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THE PRESSURE DUE TO RADIATION.

( SECQND PAPER. )

BY E. F. NIcHQLs AND G. F. HULL.

N a preliminary communication to the American Physical So-
ciety, meeting with Section B of the American Association for

the Advancement of Science at Denver, August, ?god, the writers

presented the results of observations they had made on the pres-
sure due to radiation. An abstract of that paper appeared in Sci-
ence, October, r9ot, and the full paper in this journal in November
of the same year. In the present paper the writers wish to present
a more complete historical statement than appeared in the prelimi-

nary paper, alterations which were made in the earlier methods, and

more recent observations and data under conditions permitting
greater accuracy in measurement.

As early as 1619 Kepler' announced his belief that the solar
repulsion of the finely divided matter of comets' tails was due to
the outward pressure of light. On the corpuscular theory of light
Newton' considered Kepler's idea as plausible enough, but he was

of the opinion that the phenomenon was analogous to the rising of
smoke in our own atmosphere. In the first half of the eighteenth
century DeMairan and DuFay3 contrived elaborate experiments to
test this pressure of light theory in the laboratory, but, because of
the disturbing action of the gases surrounding the illuminated bodies

employed in the measurements, they obtained wholly confusing and

contradictory results. Later in the same ceutury the Rev. A. Ben-

~ De Mairan, Traite physique et historique de 1'Aurore Boreale (seconde edition), pp.
357-358, Paris, z754..

~ Isaaci Newtoni, Opera quae Existent Omnia. Samuel Horsley, LL.D. , R.S.S.,
Tom. III., pag. zS6, Londinium, z782.

3 De Marian, 1. c., p. 37'. This treatise contains also the accounts of still earlier ex-
periments by Hartsoeker, p.. 368, and Homberg, p. 369. The later experiments are of
more historic than intrinsic interest.
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net' performed further experiments but could find no repulsive
force not traceable to convection currents in the gas surrounding the

body upon which the light was projected, due in his opinion to the
heating effect of the rays. Finding no pressure due to radiation,
he made the following unique suggestion in support of the wave

theory of light: "Perhaps sensible heat and light may not be
caused by the inRux or rectilinear projection of fine particles, but

by the vibrations made in the universally diffused caloric or matter
of heat or fiuid of light. I think modern discoveries, especially
those of electricity, favor the latter hypothesis. " In the mean-

time Euler, " accepting Kepler's theory attributing the phenomenon
of comets' tails to light pressure, had hastened to the support of the
wave theory by showing theoretically that a longitudinal wave mo-

tion might produce a pressure in the direction of its propagation
upon a body which checked its progress. In t825 Fresnel ' made

a series of experiments, but arrived at no more definite conclusion
than that the repulsive and attractive forces observed were not of
magnetic nor electric origin.

Crookes ' believed in ? 873 that he had found the true radiation

pressure in his newly invented radiometer and cautiously suggested
that his experiments might have some bearing on the prevailing

theory of the nature of light. Crookes' later experiments and
Zollner's ' measurements of radiometric repulsions showed that the
radiometric forces were in some cases too, ooo times greater than

the light pressure forces with which they had been temporarily con-
fused. Zollner's experiments are among the most ingenious ever

tried in this field of work, and he missed the discovery of the true
radiation pressure by only the narrowest margin. An excellent

bibliography of the whole radiometric literature is given by Graetz, '
and an account of some of the older experiments not mentioned

above is given by Crookes. 7

'A. Bennet, Phil. Trans. , p. Sz, I792.
~L. Euler, Histoire de 1'Academic Royale de Berlin (2), p. I2I 1746.
3A. Fresnel, Ann. Chem. et Phys. , XXIX., pp. 57, lo7, 1825.
4W. Crookes, Phil. Trans. , p. Sor, x873.
5F. Zollner, Pogg. Ann. , CLX., pp. I)6, 296, 459, I877,
6L. Graetz, Winkelmann's Handbuch der Physik, 2 b, p. 262. Breslau, IS96.
~ W. Crookes, 1. c., p. Sot.
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In r 873 Maxwell, ' on the basis of the electromagnetic theory,
showed that if light were an electromagnetic phenomenon, pressure
should result from the absorption or reRection of a beam of light.
After a discussion of the equations involved, he says: "Hence in

a medium in which waves are propagated there is a pressure in the
direction normal to the waves and numerically equal to the energy
in unit volume. " Maxwell computed the pressure exerted by the
sun on the illuminated surface of the earth and added: "It is prob-
able that a much greater energy of radiation might be obtained by
means of the concentrated rays from an electric lamp. Such rays
falling on a thin metallic disc, delicately suspended in a vacuum,

might perhaps produce an observable mechanical effect. "
Apparently independent of Maxwell, Bartoli ' announced in I876

that the Second Law of Thermodynamics required the existence of
a pressure due to radiation numerically equal in amount to that de-

rived by Maxwell. Bartoli's reasoning holds for all forms of energy
streams in space and is of more general application than Maxwell's

equations. Bartoli contrived elaborate experiments to verify this

theory, but was balked in the search, as all before him had been, by
the complicated character of the gas action which he found no way
of eliminating from his experiments.

