0-885
| 22-30 | 7-20 | 0-884
28-68 | 6-38 i 0-885
23-05 5-53 | 0-867
28-00 4-95 0-895
23-60 4-40 0-888
27-50 3-90 0-885
23-98 392 0-901

It will be seen that r, is constant to a high degree of accuracy,
and the mean value obtained by averaging the final column
is 0- 886.

Substitution in eqn. (27) shows that the maximum deflection
obtained after switching the oscillator on for one quarter-period
is 1-336,. The periodic time of the movement is 50-7 sec, so
that the quarter-period is only 12-7 sec. In all previous tests,
the oscillator was in operation for at least 30 sec before a deflec-
tion was recorded, and so the present ballistic technique repre-
sents a considerable improvement in reducing the amount of
heat supplied to the reflector.

A set of results obtained by this method is given in Table 6.
The discrepancy between the radiation-pressure measurement and
the calibration curve is never greater than 2 watts.

Table 6
COMPARISON OF POWER MEASUREMENTS USING SEMI-BALLISTIC
METHODS
Power measured
By calorimetric By radiation-pressure
method method
watts watts
15 | 13-5
24 ; 24
32 | 30
36-5 | 36-5
40 ‘ 41
= - — e — | R —

(3.4) Discussion of Results

It appears from the results of the preceding Sections that the
calorimeter wattmeter gives a power figure somewhat greater
than that obtained from the radiation-pressure apparatus in
nearly all cases.

There is no significant variation in this difference, expressed in
watts, with the power being measured. Averaged over all the
experimental results obtained, the discrepancyis 1-3 4 0-7 watts
(the limits are taken as + 3 times the standard deviation), or
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+ 06 to — 2-0 watts. It is necessary to inquire whether
discrepancy is significantly greater than can be accounted fg
uncertainties in the constants of the two wattmeters. Fog
radiation-pressure wattmeter, the only appreciable systems
errors arise from the determinations of 1/m and the spg
couple of the suspension. At an average power level of 25 w
these errors combine to give a possible error of -+ 0:6 3
(thrice the standard deviation). There is a further possible g
due to residual convection current errors, but it is impossibk
give a reliable estimate of this error from the data availa

Probably the only significant systematic error in the calorim
wattmeter is incurred in the measurement of the current flow;
the heater of the balancing calorimeter. The ammeter us : ’-j
classified as B.S.I. Grade I, and should be accurate to wi
+ 1%. This corresponds to a —+ 27, error In po 2
+ 0-5 watt at 25 watts. If the B.S.I. classification is takeg
roughly corresponding to thrice the standard deviation ..._;
be combined with the same overall figure of the radlatlon-p
apparatus to estimate the limits of the systematic discrepang
+ 0-8 watt. Comparison of this figure with the obse --i:
crepancy of 0-6-2-0 watts shows that there is no signific
difference between the calorimeter and wattmeter results,

(4) CONCLUSIONS

The practical possibility of absolute measurement of :
wave power by radiation pressure may reasonably be reg
as established by the results described in the paper.

Two particular features of the radiation-pressure n
should be noted. First, it is absolute, in the sense that it depe
only on measurements of mass, length, and time. Seconc .,1.
particularly suitable for comparison or calibration put
because it does not absorb any power, and can be used si
taneously with an absorbing wattmeter. =

The usefulness of the method will, of course, depend largel
the extent to which its accuracy can be improved. Further exp
ments are in progress with a modified apparatus, and it is he
that these experiments will lead to the desired increase in accus
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