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Abstract.

In the present paper radiometer forces have been investigated 
under such conditions that all the quantities on which the 

radiometer force may be conceived to depend have been measured, 
more especially the differences of temperature. The importance 
of the coefficient of accommodation for the radiometer pressure 
is shown, and from measurements at low pressures it is found 
that, in the case under investigation, the coefficient of accom
modation for the internal energy (rotational energy) of a dia
tomic gas may be put equal to the coefficient of accommodation 
for the translation energy.

Introduction.
On radiometer forces there exists a very extensive lite

rature partly of a theoretical and partly of an experi
mental kind, but the experiments performed have frequently 
been carried out in such a way that very complicated 
phenomena were involved, while, in addition, some very 
essential quantity was not measured because it was im
possible with the experimental arrangements employed.

In a previous work (“Ein absolutes Manometer’’1) I 
have examined a particularly simple case under such con
ditions that the theory could be fully tested by experiments 
allowing of the measurement of both the temperature and 
pressure of the gas, and the forces with which it acted on 
a plate. The experimental arrangement was such that the 
coefficient of accommodation did not affect the results.

Ann. d. Phys. Bd. 32, 1910, S. 809.
1
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In the experiments to be described in the following, an 
investigation of the influence of the coefficient of accom
modation for the radiometer pressure has been attempted, 
and here again an endeavour has been made to choose 
such a simple experimental arrangement that the theory 
could be tested by the experiments, all the quantities 
entering into the theoretical formulas being measured.

As is generally known, the specific heat of hydrogen 
decreases with decreasing temperature. The explanation 
given of this phenomenon is that as the temperature gradu
ally decreases, the hydrogen molecules or some of them, 
tend less and less to change their internal energy, par
ticularly their rotational energy, by collision. Now, when 
it is known that upon impact of hydrogen molecules with 
a bright metal surface, the exchange of energy will lack 
2/3 of its value in being complete, it might be anticipated 
that, at low temperatures, the exchange of energy would 
be relatively greater for the translational than for the ro
tational energy. The experiments show that this anticipation 
is not justified, at any rate not at such high temperatures 
as those employed in the experiments. This result seems 
(piile natural now, that it is known that two modifications 
of hydrogen exist.

Summary of Experimental Results.

The experiments were performed with a thin, narrow 
plate or band of platinum, bright on one side and blackened 
on the other. It was placed in an extensive quantity of 
gas and heated electrically to a higher temperature 1\ than 
the gas. Its temperature 7\ was measured, and the tem
perature 7’0 and pressure p of the gas far from the band
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were likewise measured. In addition the amount of heat 
q given off each second from each square cm. of the 
blackened side, and the amount of heat q" similarly given 
oil’ from the bright side, were measured. In these amounts 
the radialion is not included. Although the band has prac
tically the same temperature on both sides, the pressures 
p and p" of the gas on the two sides will nevertheless 
be different. Their difference p— p" is termed the radio
meter pressure, and this quantity is measured. It is shown 
that the radiometer pressure will in this case be the same 
as it would be if the surface had been exactly the same 
on the two sides of the band, but there had been a dif
ference in temperature of a known magnitude determined 
by the measurements.

On a previous occasion I have shown, by measuring 
the molecular conduction of heat in gases, that an incom
plete exchange of energy takes place when gas molecules 
impinge on a solid wall. In order to explain this pheno
menon in more detail I introduced the term “coefficient 
of accommodation”. That this quantity, or at any rate a 
quite analogous quantity, must also play a part in radio
meter forces is quite simply a consequence of the kinetic 
theory.

The coefficient of accommodation a, which is of im
portance in the conduction of heat, I have defined as the 
ratio between two temperature differences

where 7’0 denotes the temperature of the gas molecules 
impinging on the surface of a solid body having the tem
perature T2 denotes the temperature of the gas mole-
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cules after striking and again leaving the surface of the 
solid body (Fig. 1).

The investigations to be described in the following were
carried out with helium as 
a representative of a mona
tomic gas and with hydro
gen as a representative of a 
diatomic gas.

Investigation at low 
Pressures. At such low

pressures that the breadth of the band is negligible com
pared with the mean free path of the surrounding gas we 
may, according to the kinetic theory, put 

for a monatomic gas and

where q is the amount of heat given off per sec. per 
square cm. in ergs, p the pressure of the gas in bars, c0 
is the mean velocity of its molecules far from the heated 
plate, i. e. in those places where the absolute temperature 
of the gas is To. I\ is the absolute temperature of the plate, 
and a is the coefficient of accommodation of the gas and 
surface under consideration. /’ is determined by the specific

5 _£p
3 c )

heats cp and cv for the gas, since /’ =------- -, which is
^-1
Cv

zero for a monatomic gas. For a diatomic gas the formula 
for q only holds good on the supposition that the coeffi
cient of accommodation a for the translational energy of 
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the gas may be put equal to the coefficient of accom
modation for the internal energy of the gas molecules.

, where MSubstituting in the formulas c0 = 14550 

is the molecular weight of the gas, and putting for helium 
f—0, and M = 4.000, and for hydrogen /* = 0.6325 and 
M = 2.016, the formulas for q will be

for hydrogen q = -=- (7\ — pa,
V ‘o

tor helium q — —— ( 7 t—l^pa.

Employing for the measurements a platinum band or 
strip blackened on one side and bright on the other 7\, 
To, p and </' + q" can be measured, from which is found 
by means of the above formulas, a' + a" the sum of the 
coefficients of accommodation for the two sides of the 
band. By corresponding measurements of a band bright 
on both sides, q" is obtained, and thence a" is determined. 
a + a" and a" being known, we find from these a—a", 
which is the difference found by heat conduction experi
ments between the coefficients of accommodation for the 
blackened and bright sides of the plate.

For the corresponding difference between the coefficients 
of accommodation at and a" which only concern the trans
lational energy of the gas molecules and not their internal 
energy, the kinetic theory gives for small values of T1— To 

from which we find a'— a”, the radiometer pressure p — p" 
and p, and 7’0 being measured directly.
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The results of the measurements were

for hydrogen:
heat conduction a = 0.735 a" = 0.315 / a — // a = 0.420
radiometer force ai = 0.415

for helium:
heat conduction a = 0.909 a" = 0.411 / a — It a = 0.498
radiometer force at~ a't = 0.512

The measurements having thus practically given a—a" = 
(it — a't', not only for helium but also for hydrogen, it may 
be inferred from the measurements for this latter gas that 
the translational energy and the internal energy have co
efficients of accommodation which do not appreciably 
differ.

The term “coefficient of accommodation” may be ex
tended to apply not only to such large quantities of gas 
molecules that a temperature may be ascribed to them, 
but also to single molecules impinging with constant 
velocity upon the surface of a solid body. If this be done,

/
the measurements provide a means of calculating — , where 

n denotes the average number of impacts of a molecule 
against a rough surface from the first time it impinges on 
a part of it till it again leaves the surface, and where n" 
stands for the same for a bright (smooth) surface. This 
consideration leads to

71' = log (!—(/')
71" log(l —a")*

Substituting the values for a and a" given above, we find

71' 71'
for hydrogen—, = 3.5 and for helium —-, = 4.5.n n
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It might be anticipated that „ must be independent of 

the gas employed for the determination. The values 4.5 
and 3.5 found for helium and hydrogen differ considerably, 
so that the theory put forward is not particularly well 
supported by the measurements. It should, however, be 
borne in mind that, especially when a approximates to 1, 
the percentage error of 1—a entering into the formula will 
be very considerable.