After Bartoli's work the subject was dealt with theoretically by
Boltzmann, ' Galitzine, ' Guillaume, ' Heaviside, ' and more recently

by Goldhammer. 7 Fitzgerald, ' Lebedew, ' and H ull' have dis-

cussed the bearing of radiation pressure upon the Newtonian law of
gravitation with special reference to the repulsion of comets' tails

by the sun.

' J. C. Maxwell, A Treatise on Electricity and Magnetism (Ist edition), II., p. 39I,
Oxford, I873.

~A. Bartoli, Sopra i movementi prodotti della luce e dal calorie, Florence, Le Mon-

nier (I876), also Nuovo Cimento, XV., p. I93, I884.
s L. Boltzmann, Wied. Ann. , XXII., pp. 3I, 29I, I884.
4 B. Galitzine, Wied. Ann. , XLVII. , p. 479, I892.
~ Ch. Ed. Guillaume, Arch. de Gen. (3), XXXI., p. I2I, I894.
60. Heaviside, Electromagnetic Theory, I., p. 334, London, I893.
7 D. A. Goldhammer, Ann. Phys. , IV. , p. 834 I90I.
sG. F. Fitzgerald, Proc. Roy. Soc. Dub. , I884.
' P. Lebedew, Wied. Ann. , XLV. , p. 292, I892. Astrophys. Jour, , XIV. , p. I55,

I902.
0 G. F. Hull, Trans. Astron. Soc. Toronto, p. I23, I90I.
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The theory of radiation pressure combined with the known

properties of negative electrons has recently been more or less

speculatively applied by Arrhenius ' to the explanation of many
cosmical and terrestrial phenomena among which the following may
be mentioned: The solar corona, zodiacal light, gegenschein,
comets, origin of cometary and meteoric material in space, the emis-

sion of gaseous nebula, the peculiar changes observed in the nebula

surrounding Nova Persei, the northern light, the variations in atmos-

pheric electricity and terrestrial magnetism and in the barometric
pressure. Swartzschild ' computed from radiation pressure on small

spherical conductors the size of bodies of unit density for which the
ratio of radiation pressure to gravitational attraction would be a
maximum.

Before the Congres International de Physique in I goo, Professor

Lebedew, ' of the University of Moscow, described an arrangement

of apparatus which he was using at that time for the measurement

of light pressure. He summarizes the results already obtained as
follows: "Les resultats des mesures que j'ai faites jusqu'ici peuvent

se resumer ainsi: L'experience montre qu'un faisceau lumineux

incident exerce sur les surfaces planes absorbantes et reRechissantes

des pressions qui, aux erreurs pres d'observation, sont egales aux
valeurs calculees par Maxwell et Bartoli. " No estimate of the
"errors of observation " was given in the paper nor other numer-

ical data. Unfortunately the proceedings of the Paris Congress did

not reach the writers nor any intimation of the methods or results

of Professor Lebedew's work until after the publication of their own

preliminary experiments.
In the preliminary paper already referred to, the writers presented

the results they had obtained by measurement of radiation pressure

at various gas pressures. The main arguments underlying the

method of measurement of the radiation pressure follow.

In the experiments of earlier investigators every approach to the

experimental solution of the problem of radiation pressure had been

~ S. A. Arrhenius, Lehrbuch der 'Cosmischen Physik, Leipzig, I903 pp. I49-I)8,
200—208' 226' 920-925.

~ Ik. Swartschild, Ikgl. Bayer. Akademie d'Kissenschaften, XXXI., 293, I90I.
P. Lebedew, Rapports presentes au Congres International de Physique (2), p. I33,

Pans, I900.
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balked by the disturbing action of gases which it is impossible to
remove entirely from the space surrounding the body upon which

the radiation falls. The forces of attraction or repulsion, due to the
action of gas molecules, are functions, erst, of the temperature dif-

ference between the body and its surroundings, caused by the ab-

sorption by the body of a portion of the rays which fall upon it;
and second, of the pressure of the gas surrounding the illuminated

body. In the particular form of apparatus used in the present study
the latter function appears very complicated, and certain peculiarities
of the gas action remain inexplicable upon the basis of any simple

group of assumptions which the writers have so far been able to
make.

Since we can neither do away entirely with the gas nor calculate
its eAect under varying conditions, the only hopeful approach which

remains is to devise apparatus and methods of observation which

will reduce the errors due to gas action to a minimum. The fol-

lowing considerations led to a method by which the elimination of
the gas action was practically accomplished in the present experi-
ments.

I. The surfaces which receive the radiation, the pressure of which

is to be measured, should be as perfect reHectors as possible. This
will reduce the gas action by making the rise of temperature due to
absorption small, while the radiation pressure will be increased; the

theory requiring that a beam, totally rejected, exert twice the pres-
sure of an equal beam, completely absorbed.

z. By studying the action of a beam of constant intensity upon
the same surface surrounded by air at different pressures, certain

pressures may be found where the gas action is less than at others.

3. The apparatus —some sort of torsion balance —should carry
two surfaces symmetrically placed with reference to the rotation
axis, and the surfaces on the two arms should be as nearly equal as

possibly in every respect. The surfaces or vanes should be so con-
structed that if the forces due to gas action (whether suction or
pressure on the warmer surface) and radiation pressure have the
same sign in one case, a reversal of the suspension should reverse
the gas action and bring the two forces into opposition. In this

way a mean of the forces on the two faces of the suspension should

be, in part at least, free from gas action.
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4. Radiation pressure, from its nature, must reach its maximum

value instantly, while observation has shown that gas action begins
at zero and increases with length of exposure, rising rapidly at first,
then more slowly to its maximum effect, which, in many of the
cases observed, was not reached until the exposure had lasted from

two and a half to three minutes. For large gas pressures, an even

longer exposure was necessary to reach stationary conditions. The
gas action may be thus still further reduced by a ballistic or semi-

ballistic method of measurement.

Ballistic observations of radiation pressure were made at air

pressures ranging from 96.3 mm. to o.o6 mm. of mercury. The
average radiation pressure of the standard beam was found to be

r.o) x ro 4 dyne with a probable error of
Bi

6 per cent. To compare this value of the g"l
pressure with the theoretical value as given

by the Maxwell-Bartoli formula,

E(t + p)
p p ) a F

t

0 ~ 3 3 4 5
QM$,

it was necessary to measure E, the energy B

of the beam. This was done by measur-

ing the resistance of a platinum disc P, M

(Fig. t) when it was exposed to the radia-
S

tion and by determining the heat generated

in P by an electrical current across AB
when the resistance of P was equal to the
value it possessed when it was exposed to
the beam. Using the value of the energy

Fig, 1.
thus obtained and 0,92 as the reHection

coefficient of the silver surfaces, it was found that the pressure

directly observed was about 2o per cent. lower than that computed

from Maxwell's formula.

After the publication of the paper it was discovered that in dis-

solving the silver from the platinum when the bolometer was made,

the acid had eaten away the silver from the strips 8 and B for a

&This value was obtained from the measurements of Langley, Rubens, Nichols and

Paschen for the assumed mean wave-length of the energy of the beam.
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distance of nearly a millimeter under the asphalt coating. The
resistance O, 278 ohm given for the disc was thus too high. It was

impossible to redetermine the resistance by the direct method be-

cause of an accident to the bolometer by which the disc was nearly
severed from the strip B. The disc was therefore carefully tom
away from its supports, mounted on a glass plate and cut on a
dividing engine into strips, I and 2 mm. wide, parallel to AB. The
resistance along these strips was measured by the fall of potential
method. The resistance was found to vary slightly in different

parts of the disc due to lack of uniformity in the thickness of the
metal. After many measurements, an average value was reached
and the resistance of the disc computed theoretically as follows:—

The resistance of a conducting sheet of infinite extent, when the
current enters and leaves the sheet by electrodes ' of relatively great
conductivity, is s/4zC, where e is the resistance of any square of
the sheet, and C is the electrostatic capacity of the two electrodes.
If the electrodes are cylinders, the lines of flow are circles orthog-
onai to them. When the sheet, in place of being infinite, is bounded

by one of these circular lines of flow, the resistance is e/2~C. In
particular if the electrodes of radii r are on a diameter of this cir-
cular sheet of radius E, then the resistance can be shown to be

2~' + E' + E V'4~' + iV
—lo

2P'

Assuming for the moment that the leading-in strips of the bolometer

(Fig. t) were of great conductivity compared to that of the thin

platinum sheet and that they terminated in circular arcs orthogonal
to this circular sheet, the resistance would be, giving to r the value

of 2.79 mm. and to R the value r. r.2) mm. , O.922 x o. But the

leading-in strips terminated on the boundary of the large circle.
The resistance was therefore altered by two facts —the lines of flow

were changed and the distance between the electrodes was increased.
The latter is the important item. It is necessary therefore to find

approximately the resistance of these gibbous portions of the large
disc previously considered as electrodes. This may be done by
estimating the area of these parts and by considering the average

~ J. J. Thomson, Electricity and EIagnetism, 2d edition, p. 3I4, Cambridge~ I897.
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equipotential line as midway between the cord and arc of the cylin-

drical electrode. It results that the amount to be added on account

of this calculation is 0.47I X o. Hence the resistance between the

electrodes is now (o.g22+ o4pt) a = r. 3g3 x o'. The value ot

& as found by the fall of potential method was 0. I48 at I 9 C.
When corrected for the temperature of the disc exposed to the

lamp, o becomes 0. I60. Hence the resistance of the disc when

hot was I.393 x Q. I60 = 0.22I ohm. ' Substituting this computed

value of the resistance in place of the one used, the energy of the
standard beam becomes 0.22 I x 0.75 x Io' ergs-seconds and

I 92 X 022I X 075 X IO
10 I.05 x I 0 ' dynes.

X IO

This result is in accidental agreement with the observed pressure.
If necessary corrections, determined by later experiment, had been

applied, the difference between the observed p'ressure and the pres-

sure computed from the energy measurements would have been

about three per cent. Moreover the probable error of the Anal

result was roughly double this amount.