The agreement found for hydrogen between the value 
a —a = 0.420, found by heat conduction experiments, 
and the value cq—a" — 0.415, found by radiometer mea
surement, would seem to warrant the assumption that the 
internal energy of the hydrogen molecules is distributed 
according to Maxwell’s law, but entirely independent of 
the distribution of the translational energy.

Investigations at high pressures. It is repeatedly 
stated in the literature (thus by W. H. Westphal) that 
when the radiometer pressure p—p" is plotted against 
the logarithm of the pressure p of the gas in a rectangular 
system of co-ordinates, a curve will be found which is very 
nearly symmetrical with respect to the ordinate through the 

maximum point of the curve. The formula p'—p" = —--------
— + bp ap 

has been set up to denote this dependency of pressure. 
My measurements, too, show that the symmetry in question 
applies with such good approximation that I have not 
found it necessary to set up an unsymmetrical formula 
which agrees better with the experimental results than a 
symmetrical one.

In the following symmetrical formula which agrees 
fairly well with the experimental results for helium and
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hydrogen, p—p" denotes the radiometer pressure, p the 
pressure of the gas itself, and 7\ the absolute temperature 
of the plate, To that of the surroundings, o' — a'' is the 

difference between the coefficients of accommodation of the 
two sides of the plate.

1

where a't — a't', bt and ct are almost independent on the 
temperature T1. For small values of I\— To was found for 
helium a't— a” = 0.4898 and for hydrogen 0.363, for helium 
bt — 0.00545, cr = 0.005234, for hydrogen bL = 0.00819 
and j/ cL = 0.00744. To extend the application of the equation 
to other gases and to a breadth B of the band other than 
B = 0.2484 cm. as used in the experiment may be tried in 
the following way.

At high pressures p the radiometer force is known to 
be an edge effect and we must consequently have ct pro
portional to B. If B be the only length characterising the 
dimensions of the apparatus, then the unit for this length 
must be some length characterising the gas f. i. ZL, the mean

free path at the pressure 1 Bar. In putting ct = c — , the 
A

equation for small values of 7\—7’0 becomes

where for helium |/c = 0.0105 and for hydrogen j/c = 0.0149.
According to this equation the radiometer pressure at-
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tains its maximum

value is determined

when

by

i ,Ab ..i.p |/ — = 1, and the maximum

By my experiments the quantities /q and \/cl were found 

to be but little different. If we

equations become

Hence, to obtain the greatest radiometer force possible with 
a plate of a given area, it will be advantageous to divide 
the area into strips which are as narrow as possible.

Calculation of the Loss of Heat at Low Pressures.
Let it be assumed that a platinum band many limes 

longer than it is broad is stretched out in the axis of a 
hollow cylinder, the walls of which are absolutely rough, 
and the radius of which is large compared to the breadth 
of the band. The amount of heat measured in erg given 
off by conduction through the gas from each square cm. 
of one surface of the band is designated q', and that given 
off from each square cm. of the other surface is termed q". 
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q is used as a common designation for both these quan
tities.

Further, the following terms are introduced

p = the pressure in bars of the gas at the surrounding 
cylinder wall,

AT — the number of molecules in each ccm. in the places 
where the pressure is p,

dX = the number of the N molecules having velocities 
between c and c-J-f/c. This number dX is assumed 
to be determined by Maxwell’s law of the distribution 
of velocities.

According to the kinetic theory of gases the number of 
molecules d2n impinging on each square cm. of the sur
face of the body each second, and having angles of in
cidence situated in the solid angle dm which forms the 
angle ,r with the surface normal, will be

d2/? = -— dX • c • cos • dm.

Each of these molecules gives otf the amount of energy 

when upon impact with the body, it loses its ve

locity c, the mass of each single molecule being designated 
in. Hence the d2n molecules give the body a quantity of

heat dXc cos a? dw- me2. Since dm — 2 tt sin x dx, inte-4 ti 2 j
gration with respect to x gives the quantity of heat ¿ dXmc-c2.

o
Integration with respect to Ar according to Maxwell’s law 

1 -77 -Öof distribution will give - ATmc¿ where Cq denotes the mean o
value of c3. According to Maxwell’s law of distribution we

— ] _ 4   _
have Cq = - zr (c0)3 = c0c2, where c0 denotes the mean

Z- » )

value of c0, and Cq denotes the mean value of c2. Intro
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ducing this we get that the quantity of heat given off to 
each square cm. of the body each second by all the gas 

molecules impinging on it is qt t = - NmcoCo the molecules 

losing their translational energy by the impact. According 
to the kinetic theory p — ^Nmc% hence

o

According to the kinetic theory the number of impacts n, 
that is to say, the number of impacts experienced by each 
square cm. each second, is determined by n — | Nc0. Each 

molecule impinging on the body will thus in mean give 

off a quantity of heat ~ me2. If the body has the 

same temperature as the surroundings, each molecule must 
carry away such an average quantity of energy from the 
body that the whole transfer of heat will be zero, hence 

ithe previously found amount of energy —J-.

From this it may be inferred that a quite similar ex
pression only with other values for c2 must apply when 
the body has not the same temperature as the surroundings, 
if only it is assumed that the velocities of the molecules 
leaving the body are distributed according to the same law 
as that of the incident molecules, that is, according to Max
well’s law. If the velocities of the departing molecules are 
termed c2, each of them will, consequently, carry away 
from the body an amount of energy whose mean value

• „i 2will be -mc2. Hence at each fully accomplished molecule o
impact the body will lose in all the amount of energy
2   j 
- m (c2 — Cq) and since the number of impacts is n = v Nc0, 
O
the whole amount of heat qt which the body gives off to
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the surrounding gas from each square cm. and during each 
second will be

Our assumption that the same law of distribution of ve
locities holds good both for the incident and the departing
molecules, may be expressed as follows. If there is, among 

(IN the incident molecules, a fraction — having velocities be

tween c0 and Cq + cIcq, there will, among the departing
molecules, be found the same fraction having velocities 

c clcbetween c2 and c2 + </c2, where — = = kt, kt being a
c0 dc0

constant. This does not by any means imply that the same 
molecules which impinge on the body with the velocity c0, must 
also depart with the velocity ktCQ. The molecules departing 
with this latter velocity may very well be quite a different 
group to the one impinging on the body with the velocity c0. 
Thus putting c2 = ktcG we have also c2 = ktc0 and c2 = kf c'q.

Substituting this in the expression for q we get

7/ = (^2— 0

or, since

Qt = (Ay — 1).