In the November number of the Annalen der Physik for I90 I

Professor Lebedew' published the results of a more varied series of
measurements of radiation pressure than the early measurements of
the present writers. The principal di fference between the methods

employed by him and by the writers for determining the pressure

was that he used very thin metallic vanes surrounded by gas at ex-
tremely low pressures, thus following Maxwell's suggestion liter-

ally, while the writers used silvered glass vanes and worked at large

gas pressures for which the gas action had been carefully and ex-
haustively studied a'nd found to be negligibly small for short ex-
posures. From our knowledge of the variation of gas action in

different vacua, we feel sure that our method would not have been

successful in high vacua because of the relatively large gas action.
Professor Lebedew's own results, with blackened vanes of lower

heat conductivity, show that his success in eliminating gas distur-

' The resistance of a trial disc was measured experimentally with the result that the
experimental value differed from the theoretical by about one per cent.

~P. Lebedew, Ann. Phys. , VI. , f33 I90I.



E. P. A"lCHOZS AA'D G. J . H'UZL. [Voz.. XVII.

bance was due to the high heat conductivity of thin vanes rather

than to the high vacua employed.
Professor Lebedew's' estimate of the accuracy of his work is

such as to admit of possible errors of twenty per cent. in his final

results. An analysis of Professor Lebedew's paper and comparison

with our preliminary experiments seems to show that his accidental
errors were larger than ours, but through the undiscovered false

resistance in the bolometer our final results were somewhat further

from the theory than his. Either of the above researches would

have been sufficient to establish the ex~stence of a pressure due to
radiation, but neither research offered, in our judgment, a satisfac-

tory quantitative confirmation of the Maxwell-Bartoli theory.

I I I I I I

cruz

~ PÃ

P

I I I I 1 1 I

0 6 cruz

Fig. 2.

~ P. I,t.hebrew, Ann. Phys. , VI. , 4S7, z90I.
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LATER PRESSURE MEASUREMFNTS.

DE$cp'2/i'200 og Agprzt'Ql14$. Tkl T—op'$20N Erzlpsce.

The form of suspension of the torsion balance, used to measure

radiation pressure in the present study, is seen in Fig. 2 and is

described in detail in our preliminary paper. Its essential parts are a
fine glass rod ab to which was attached a weight m~, a scale mirror

m„a cross arm c holding the mirrors C and D; a quartz fiber; a
glass rod d, to which was attached a small magnet m, and a silk
fiber g. The cover glasses C and D which served as vanes were

silvered and brilliantly polished and were so hung on the small

hooks that both silver or both glass faces were presented to the

light. A semicircular magnet 3E, 6tted to the vertical curvature of
the bell-jar, was used to direct the suspended magnet w, and thus

to control the zero position of the torsion balance. By turning 3f
through r8o', the opposite faces of the vanes C and D could be

presented to the light.

THE ARRANGEMENT OF APPARATUS.

A horizontal section of the apparatus through the axis of the

light beam is shown in Fig. 3. An image of the aperture d,', very

brightly illuminated by the white-hot carbon 5, and the lenses Jy
and Z„was formed by the lens I., in the plane B,. A shutter 5,
controlled by a magnetic escapement operated by the seconds con-

tact of a standard clock permitted the exposure of the beam upon

the vanes for any whole number of seconds. The stops 5, and 5„
were so arranged that when the lens L, was against either stop the

image of d~ was central upon one of the vanes. A glass plate
inclined at an angle of 45' to the axis of the beam and a lens L,
gave an image of d3 upon one arm of the bolometer at Jt.'. This
bolometer was of sheet platinum o.oar mm. thick rolled in silver.

The strip was cut out in the form shown in Fig. 4, and mounted on

a thin sheet of slate 5. Two windows had been cut in the slate

behind the strips at AB, CD where the silver had been removed,

leaving the thin platinum, The platinum surfaces were blackened by
Kurlbaum's process. The image from I, (Fig. 3) fell at D. The
silver ends between A and C were connected with E and J respec-
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tively. On the heavy
wire EP a sliding con-
tact c served to balance
the bridge, all four arms

of which are shown in

the figure.
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various parts about the axis of rotation.

METHODS OF OBSER-

VATION.

The observations lead-

ing to the results given

later were of three differ-

ent kinds: (t) The cali-

bration of the torsion

balance; (2) the mea-

surement of the pressure

of radiation of the law in

terms of the constant of
the balance; and (3) the

measurement of the en-

ergy of the same beam

in erg-seconds by the

rate of temperature rise

of a blackened silver disc,

of known mass and spe-

cific heat.

r. The determination

of the constant of the tor-

sion balance was made

by removing the vanes C
and D and accurately

measuring the period of
vibration. Its moment

of inertia was easily com-

puted from the masses

and distribution of the
The moment of torsion
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for I mm, deflection on a scale IOS cm. distant was 0.363 x Io '
dyne x cm, This value divided by one half the distance between

the centers of the light spots on the two vanes gave the force in

dynes per scale division deflection. As the light spots were circles

Xo g 6&. Cw~

///XP/XXY/YPPYX/8

yyyyyyg
M 5

To pa&. (~~

Fig. 4.

I I.2 ) mm. in diameter the area of the image was very nearly I

(cm. )', hence the above procedure gave roughly the pressure in

dynes per square centimeter.

2. In the measurements of radiation pressure, it was easier to re-
fer the intensity of the beam at each exposure to some arbitrary
standard which could be kept constant than to try to hold the lamp
as steady as would otherwise have been necessary. For this pur-
pose, the bolometer at E (Fig. 3) was introduced, and simultaneous

observations were made of the relative intensity of the reflected
beam by the deflection of the galvanometer G„and the pressure
due to the transmitted beam by the deflection of the torsion balance.
The actual deflection of the balance was then reduced to a deflection

corresponding to a galvanometer deflection of IOo scale divisions.

The galvanometer sensitiveness was carefully tested at the beginning
and end of each evening's work. All observations of pressure were
thus reduced to the pressure due to a beam of fixed intensity.

Af each series of radiation pressure measurements, two sets of
observations were made. In one of these sets, static conditions
were observed, and in the other, the deflections of the balance due
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to short exposures were measured. In the static observations, each
vane of the balance was exposed in turn to the beam from the lamp,

the exposures lasting until the turning points of the swings showed

that stationary conditions had been reached. The moment of pres-
sure of radiation and gas action combined would thus be equal to
the product of the static deflection and the constant of the balance.
The torsion system was then turned through I8O' by rotating the

outside magnet, and similar observations were made on the reverse

side of the vanes. All turning points of the swinging balance in

these observations were recorded. From the data thus obtained

the resultant of the combined radiation and gas forces could be de-
termined for the time of every turning point. Every value was

divided by the deflection at standard sensitiveness of the galvanom-

eter G, read at the same time and was thus reduced to a standard

lamp. Results thus obtained, together with the ballistic measure-

ments, showed the direction and extent of the gas action as well as
its variation with length of exposure.

The reasons for reversing the suspension follow: The beam from

the lamp, before reaching the balance, passed through three thick

glass Jenses and two glass plates. All wave-lengths destructively

absorbed by the glass were thus sifted out of the beam by the time

it reached the balance vanes. The silver coatings on the vanes ab-
sorbed therefore more than the glass. The radiation pressure was

always away from the source irrespective of the way the vanes were

turned, while the gas action would be exerted mainly on the sil-

vered sides of the vanes.

At the close of the pressure and energy measurements, when the

reflecting power of the silver faces of the vanes was compared with

that of the glass-silver faces, the reflection from the silver faces
was found very much higher than that for the glass faces backed

by silver. This result was the more surprising because the absorp-
tion of the unsilvered vanes was found by measurement to be neg-
ligibly small. ' This unexpected difference in reflecting power of
the two faces of the mirrors prevented the elimination of the gas
action, by the method described, from being as complete as had

i Lord Rayleigh records a similar difference between the reflection from air-silver and
glass-silver surfaces. Scientific Papers, Cambridge, II., pp. $38—S39, I900.
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been hoped for. But by choosing a gas pressure where the gas
action after long exposure is small, the whole gas effect during the
time of a ballistic exposure may be so reduced as to be of little con-
sequence in any case.

By exposing each of the vanes in turn and by reversing the sus-

pension and averaging results, nearly all errors due to lack of
symmetry in the balance or in the position of the light images with

reference to the rotation axis, or errors due to lack of uniformity in

the distribution of intensity in different parts of the image, could be
eliminated.

The changing character of the gas action, both with time of ex-
posure and gas pressure surrounding the balance vanes is well

illustrated in eight series of static observations in which the glass
faces of both vanes were exposed. ' The results obtained on the two
vanes were averaged and plotted as curves in Fig. S, where static
deflections due to combined radiation pressure and gas action are
shown as ordinates and duration of exposure, in seconds, as ab-
scissz. .' A horizontal line through the diagram gives the mean value

of the moment of radiation pressure computed from the data in

Table II. Decrease of the deflection with time indicates gas repulsion
on the warmed silver faces and increase in deflection, gas suction. It
will be seen from the curves that beginning at a gas pressure of 66
mm. of mercury, the gas action was repulsion changing to suction in

passing from I9.8 to l r. 2 mm. In the last two cases the total gas
action is small. For lower pressures the suction increases to 0.0)
mm. At a gas pressure of 0.02 mm. the gas action is again a strong
repulsion.

The curves indicate the existence of two gas pressures, at which

the gas action in our arrangement of apparatus should be zero, one

between r9.8 and j: r. 2 mm, and the other between 0.05 and 0.02
mm. ' The former region was chosen for the ballistic measurements

'Observations were also made on the silver faces, but the gas action when the glass
faces were exposed was considerably greater that for the silver faces, so the least favorable
case is shown.

~ Ordinates of the curves are proportional to moments.
s Crookes in his work with the radiometer discovered certain gas pressures for which

the combined gas and radiation forces neutralized, but as he did not discriminate between
forces due to radiation and gas forces his results were apparently capricious and his rea-
soning somewhat confused. See Phil. Trans. , p. SI9, L87S.