If a molecule, in addition to its translational energy et, 
also possesses an internal energy e., e. g. rotational energy, 
which may be lost or changed by impact with a solid 
body, this internal energy must also be taken into account. 
Cp and cv denoting the specific heat of the gas at con
stant pressure and constant volume respectively, we have
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If we put

2 5 cp
3 Cu ~110111 which e-

Se-1 1

er
-1

Cv

get e. = fet. We will now assume that e. is

distributed according to Maxwell’s law, but entirely inde
pendent of et. Hence, since we have et = ^mcg each mole

cule impinging on the body will, in losing its internal
energy, give off an amount of heat whose mean value will 

he e2 = and the number of impacts being n = 7 Nc0,

the whole amount of heat given off by the gas as origin
ating from internal energy will be

As the molecules leave the body and thus acquire internal 
energy, which we assume to be distributed according to 
Maxwell’s law, each of them will in mean value carry with 
it an amount of energy proportional to e., and which may 

consequently be put equal to -mCgÅ’?/’. Multiplying by the
1 -2

number of impacts N = -Nc0, we gel for the energy thus 4
carried away by the gas from each square cm. in each 

1 __ _ 3 —
second -Nmc0clk7f = -pcQkff. Deducting from this the 

amount of energy given off by the molecules until they 
had lost their internal energy, we get that the change in 
the internal energy of the molecules caused by the impacts 
will involve a total loss of heat for the body which will 
be, for each square cm. and each second
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'li = l-Nmc¡>df^- 1) = |pe0/-(A-,2- 1).

The sum qt + q¿ = g will be the total amount of heat 
carried away from each square cm. of the surface of the 
body in each second: accordingly it will be

If we can put kt — k. — k here, we get

7 = 9/iCo |/')(A'2 —1).

If we had assumed that e¿ = fef for each separate mole- 
3

cule, f would have to be substituted for - /’in this expression.

Imagining the possibility that kt and k. might be dif
ferent, we attribute to the departing molecules a temperature 
Tt, taking only the translational energy into account, and 
another temperature 7’., taking only the internal energy 

Tt ¿2 7’.
into account. We put — = = Å’2 and similarly — = kf.

I o co To
This may also be expressed by assuming that different co
efficients of accommodation at and a. hold good for the 
translational energy. In accordance with the definition we 

r.-r0
have at — —----- — and — —---- r which gives the follow-

ing relations between k and a

»2 1  1 '<) . J / 2 i '1 0
Ay— 1 = —— and kr— 1 = ---- •

7« * o

Introducing this in the expression for q, we get

1 — 7\—,3r\ 
<1 = 21> Co —y— + 4 f"i j ■



Radiometer Pressure and Coefficient of Accommodation. 17

Finally, introducing the value c0 = 14550 |/^ known 

from the kinetic theory, where M is the molecular weight 
of the gas, we get

’= 7275 ^fe^-r«)(a'+14

If we have at = a. = a, we get

9= 7275 j/fc(T1_ro) (1+Wa’

where for a monatomic gas like helium we have /' = 0. 
The expression thus found agrees with the one previously 
found by me for the molecular conduction of heat. If at 
and a. are different, the latter expression may be employed 
if it is kept in mind that a is defined by

On fixing the value of f for hydrogen it should, strictly 
speaking, be taken into account that the specific heat of 
hydrogen, and with it /', increases with increasing tem
perature, since the temperature for which we introduce /’ 
is the one at which the molecules depart from the heated 
body. In my experiments this temperature lies between 
30° and 100° Celsius, the very range within which I have 
not been able to find good measurements of the temperature 
coefficient of the specific heat. This latter, however, will 
hardly exceed 0.0002, and if we entirely neglect it, the 
error introduced in f will presumably be less than 2 p. c.

2Vidensk. Selsk. Math.-fys. Medd. XI, 1.
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than 0.7 p. c. We will therefore 
within the range of temperatures

has been found to be Cv = 4.810 kal./ 
If we put the gas constant /? = 1.986, 
that we must here have Cp— Ct, = R,

C >1 and consequently -£■ — 1.4130 and

and the error in a less 
regard f as a constant 
here employed.

/■might be found from values of Cv. Thus by M. Trautz 
and K. Hebbel1 it 
mol. grad at 16° C. 
and keep in mind 

we §et ...........—, Cv

1 Ann. d. Phys. 74, 1924, p. 320.
2 Ann. d. Phys. 40, 1913, p. 492.
8 Wiedemann’s Ann. 64, 1898, p. 555.

f= 0.6146. At 16° Scheel and Heuse2 found Cv = 4.875 
f

from which -- = 1.4074 and f = 0.6364. Lummer and 
Cd q

Pringsheim3 found = 1.4084, from which Cp = 4.863 
Cu

and f = 0.6325. This latter value will be employed as it 
is in good accord with the previous one. If, instead, we 
had employed /'— 0.6146, the values for a would only 

2have been increased by 1 p. c., while /* — « would diminish o
the values found for a by 1.7 p. c. While thus the uncer
tainty of /* does not essentially influence the determination 
of a, it would be different if we had reason to suppose 
that we must put ef = fet for each single molecule in cal
culating the amount of heal given off. If this were done, 
all the values for the coefficient of accommodation a found 
for hydrogen in heat conduction experiments would have 
to be multiplied by 0.942 or reduced by 5.8 p. c. Such a 
change would reduce the agreement found for hydrogen 
between a—a" and a't— ci', which would seem to indicate 
that we are justified in assuming that the internal energy 
e. of the molecules is distributed quite independently of the 
distribution of the translational energy er
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- a.

q = 0.7372 p c0 (Å2—1)

1
q = 10726 p (7\ — 7’0)-----

|/M7’0

If /'= 0.6325, we get 1 -j- — f — 1.4744 and the expression 
4

lor q

Front this expression for q we lind the molecular con
duction of heat by dividing by p (7\—7’0). Hence it will 

be 10726 a and with the stated definition of a mustCwï-0
be anticipated to be independent of the temperature 1\ of 
the plate. If, on the other hand, a coefficient of accom
modation a had been defined by the equation

0 — 6 2 C0

)/7\-j/T¡¡ c.-c.

k—1 k—1

the expression for q for small values 7\—7’0 becomes

<7 = 10726 p (7’t - T„)

Since cq can neither become 0 or 1, it will be seen tha 
with this definition of the coefficient of accommodation, 
q will be dependent on the temperature of the plate since 

the quantity (1—a) —— may be designated as a tem-
4 70

perature coefficient.
For hydrogen we put 4/ = 2.016, which gives

q = 7555 p (7\-T0) 1

which for T = 293 gives
2
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q = 441.4 p(7\—7’°) a for hydrogen, and 
q — 212.5 p(7\—7’0) u for helium,

since M = 4.00, /' = 0 for this gas.

Calculation of the Molecular Radiometer Force.

We will now calculate the pressure with which the gas 
acts on the band mentioned in the previous part, applying 
the suppositions and terms made use of in the above.

We shall first calculate that part of the pressure which 
originates from the fact that the molecules lose their ve
locity c0 upon impact with the band, and next the part 
originating from the fact that they leave the band with 
another velocity c2.

A number of molecules d2n — dX• c-cos x-do strikes
4.T

each square cm. of the band each second coming from the 
solid angle do with velocities between c and c~rdc. Each 
of these molecules, before its velocity has become 0, gives 
off a quantity of motion by the impact whose component 
in the directions of the surface normal is mc-cos.r. If we 
calculate d2 nmc-cos x, and integrate with respect to x and 
A7, we get^AjnCfl = ^p. This was only what we might 

have anticipated, for the part of the pressure here calculated 
must be quite independent of whether or not there is equi
librium of temperature, and if there is equilibrium of tem

perature, half the pressure, that is, must originate from 

from the fact that the molecules lose their velocity, while 
the other half originates from the fact that they acquire a
new velocity of equal mean value. Since 

impacts n =—NcQ, each of the molecules 

the number of

impinging on
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above, we get that the 

gas acts on the plate, is

the band will thus make
2

whose mean value is — m
3 co

course also holds good for the departing molecules if there 
is equilibrium of temperature, so if the velocities had been 
c2 instead of c0, each molecule would have contributed
2 c| . .
— m -= at its
3 C2

however, the 

for this part

calculation of the loss of heat we put c2 — kfc, 

c2 = which gives — Ninc2Jcf 

the part of the pressure ^p found 

entire pressure p', with which the

departure. In the case under consideration, 
number of impacts is not -|atc2 but Nc(), so 

1 cf -
of the pressure we get — AT/n — c0. As in the 

6 c2  
. - / 0 ’ ^2 "7 ^0 ’

= ~pkr Adding this to

a contribution to the pressure 
¿2

This latter expression of

The increase of pressure p'—p originating from heating 

will thus be p'—p —1)» and hence p'(p'—p) =
l,0 1p2(A'2 —1). For the loss of heat q, we found q = ~pc0 
•± 

(Å-2 — 1) so we have the following relation 

P
 2 c0

which is anticipated to be valid independently of the nature 
of the surface of the band.

In the expression found for p we introduce the 
coefficient of accommodation at, as previously putting 
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Hence

and for small valnes of 7\—7’0

//-/>

In the preceding part the coefficient of accommodation 
at was defined as the ratio between two temperature dif
ferences. If it had been defined as the ratio between two
differences of molecular velocity, putting

we should find

I have not attempted to measure directly the pressure 
p, but p—p", the difference of pressure between the two 
sides of the same band, one side of which was bright 
while the other was blackened, so that the two sides have 
different coefficients of accommodation a' and a”. The pre
ceding equations give

or
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1

o

which may also be written
1

= 2P
-To
To

/ // 
P —p

The quantity p'—p" is designated as the radiometer 
pressure.

For small values of 7\— To this will be approximately

1

4 r ' r0

For a' + cq = 1, which holds good approximately in my 
experiments, and for To = 293 the expression will be

2 '[ ' () / r _  >f\__ 1 ____
4 P To ’ 1 (l{ (l,h+ 0.000853 ( 7\ — To)‘

If the second definition of the coefficient of accommodation
had been applied and eq z introduced, we should find

This becomes approximately

P —p + ~p

As will be seen, this is the same expression as we get 
from the above by putting a + a" = 1. It follows from 
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this that my radiometer experiments cannot be expected 
to show which of the two definitions of the coefficient of 
accommodation is the best.

The preceding considerations only hold good when we 
can disregard the mutual collision of the molecules. Hence, 
if we wish to find a in a series of experiments at different 
pressures, we must lind, by extrapolation, the value towards 
which a converges when p approximates to 0.

In order to settle whether the coefficient of accom
modation a. for the internal energy for hydrogen is equal 
to the coefficient of accommodation at for the translational

, , 3

energy, we determine a =------- — by the loss of heat
> + 4/' 

from the blackened side of the plate, and the corresponding 
quantity a" for the bright side of the plate. From this we 
find a—a". By measurement of the radiometer pressure 
we determine cif— a't', and if this equals ci — a", we may 
anticipate that a't= ci and a't' = ci'.

We may remark that the theoretical consideration 
leading to the expression for p and hence for p'—p", 
would be quite the same if we had assumed

1) that both sides of the plate had a surface of the 
same nature

2) that both sides of the plate were quite rough so 
that ci = 1

3) that the two sides of the plate had different tem
peratures 7\ and T’(.

From this it will appear that, even if we measured T[ 
and 77, we should not arrive at any theoretical expression 
for p'— p", if we had not a — 1 on both sides. This is 
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not usually the case in the ordinary radiometers, in which 
the wings are double and one side is bright, the other 
blackened. By radiation we then get a difference in tem
perature between the two sides and in addition a difference 
between the coefficients of accommodation of the two sides. 
In this way the radiometer pressure becomes large, but it 
is a very complex phenomenon as temperature differences 
in the surrounding glass walls must also be taken into 
account.

In my experiments a simple calculation shows that the 
difference in temperature between the sides of the plate 
is so small that the radiometer pressure originating there
from is smaller than the pressure originating from the 
emission of heat radiation, and this pressure is quite neg
ligible compared with the radiometer pressures measured.

The Coefficient of Accommodation for single Impacts.

When a gas molecule impinges on the surface of a 
solid body, it is conceivable that the roughness of the sur
face will cause the gas molecule to enter in between the 
molecules of the solid body and rebound a number of 
times from them before again leaving the surface. It has 
been thus explained that a kind of adsorption takes place 
before the molecule is again released. As the exchange of 
energy between gas molecules, especially hydrogen mole
cules, and solid platinum has proved to be very imperfect, 
it must be presumed that the time during which the gas 
molecule remains in the adsorbed state is so short that it 
has only time to collide a few times with the platinum 
atoms. In other words, it is hardly in this case an ad
sorption effect, more probably we must suppose that some 
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of the gas molecules get into the depressions in the sur
face of the platinum and rebound there some few times 
before leaving the surface.

Let us suppose that a platinum plate has a temperature 
such that the molecules of the surrounding gas would 
have the mean velocity q if there were equilibrium of 
temperature between the gas and the platinum. Let us sup
pose that a group of gas molecules which all have the 
velocity c0 strike the platinum and rebound n times from 
the platinum surface before flying off with a velocity whose 
mean value will be denote by cn. If c0 = q we must also 
have cn = q, and we must have that the greater n be

comes the more will c approximate Io q. It will be 
simplest to assume that for each addition impact of the 
molecules their velocities c will be augmented by a quantity 
dcn which is proportional to the amount (q— cn) lacking 
in the final velocities ct reached by the molecules. This 
gives the equation

where k is a constant valid for the gas and the solid 
body and independent of the roughness of the surface.

Integration from n = 0 to n = n gives

c1—cn— (q— cQ)e~kn from which q—c0 = (q—c0)(l—e~kn).

If the energy of the molecules had been introduced into 
the differential equation, the squares of the velocities being 
substituted for the velocities, the last equation would be
come
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Summing over all the velocities c0, we get

We have, however, -=---- = = —----- - and according to the
ci co I o

definition, this quantity equals the coefficient of accommod
ation a, hence we have a = 1 —e~kn and kn = — loge(l —«)• 
Consequently, if for a bright surface we have a — a" and 
77 = n" and for a rough surface a = a and 77 = 77' we get

log (1 — a) 
log (1 — a")'

This consideration thus gives the ratio ■„ determined by 

the coefficients of accommodation measured, but it gives 
us no direct information of the quantity 77", k being an 
unknown.