E. J'". ZVJCAOZS AZVD G. F. A ULZ. [VoL. XVI]:.

and nearly all of the observations were made at a gas pressure of
approximately I 6 mm. Even for the two pressures where the
decrease in the static deflection was most rapid, i. e., at gas pres-
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sures of' 66 and O.oz mm. , the erst throw was always in the direc-
tion of radiation pressure. The gas action is strongly influenced
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by very slight changes in the inclination of the plane of the vanes

to the vertical and also by any object introduced under the bell-jar
anywhere near the vanes. For instance, a very considerable effect

was observed when a small vessel of phosphoric anhydride was

placed under the jar behind the vanes, though the nearest wall of
the vessel was separated from the vanes by a distance of at least

3 cm.

During the observations, the polished silver coatings on the vanes

deteriorated rapidly; new coatings rarely lasted for more than two
evenings' work. As the balance had to be removed and the mir-

rors taken from the hooks, silvered, polished, and replaced a great
number of times during the entire series of measurements, although

great care was taken in setting the plane of the vanes vertical, it is

not likely that precisely the same conditions for gas action were

ever repeated. The principal value of the static results was in indi-

cating favorable gas pressures for work, rather than affording quan-

titative estimates of' the gas action in short exposures. The dotted

parts of the curves are not based on results of observation and

might perhaps have been omitted without loss.
It was plain, therefore, that further elimination of the gas action

must be sought in exposures so short that the gas action would not

have time to reach more than a small fraction of its stationary value.

This led to the method of ballistic observations.

THE BALLISTIC OBSERVATIONS.

In passing from the static to the ballistic observations it must

always be possible to compute the static equivalent of the ballistic

swings. Furthermore, the exposures should be made as short as

possible without reducing the size of the swing below a value which

can be accurately measured.

If the exposure lasts for one half the period of the balance, the

deflection, if the gas action be small and the damping zero, is equal

to 20, where 0 is the angle at which the torsion of the Aber will

balance the moment produced by the radiation pressure. If the
duration of the exposure be one quarter of the period of the balance,
the angle of deflection is 0~2. The deflection is thus reduced by
3o per cent. , but the eAect of the gas action is reduced in greater
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proportion. It was decided therefore to expose, for six seconds,
one quarter of the balance period. Neglecting the gas action, the

equation ' of motion of the balance is given by

P0 BO
x +2~ —= —t 0+Z

where x = the moment of inertia of the torsion balance,

e = the damping constant,

G = the moment of torsion of the Aber for 0 = I radian,

and Z = the moment of the radiation force.

The solution of this equation is

&c
I —e " cos

x

L ( I —e " cos 27L'—

the constants of integration having been determined from the con-
dition that

800= —=o when t =o.
Bt

When

t= —,T Z
4' G

and
BO Z )&e —'-t Zic

I —e " cos Zz —+ e " s1n Zrl-
Bt G,. T T T]

The light being cut off when 8 = '1/4. , the equation of motion be-
comes

PH 80
x—+ 2:—= —GO

Bt Bt

the solution of which is 0 = Ae . cos
(

2r: —+ u where A and a

~ We are justified in using quantitatively this equation, containing a damping term

proportional to the velocity, because the amplitudes of the successive swings of the
torsion balance, when no energy fell upon the vanes, were found experimentally to follow

accurately the exponential law.
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can be determined by the conditions imposed by equation (z).
Neglecting very small quantities, the value of the amplitude A is

expressed by the equation

where ~ is the ratio of successive amplitudes of the damped vibra-

tions. If ~ = t, that isif themotionis undamped, A = v zZ/G. In
the partial vacuum used in the experiments (t6 mm. of mercury, a
value chosen from the curves in Fig. )), r was found to be equal to
o.783; consequ en tly

Z
& =& 357 G

From this it is seen that the total angle of deflection of the tor-
sion balance in the ballistic measurements is equal to r.3S7 times

the angle at which the moment of the torsion of the fiber balances

the moment of the radiation pressure.
The durati'on of exposure was always six seconds without appre-

ciable error, but the period of the balance on account of slight acci-
dental shifting of small additional masses upon the counterpoise

weight m, (Fig. 2), differed from twenty-four seconds sometimes by
one per cent. It is necessary therefore to find the error in the de-

flection due to this variation in the period. This is done by mak-

ing r = T/4+ 8 in equation (2) and in introducing the new condi-

tions in equation (3). But it is simpler and sufficiently accurate to
assume the motion as undamped. For this condition, the amplitude

Z —Z f Bi2+ 2 sin 2rr = v z
)

r +~
(

nearly.
G TGi Ti

T
For T= 23.75 seconds, —= 5.94. and 8 = 0.06. Hence

Z2 = +2 (I.OO8).
G

If 8 = o, 2 = v 2 G, consequently an error of I per cent. in

causes an error of 0.8 per cent. in A.
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To make sure that the observed radiation pressures depended only
on the intensity of the beam, and were uninfluenced by the wave-

length of the incident energy, the ballistic observations of pressure,
the thermal measurements of intensity, and the determination of the
reflection coe%cients, were carried out for three entirely different

wave-groups of the incident radiation. In the measurements desig-
nated "through air, " no absorbing medium was introduced in the

path of the beam between the lamp and the balance except the
glass lenses and plates already mentioned. In the measurements

"through red glass, " a plate of ruby glass was put in the path of
the beam between L, and 2, (Fig. 3). For the observations

TAaLE II.
August 28. Light Pvessure. Enllistic AIensuz ezzzezzts. Air.

Surface. Zero. Throw. Deflection, Lamp.
Deflection (Lamp zoo).

X. V. EV. V.

A' VC,
WVD,
EVC,
8 VD,
XVC,
WVD,
X VC„
O'VD,

281.4
281.5
281.4
281.5
281.5
281.5
281.5
281.5

248.5
313.9
249.8
310.5
252.6
309.6
252.9
309.3

mm.

32.4
31.6
29.0
28.9
28.1
28.6
27.8

mm.
164.3
164.5
157.9
147.0
144.8
141.8
143,5
140.4

mm.
20.0

20.0

20.0

19.9

mm,

19.7

19.8

19.8

19.8

Average 19.97 19,77

C,+D,
Average, —

' '= 19.87
2

E' VDg

WVCg
A VDg
8 VCg

E VDg
W'VCg
E' VDg
8'VCg

280.1
280.0
279.8
279.4
279.1
279.0
279.0
278.9

246.0
317.8
247.2
313.7
248.9
311.9
249.1
311.2

Magnet Reversed.

34.1
37,8
32.6
34.3
30.2
32.9
30.0
33.2

18.92180.4
187.3
170.8 19.20
169.4
161.1 18.80
161.6
158.9 18.90
164.4

Average 18.97

20.20

20.25

20.35

20.20

20.25

Cg+Dg
Average, —=19.61

2
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"through water cell, " a 9-mm. layer of distilled water in a glass
cell was placed in the path of the beam at the same point.

The separate observations entering into a single series of ballistic

measurements and their treatment will appear from Table II., which

is copied direct from the laboratory note-book and represents an

average ballistic series. The designations EVC, , WVD, E rD, and

TAN& E IV.
Radiatio~s Pressure. Ballistic 3leasuremmts.

Date.

June 20
July 25

cc 26
Aug. 27

cc 29
Sept. 20

CC 23
cc

C, +D,
2

18.62
19.00
18.03
18.63
18.25
20.39
20.21
19.84

Cg+ Dg
2

17.10
20.10
19.39
18.66
19.02
19.14
19.51
18.91

Through %later Cell.

P, Cor- Pg Cor-
rected for rected for
T= s4". T=c4".

18.46 16.96
18.85 19.94
17.89 19.33
18.50 18.53
18.10 i 18.87
20.23 19.00
20.05 19.36
19.69 18.77

Average. ........

Through Red Glass.

P. X G,
l

17.14
15.82
15.80
16.29
15.68
16.69
16.37
16.10

16.24

PgX Gg
l

16.00
16,74
16.84
15.99
16.06
15.82
16.23
15.40

16.15

P
.Average.

16.57
16.28
16.32
16.14
15.87
16.25
16.30
15.70

16.20
~0.066

June 23
July 25
Aug. 27

cc

cc 29
cc

Sept. 20
cc 23
cc 24

18.26
20.77
19.10
19.28
19.77
19.14
19.82
20.18
19.53

Average. ....

19.99 18.40 19.83
20.70 20.94 20.54
19.97 19.25 19.82
19.99 19.42 19.84
19.99 19.92 19.84
18.98 19.14 18.98
21.00 19.97 20.83
21.48 20.34 21.31
21.00 19.68 20.83

17.05
17.24
17.46
17.36
17.14
16.82
17.19
17.39
17.03

17.18

16.06 16.56
17.43 17.33
16.46 16.96
16.75 17.05
16.82 16.98
16.84 16.83
16.50 16.84
16.92 17.15
16.03 16.53

16.65 16.91
~ 0.051

8 VC, mean that the vane C in the erst case was on the east side

of the rotation axis with its silver face toward the light. The sub-

script g signifies that the glass face of the vane was toward the

light. The second column of the table gives the zero reading of
the balance before opening the shutter; the third, the end of the

swing produced by a six-second exposure; the fourth, the deHec-
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tion of the balance; the fifth, the ballistic deflection of the lamp

galvanometer G,. Columns six and seven give the balance deflec-

tion reduced to standard lamp.

The results of all the ballistic pressure measurements "through
air, " are collected in Table III. In the fourth and fifth columns

two values are given for the constant of the lamp galvanometer C„
since reversing the magnet on the balance bell-jar to reverse the

suspension within affected the constant of the galvanometer slightly.