If, for a diatomic gas, we denote the coefficient of ac
commodation for the translational energy by at and that 
for the internal energy by at, and the corresponding values 
for k by kt and À’;, and we have two surfaces of different 
degrees of roughness, the coefficients of accommodation a 
and a" determined by the conduction of heat from each 
of the surfaces will be given by

/ a
«;+ 4/«;

and a It

If, for a diatomic gas, we put f = 2
3’

the equations will be

a'= I (2a;+«;.) a"= ~(2a" + a'!).
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If d and a" have been determined by heat conduction 
experiments, we have the four unknowns dt, d¡, d. and 
in the two equations. A third equation may be arrived at 
by determining dt — dt' by radiometer experiments, and,

/ 
finally, a fourth equation expresses the fact that —must

72 
have the same value for the translational and the internal 
energy, both these forms of energy being exchanged with 
the platinum al the same impacts. The fourth equation 
will be

Iog(1za2_ _Iog f1 ~Qí)log^i—a'/) >08(1—O’

This latter equation will for the most part only be ap 
plicable in practice when all values of a differ so much 
from 1 that 1—a may be determined with a reasonable 
percentage of accuracy, and this was not the case in my 
experiments.

Apparatus.
The platinum bands employed in making the measure

ments, live in all, were enclosed in two glass vessels which 
communicated with each other by means of a glass tube. 
From the latter a lube communicated with a pipette system 
and a pump. The tube was further provided with a trap 
kept cool in liquid air. Of the five platinum plates the two 
formed the sides of a torsion balance which was placed 
in one of the glass vessels. This consisted of a glass cy
linder C (fig. 2) 26 cm. high and with an internal dia
meter of 23 cm. The edge of the cylinder was ground 
level and covered with a sheet of plate glass G (2 cm. thick) 
and fastened with picein to the cylinder so as to be air
tight. A hole was bored in the middle of the glass plate 
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over which was placed a tube /?t 25 cm. high and 3 cm. 
wide furnished with a plane-parallel window for the read
ing of the torsion balance. In other holes in the glass lid

0 5 10 UTL
Fig- 2.

ground glass tubes could be inserted, one of which Ab 
served to communicate with the other parts of the system, 
while two others fí3 and R4 served as communication for 
the electric current to be sent through the platinum bands. 
The arrangement of the torsion balance will appear from 
fig. 2. The suspension wire Tr was of Wolfram. Its length 
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was 11.97 cm. and its thickness was stated by the manu
facturers to be 50 /.i. The mirror was placed on a rod 
of aluminium A carrying two transverse rods of copper K. 
The lower transverse rod was, however, in isolated con
nection with the aluminium rod by intermediate pieces of 
mica. The platinum bands P were soldered to the ends of 
the copper rods. As shown in the ligure, the conduction 
of the current takes place through two vessels with mer
cury H placed below, the current passing up through one 
band and down through the other. On account, amongst 
other things, of the rigidity of the mercury surfaces the 
torsion balance was made rather large. Thus the length 
of the platinum bands was c. 13.6 cm., their distance 
c. 10 cm. All dimensions were accurately measured, thus 
the length of one band was found to be 13.60 cm., its 
breadth 0.2488 cm., while the length of the other was
13.61 cm., its breadth 0.2569 cm. Hence the sum of the 
areas of the two plates (length X breadth) will be 6.88 ± 
0.01 cm2, so that a force of 1 dyn/cm2 at right angles to 
the plates will give a torsion moment about the axis of
34.61 ±0.07 dyn/cm. The platinum bands were of physic
ally pure platinum from Heraus, their thickness was de
termined by weighing to be 0.00261 mm. A series of measure
ments of the electrical resistance of a band cut out of the 
same larger sheet as those mentioned here, gave the follow
ing temperature dependency rt = r0 (1 ± a t ± ß t2) where 
a — 0.0039791 and ß = —92.10 ~s. These constants for the 
temperature dependence of the resistance also apply to the 
other bands employed.

Before the apparatus was put together, the torsion mo
ment of the suspension wire was determined without the 
aid of the two vessels of mercury. The period of oscil-
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lation was determined partly for the naked system, partly 
for the system with a convenient load so that its moment 
of enertia received a known increase, brom this the mo
ment of inertia of the naked system was found to be 
I = 80.06 ± 0.34 g. cm.2 with the period [of oscillation 
T = 9.505 ± 0.003 seconds, and the moment of torsion I) 

for the angle I, determined by was found to be
T

D = 8.246 ± 0.047 dyn cm/angle.
In the actuel measurements of the radiometer pressure 

the deflection of the torsion balance was measured by a 
reading telescope with a scale distance of 100.0 cm. A 
radiometer pressure of P dyn/cm.2 acting on the plates would 
thus cause a deflection of a cm. on the scale (reduced to 
angular measure where P and a are connected by the 

equation P-34.61 = 8.246 from which

P = ft-(0.001264 ± 0.000009),

where the uncertainty in the constant is thus c. 0.7 p. c.
The platinum bands of this apparatus were bright on 

one side and blackened with platinum black on the other. 
The layer of black was not very thick, lest the outer layer 
should have another temperature than the plate itself. 
Hence further blackening, e. g. with lamp black, was dis
pensed with. The bands were quite black to look at, and 
were of course placed in the torsion balance in such a 
way that increased pressure on the blackened sides would 
give torsion moments in the same direction for both plates.

With the apparatus here described, which we shall 
term the swinging apparatus in the following, the differ
ence in pressure between the bright and the blackened 
sides of the bands, may, as will appear from the preceding 
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part, be measured by deflection. This difference in pressure 
Pt—"p will in the following be termed the radiometer 
pressure. Further, by measuring the electrical resistance

of the bands, their mean tem
perature may be found, and by 
measuring in addition the fall of 
potential the amount of electrical 
energy transformed to heat in the 
bands per second may be found, 
and this is again used to find the 
amount of heat given off to the 
surrounding gas per second from 
each cm.2 of the bands.

The remaining three of the 
five platinum bands were placed 
in a special glass container (fig. 3) 
consisting of a glass cylinder G 
closed at the bottom, 28 cm. long, 
and with an internal diameter of 
c. 6.5 cm. At the top the cylinder 
was closed so as to be airtight 
with a ground top-piece Sc with 
some narrower tubes. One of them 
lil communicated with the rest 
of the apparatus the other four 
(in the figure are only shown two 
of them 7?2 and Z?3) served to con

duct an electrical current to the bands as shown in the 
figure. The bands P were extended in a frame of copper 
wire 5 mm. thick, and were all three soldered to the lower 
short side of the frame. Al the top the bands were soldered 
to small pieces of metal which were isolated and carried
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through the upper short side of the frame. From these 
three pieces of metal and from the frame itself conducting 
wire was carried out through the apparatus so that measure
ments could he made for the hand considered. The glass 
cylinder was placed in a somewhat larger glass vessel 
containing water, so that the temperature of the sur
roundings could be conveniently measured.