The values for the silver and glass faces forward were never the

same. The subscripts show to which series, silver or glass, the

constant belongs. The values of the lever-arm l of the balance in

the sixth column, are obtained by measuring the distance between

the centers of the images when on the east and west vanes (by the

dividing engine T„Fig. 3) and dividing by two. The columns

C+ .=' C+. =headed ' '= P and ' = P are the average moments
S 2

due to pressures for the silver and glass sides of the vanes respec-

tively toward the light. The next two columns contain these mo-

ments corrected for a period of twenty-four seconds of the torsion

xg P, xG,
balance. The columns headed ' ' and —— ' are the corre-

sponding forces reduced to standard sensitiveness, G = I,ooo. The

final column contains the averages of the two columns which pre-

cede it. Table IV. exhibits corresponding data for "red glass" and

"water cell. " The air pressure, period of the balance, lever arm

and galvanometer constants are those given in Table III. for the

same date.
In these ballistic measurements the lamp reading was the throw

due to an exposure of the light upon the bolometer for six seconds,

but in the energy measurements the lamp reading was a stationary

deflection due to prolonged exposure. To bring the pressure

values into comparison with the energy measurements it is neces-

sary to reduce the average of the quantities in the last column to

pressures in dynes by multiplying by o.363 x Io ', the torsion

coefficient of the quartz fiber, and to reduce not only to a static

deflection of the torsion balance but also to a static deflection of the

lamp galvanometer G,. The ratio of a ballistic to a static deflection
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of the galvanometer G, was obtained from a long series of lamp

exposures. This ratio was found "through air" to be = I.55;
"through red glass" = I.535; "through water cell" = I.502.
These diA'erences are probably due not solely to the damping con-

stant of the galvanometer but to the peculiar manner in which the

bolometer was warmed up to its stationary conditions by the beam

from the lamp. Applying these reduction factors to the averages
in Tables III. and IV., we obtain the following results. The pres-
sure of the standard light beam which has passed

(u) through air = r6.gr x x 0.363 x to 'I 55
I 357

= (7.OI & 0.023) x ro ' dynes;

(b) through red glass = t6.gI x
' —x o.363 x Io 'I 535

I 357

= (6.gg & o.o24) x to ' dynes;

I.502
(c) through water cell = i6.2o x —x o.363 x io '

I 357

= (6.32 & 0.028) x io ' dynes.

THE ENERGY MEASUREMENTS.

Before rejecting the bolometer method used in the preliminary
measurement of energy, a second bolometer of slightly different

construction was tried; but the lack of uniformity of resistance,

already mentioned, made its indications too uncertain for the present
work. The radiant intensity of the beam used in the later experi-
ments was determined by directing it upon the blackened face of a
silver disc, weighing 4.80 grams, of I3.3 mm. diameter and of 3.58
mm. thickness, and by measuring its rate of temperature rise as it

passed through the temperature of its surroundings. The disc was

obtained from Messrs. TiAany R Co. and was said by them to be

99.8 per cent. fine silver. Two holes were bored through parallel
diameters of the disc, one fourth of the thickness of the disc from

either face. Two iron-constantan thermo-junctions, made by solder-

ing 0. I mm. wires of the two metals, were drawn through the holes
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into the center of the disc. To insulate the wires from the disc, 6ne

drawn glass tubes were slipped over them and thrust into the holes,

leaving less than 2 mm. bare wire on either side of the junctions.
The wires were sealed into the tubes, and the tubes into the disc by
solid shellac. The tubes projected rs mm. or more from the disc

and were bent upward in planes parallel to the faces of the disc.

L'o Caln -'
Eero pene

,'—=-to Calz. .

AirSPace-;- Third Board
Box!

1

A

, D-

r

k4'~&!~% t)')I

PYaderjacke&

~ l 1 I ~ I I

Fig. 6.

The eneral arrangement will be seen in 'g.Fi . 6. The disc wase gene
suspended by the four wires some distance below a sma. l a11 Hat

wooden box. n e ob . 0 th box was fastened a calorimeter can swathed

in cotton an e wid 611 d 'th kerosene in which the constant thermo-

junctions were immerse .d Copper wires soldered to the two ends

of the thermo-electric series were brought out of the colorimeter, and
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the circuit was closed through I,ooo ohms. in series with the )oo
ohms. resistance of galvanometer G,. The thermo-junctions in the
disc were in series, and as each junction was midway between the
central plane of the disc and either face, it was assumed that when

the disc was slowly warmed by heating one face the electromotive
forces obtained corresponded to the mean temperature of the disc.
One face of the disc was blackened by spraying it with powdered
'lampblack in alcohol containing a trace of shellac. This method

was suggested by Professor G. E. Hale and gives very one and uni-

form dead black coatings not inferior to good smoke deposits.

For the energy measurements the bell-jar and the torsion balance

were removed from the platform P (Fig. 2) and a double-walled

copper vessel, AB (Fig. 6), which served as a water jacket sur-

rounding a small air chamber C, was mounted in the same place.
A tube 2 cm. in diameter was soldered into the front face of the

jacket to admit the light beam into the chamber C. This opening
was covered by a piece of plate glass similar to the plates forming

the larger windows in the bell-jar.
The needle system in G„a four-coil du Bois-Rubens galvanom-

eter was suspended in a strong magnetic field so that its period
was about four seconds. The system was heavily damped by a
mica air-fan of large surface. The disc junctions and galvanometer

responded quickly to the radiation, as was shown by the reversal of
motion of the magnet system r.z seconds after the light was cut off
f'rom the disc when the latter was a few degrees above the tem-

perature of the room.
( Corzclzzded z'n nexz' nunzber. )