The hand nearest one of the long sides of the frame 
had the surface turned forward, and was blackened with 
platinum black on both sides. The band nearest the other 
long side of the frame had also the surface turned forward 
and was bright on both sides. The band in the middle, 
had the edge turned forward and was blackened on one 
side and bright on the other. The object of turning the 
two other bands in the way described was as much as 
possible to prevent any action on the middle band as it 
is this band only which will serve to measure the radio
meter pressure. If an electric current is passed through 
the band and the current is increased until the electrical 
resistance, and with it the mean temperature of the band, 
has reached the value r which is desired, and the current 
it is measured, the temperature of the band and the heat 
it gives off may be found. The pressure on its blackened 
side being greater than that on its bright side, it will 
curve out, and if a microscope is focussed on the edge of 
the band near its middle, a deflection will be observed. 
The size of this deflection is not determined by the amount 
of the radiometer pressure only, but also by the tightening 
of the band and the increase of its length caused by heating. 
Hence measurement of the deflection is no good method 
of finding the radiometer pressure. Since, however, an 
electric current passes through the band, the strength of

Vidensk. Selsk. Math.-fvs. Medd. XI, 1. 3
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which may be accurately measured, a magnetic field is a 
well-suited means to restore the hand to the position of 
equilibrium, and it is only necessary to know the requisite 
magnetic field in order to find the radiometer pressure. 
The magnetic field was produced by an electric current in 
a coil of wire consisting of 36 turns placed close together 
in two layers. Each turn approximated to a rectangle 40 cm. 
in height and 12 cm. in breadth, so that the turns could 
be just placed round the apparatus with the plane of the 
turns passing approximately through the platinum bands. 
By measuring the period of oscillation of a small magnet, 
and by calculation by means of the dimensions of the coil 
of wire, it was found with good agreement that the
magnetic field produced by a current of 1 amp. in that
place in the coil where the middle of the middle band is 
found, was 2.400 gauss. If the current in the band be q
and the current passed through the coil of wire z2, in
order to restore the band to the position of equilibrium, 
each cm. of the length of the band will be acted upon by 
the radiometer force 0.2400 q z2 sin a, where a is the angle 
between the axis of the microscope, which coincides with 
the plane of the band, and the plane of the coil of wire. 
This angle was found to be 88.7°. If B is the breadth of 
the band, which was found by measurement to be 0.2484 

0.2400±0.0003 cm., the radiometer pressure will be P = ——— 

sin a q z2 or substituting the numerical values P = 0.9659 qz2. 
The length of this band was 15.31 cm., the thickness 
0.0002638. The constants for the bright band were: length 
15.40 cm., breadth 0.2495 cm., thickness 0.2611, and for 
the band blackened on both sides: length 15.20 cm., breadth 
0.2444 cm., thickness 0.0002632 cm.
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Electrical Measurements. The conducting wires 
both in the fixed and the swinging systems were con
nected with cups of mercury outside the glass apparatus 
in order to enable the convenient changing of the measuring 
apparatus from one band to another. The band formed 
one side of a Thomson resistance bridge. Before the cur
rent was put ou, the bridge was set to the resistance which 
the plate was to have, the resistance of the connecting 
wire being taken into account, and the strength of the cur
rent was now changed until the bridge galvanometer 
showed no deflection. In this way the current will not 
pass through the band any longer than necessary, and it 
will only be necessary to operate with some few, previously 
determined, temperatures of the band. The fall of potential 
in the platinum band was measured on a potentiometer, 
and was thus compared with a Weston standard cell kept 
at a constant temperature. For in spite of the small 
temperature coefficient of this cell, it had proved rather 
sensitive to variations in temperature. Although much care 
was thus taken and the usual precautions were observed 
with regard to thermo-forces etc., it turned out that the 
accuracy in the measurement of the heat given off by the 
band was only just what must be strictly required. This 
is due to the fact that the radiation of heat from the baud 
in many cases constitutes by far the greater part of the 
loss of heat. Current reversers were placed in the system, 
so that measurement was always made with currents in 
opposite directions. This is of special importance in 
measuring the radiometer force in order to eliminate the 
effect of the earth’s magnetic field which, though it was 
in great part compensated for by a permanent magnet, 
will still act on the current in the band. The strength of 

3
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the current z2 passed through the coil to compensate for 
the radiometer force in the central band was measured by 
a precision ammeter.

The object in using two different methods of measuring 
the radiometer pressure was partly to ensure verification, 
and partly to employ two different degrees of sensitivity. 
For the swinging system is much more sensitive than the 
fixed band, but on the other hand it is unsuited for 
measuring such large radiometer pressures that the scale 
passes outside the field of vision in the telescope. A fairly 
high degree of sensitivity was chosen for the swinging 
system precisely with the object of rendering possible 
measurement at low pressures, and a change of sensitivity 
by the insertion of a thicker suspension wire was out of 
question as, owing to the giving oft’ of adsorbed gas, the 
whole apparatus must be left for some months with vacuum 
before it could be worked at such low pressures as a few 
bars. Within the range in which the radiometer pressure 
approaches its maximum, heating of the bands of the os
cillating system to c. 5° will bring the scale out of the 
field of vision. Hence the range of measurement of the 
swinging system was increased in the following way.

Two large coils of wire were placed close by the large 
glass cylinder with their ends directed towards the os
cillating system. An electric current z2 which could be 
measured by a precision ammeter could be passed through 
the coils. The current produces a magnetic field propor
tional to z2, and if z\ is the current in the band, this will 
be influenced by a force proportional to z\ z2. The measuring 
was done as follows. First the position of equilibrium with 
zt = 0 and z2 = 0 was determined. A current was then 
passed through the bands which were thus heated and
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influenced by the radiometer force. The current is increased 
to zj, which is so large that the deflection a just does not 
exceed the scale. A current z2 was then passed through the 
coil by which the swinging system is influenced by a 
moment and z2 is so adjusted as to produce a de
flection b, in the opposite direction of the deflection a, and 
likewise as large as possible. The turning moment origin
ating from the magnetic force, which is proportional to 
z\ zó has thus produced the deflection a +/?, and as might 
be anticipated, a constant ratio k between a + b and z'¡ i2 
has been found. If now the current zt required to obtain 
the desired temperature is passed through the bands, the 
magnetising current z2 will be thus adiusted that a suitable 
small deflection c will be obtained. The turning moment 
produced by the radiometer force with the current z\ will 
thus be determined by the fact that it would have given 
a deflection c-\-ki1i2 if z2 had been 0.

The period of oscillation for the swinging system was 
c. 20 seconds. Suitable damping had been provided, one 
platinum wire, the end of which was immersed in mercury, 
being furnished with a wing of platinum. This wing was 
completely immersed in the mercury. Thus through the 
surfaces of the mercury there passed only the 2 mm. thick 
platinum wires which were well centred in the system so 
as to break the surface as little as possible when swinging. 
That the surface of the mercury would possess a certain 
rigidity was to be anticipated, hence no position of equil
ibrium or deflection was ever determined with the system 
at rest, but only while it wTas performing oscillations of 
which averages were taken in a suitable way. It turned 
out that the adjustment was more accurate when the ex
perimenter tapped the plank on which the swinging ap- 
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paratus was placed. This will generate waves in the mer
cury surfaces so that the solid crust is broken.

The platinum bands in the swinging system had a total 
resistance which at 0° was r0 = 4.0508 ohms. The resistance 
in the connecting wires (mainly inside the glass cylinder) 
was measured to be 0.026 ohms. Account was taken of this 
latter resistance in the adjustment to Thomson’s bridge, 
so that if, for instance, a mean temperature of the platinum 
bands of 101.6° C. is desired, the adjustment to Thomson’s 
bridge, should he r = 5.676 ohms. Consequently the develop
ment of heat per second

0 —°-026) where V

in both platinum bands will be 

is the fall of potential over the

resistance r read on the potentiometer.
As an example of a measurement made with the swing

ing system at the pressure p = 0, that is to say after the 
mercury diffusion pump had been at work for a long time, 
we quote the following figures from the journal

Hour

14h55
r

5.676
h

101.6
f()

17.50
ñ

0.317
r

1.7770
u

23.15
H

29.30

The measurements at the hours 14h55 and 15h00 were 
made with the same strength of current in opposite direc
tions. The temperature of the bands was to be = 101.6° 
so Thomson's bridge was adjusted to 5.676. Zo is the 
temperature of the glass vessel in which the swinging 
system was placed, q is the current through the bands 
measured by a precision ammeter, but this quantity is 
only used for verification as it is not accurate enough. On 
account of the insertion of the ammeter in the system the 
figures given under q must be multiplied by 100/101 to 
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give the current through the bands. Thus in the case given 
the current determined by the ammeter is 0.314, while the 

mean value of — is 0.31301, which is used. Under V the r
potentiometer readings are tabulated and under U the 
magnitude ot the deflection readings is given. The deflect
ions themselves must be reckoned from the positions of 
rest given under H. It will at once be apparent that cur
rents in opposite directions do not give equal deflections 
in opposite directions. One is —6.15, the other 11.50, mean 
value 2.68, which gives a radiometer pressure P of 0.0034 
bars. This shows that the apparatus is not quite exhausted, 
for the radiation pressure alone can only cause a deflection 
which is about 200 times smaller. Even if liquid air is 
placed somewhere on the apparatus, this cannot remove 
the mercury vapours from the container since the two 
mercury-cups are inside it. This is of course a disadvantage, 
but I have not been able to avoid it. The pressure is 
such that the deflection would be produced by a hydrogen 
pressure of 0.12 bars. It will immediately be seen that the 
apparatus may be used for the measurement of pressures, 
but that such a type requires adjusting. From r and V 
the electric development of heat in the bands is found to 
be 0.5536 watt, part of which is lost by heat conduction 
through the ends of the bands. This part is calculated 
from a formula which I have previously given1 and is 
stated to be 0.0361 watt. If this is divided by the area of 
the bands (length X breadth), we get that the amount of 
heat given off per second from each cm2 of one side of 
the bands plus that given off from each cm2 of the other 
side is 0.07522 watt/cm2 = 752200 erg./(sec. cm2).

Ann. d. Phys. Bd. 34, 1911, S. 628.
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In the great majority of measurements made with the 
swinging system magnetic compensation was utilised and 
converted into deflections in the way mentioned. For each 
of the pressures p used, given in bars, and for each of the 
temperatures of the bands used, the radiometer pressure 
p—p" is given also in bars, and likewise, the loss of heal 
given in Ergs/cm2 sec. From the latter is subtracted the 
amount of heat Qp = o given off through the sides of 
the bands in vacuum (lowest pressure obtainable) and the 
remainder will be the amount of heat q' + q" lost by con
duction through the gas per second from 1 cm2 of the one 
side of the band plus 1 cm2 of the other side of the band.

In a similar way we find the amounts of heat given 
off to the surrounding gas from the fixed bands, among 
which the measurements for the band which is bright on 
both sides are of special interest, since we may take it for 
granted that the molecular conduction of heat from this 
band is the same as that from the bright side of the bands 
blackened on one side only.

Measurements at low Pressures.
Within a range of 0 to 20 bars three series of experi

ments with hydrogen, I, II, and III, were carried out. In 
one of these series, at each of the pressures employed, 
measurements with various temperatures of the bands were 
made immediately after one another. The lowest tempera
ture of the band, was taken first, then the higher ones, 
whereupon the series was repeated in the reverse order. 
In this way each result becomes the mean of two repe
titions. The temperature of the surroundings was about 20°.

In this series of experiments the loss of heat from the 
bands of the swinging system was determined, further the 
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loss of heat from the hand blackened on both sides, and 
from the band which was bright on both sides. In addition 
the radiometer force of the swinging system was measured.

The losses of heat were corrected for loss by conduction 
through the ends, and for radiation by means of the 
measurements made in vacuum. The result was then 
divided by the difference in temperature 7\—To between 
the band and its surroundings, and by the hydrogen pres
sure p, further by the areas of the surfaces of the bands. 
The quantity thus found is an approximate value of the 
molecular heat conducting power of the hvdrogen and is

1 o' '
designated lor the blackened side of the bands

7; 7X — 70 1 q"
of the swinging system, and — ——— for the bright side. 

71 7 0
The molecular conductivity for hydrogen-band is defined 

as the value towards which -Zrri ——r- converges when p
PÍ^—Tq)

and 7\—7’0 approximate to 0.
! I ZZ

Thus for the swinging system is determined
P\*i 7 0)

by measuring the loss of heat from the bands. On the 
supposition that the surface of the band which is bright 
on both sides is of the same nature as that of the bright

be determined by the loss of heat from the bright band.
//t I if < h

From the values thus found for————and for z_---- ,
" pUi— 70) p(7\—7p)
„.V may be found. These quantities

are given in the table below (series I, hydrogen), while 
the loss of heat from the band blackened on both sides 
has been tabulated but not used in the calculation. The 
measurements with this band have only been employed to 
check results. As a matter of fact, it turned out that for 

f I
q . . Q

this band —7;,,—=-7 was but little different from -77= < 
P(îï-T’o)
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for the blackened sides of the bands of the swinging 
system.

The results of the measurements of the radiometer force 
with the swinging system were divided by the area of the 
bands, only one side being included in the area. This re
sults in a quantity // — p" which may naturally be design
ated as the radiometer pressure and is conceived as the 
difference between the pressure p' of the hydrogen on the 
blackened sides of the bands and its pressure p" on the 
bright sides. If the radiometer pressure be divided by 
p(TÅ— Tq), an almost constant value will appear. With 
decreasing values of p and 7\—To this quantity will con-

band which may be termed

the table below the values

and for

pressure". In

are given.the observations
//

f (i, tor y=—
P(Ti— h)

verge towards a value characteristic of the gas and the 
the “molecular radiometer f ff

p —p

culated from 
q + q

Ol p(rt-T0)

°i' cal-
Since the values 

—X found 

from the observations vary but slightly with the tempera
ture difference 7\—To, only the approximate values for 
this quantity are given in the table. In the tabulated values 
the unit erg has been used to give the amount of heat, 
and the unit bar for pressure.

The measurements with helium were treated in essenti
ally the same way.
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Tables.
Series I (Hydrogen).

p 7L - - 7\
</' + q" (f q" (p’—p")iW

pCli-To) p(Ti~To) p(7\—To) p(Ti — T0)
3.035 20 453 330 136 — 1.036 0.408 —

40 453 327 132 — 1.039 0.423 —
60 431 322 134 — 0.992 0.365 —
80 444 307 135 ■ — 1.024 0.391 —

5.041 20 470 — — 299 1.085 — 0.379
40 458 — — 310 1.059 — 0.395
60 457 — — 306 1.060 — 0.392
80 460 — — 307 1.071 — 0.396

8.327 20 451 — — 329 1.048 — 0.432
40 446 — — 331 1.039 — 0.437
60 449 — — 327 1.051 — 0.435
80 455 — — 327 1.077 — 0.437

10.80 20 459 299 134 314 1.077 0.424 0.428
40 450 297 132 321 1.060 0.415 0.440
60 467 297 132 308 1.104 0.458 0.425
80 444 297 131 302 1.053 0.407 0.419

15.93 20 418 293 123 292 0.998 0.384 0.423
40 435 292 121 298 1.041 0.434 0.434
60 448 285 120 292 1.074 0.465 0.417
80 423 276 120 285 1.026 0.414 0.420

20.29 20 436 292 124 261 1.057 0.417 0.398
40 432 289 123 267 1.048 0.413 0.410
60 430 287 122 261 1.047 0.410 0.402
80 426 283 122 259 1.041 0.403 0.401
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Series II (Hydrogen).

p
«' + a” 

p(J\—To)
(p' — p") 10« 
p (Ti- Tq) a' + a" at~at

5.105 449 321 1.046 0.413
10.19 443 308 1.052 0.423
15.25 435 285 1.051 0.416
20.29 425 269 1.046 0.416

Mean valnes 1.049 0.417

Series III (Hydrogen).

P
a' + a"

pC^—Tq)
(//—]>") 10° 
P ( Ti— To)

a' + «" «rflt
0.925 451 324 1.035 0.394
1.846 459 321 1.055 0.396
2.736 468 322 1.077 0.401
3.677 461 322 1.064 0.404
4.587 461 317 1.066 0.403
5.493 459 311 1.063 0.400
6.396 456 306 1.057 0.396
7.295 455 302 1.056 0.395

Mean values 1.059 0.399
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Series I (Helium).

p Íl\-T0 y' + q" (]' q" (p'-p'W ,, „ a' — a”p (Tr-To) p(l\-To) p (Tj- To) p(Ti-To)

5.205 30 284.5 189.9 85.3 4050 1.408 0.564 0.519
60 254.8 183.7 82.1 3839 1.285 0.456 0.510
80 256.5 181.8 81.0 3768 1.310 0.482 0.512

110 254.0 182.8 79.7 3618 1.322 0.491 0.510
130 251.2 182.1 78.8 3549 1.323 0.490 0.511

10.355 30 262.2 184.2 80.7 3894 1.336 0.516 0.5219
60 251.1 178.4 77.9 3713 1.304 0.496 0.5164
80 253.5 176.2 76.7 3609 1.333 0.526 0.5139

110 246.1 175.3 75.9 3502 1.318 0.504 0.5163
130 244.0 174.4 75.3 3420 1.323 0.505 0.5158

15.403 30 244.8 180.5 78.7 3578 1.282 0.460 0.5005
60 240.0 174.9 76.3 3476 1.281 0.468 0.5046
80 237.8 172.5 75.5 3408 1.285 0.471 0.5065

110 237.6 170.6 74.5 3292 1.308 0.489 0.5066
130 236.8 170.1 73.9 3224 1.320 0.496 0.5076

20.304 30 241.4 177.7 77.8 3487 1.298 0.466 0.5076
60 235.5 172.4 74.8 3378 1.290 0.473 0.5105
80 234.4 169.9 73.8 3312 1.300 0.484 0.5123

110 233.7 168.3 72.8 3206 1.320 0.498 0.5134
130 233.0 167.3 72.3 3131 1.333 0.506 0.5140

25.103 30 246.1 174.3 75.8 3420 1.356 0.526 0.5167
60 235.3 169.1 73.2 3283 1.321 0.503 0.5146
80 232.4 167.0 71.5 3200 1.321 0.511 0.5136

110 231.6 165.4 71.3 3089 1.341 0.518 0.5133
130 230.2 164.8 71.1 3030 1.349 0.517 0.5150
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Series II (Helium). 7\ — '/o = 80°.
7'+ 7" 7' 7" (p'—p'^lO1 «' + a"p P ( 71 — To) p ( 7’i — To) p(7\~To) p ( Ti — To) Cl —Cl

5.303 250.8 177.2 73.5 3765 1.265 0.533 0.5128
10.584 247.9 175.3 73.8 3610 1.273 0.537 0.5152
15.843 240.8 173.1 74.1 3477 1.257 0.510 0.5190
21.080 238.5 170.5 73.6 3313 1.265 0.538 0.5159
26.296 234.9 168.1 73.3 3180 1.267 0.532 0.5157
31.491 232.2 165.6 73.0 3047 1.272 0.539 0.5136

P

Series III (Helium). 1\ — TQ = 80°.
</ + (/" 7' 7" (p'~ p")107

P ( 7’i — To)
Cl' + Cl" ci' — Cl"p (Tt-To) p(Ti~To) ;H7i-T0)

1.016 209.7 181.0 73.3 3534 — — —
2.027 235.3 180.1 74.7 3847 — — —
3.034 240.6 179.7 75.2 3785 1.193 0.445 0.5048
4.038 241.0 182.4 76.8 3793 1.194 0.431 0.5109
5.037 247.8 181.5 76.6 3834 1.228 0.466 0.5208
6.032 247.2 179.7 76.6 3756 1.225 0.464 0.5146
7.023 246.9 181.0 76.8 3739 1.224 0.461 0.5169
8.011 246.5 179.2 76.6 3708 1.222 0.461 0.5170
8.995 245.5 179.1 76.6 3682 1.216 0.454 0.5180
9.976 246.1 180.7 76.7 3636 1.219 0.457 0.5159

From the observed values for —~=—~ , a + a' has
„ . p(7\-To)

been calculated, and q has likewise been employed for 
the calculation of a", and from the values thus found for 
a + a" and for a", a—a" has been calculated and tabul
ated. Thus from the two columns a + a" and, a —a" the 
coefficients of accommodation a for the blackened side
and a" for the bright side determined in each separate
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experiment, can be found. From the observed values for / H
p ~p 

p(T—T0 
ence between the coefficients of accommodation for the 
translational energy of the molecules for the two sides of 
the plates. In the calculations the following interpolation 
formulas have been employed, the constants being found 
by the method of least squares.

a't— a’ was calculated, that is to say, the diflfer-

H y drogen: For the bright band
// a =

0.000274(7)- 7’0))-‘(1 -0.00577p)-1 •

= 0.315.

For the swinging system

a' + a" —
Jfe (i-o.oooisoCA-r^G-o.oosoep)-1--^^

= 1.050.

4 7’0(l + 0.000358 (7)—7))) (1 + 0.01445p)
P V ' 1 7 0/ 

= 0.415.

Helium: For the bright band
// a =

3^5 (1 + 0 000701 (T1 - 7»)) (1 + 0 00558p^T.)

= 0.411.

For the swinging system

a' + a" —
J'0-- (1 + 0.000652 (7) - 7'0)) (1 + 0.00587 p)
<10,1/.!) PV1! 7 0/

= 1.320.
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4 To (1 + 0.001300 (T1—7’0)) (1 + 0.009523 p)

= 0.5120.
P(^-Ï’o)

That a slight formal difference in the formulas for 
hydrogen and helium has been used is of no importance. 
Thus the valnes extrapolated for p — 0 and T— To = 0 
will be for hydrogen a' + a" = 0.420 and a" = 0.315 from 
which we find a = 0.735 and a' — a" = 0.420 while the 
radiometer force gives a't — a¡ — 0.415.

These two differences in the coefficients of accommod
ation differ so little that they must be regarded as equal. 
The difference found is so small that it would disappear 
entirely if instead of 0.315 we had found a" — 0.318, and 
we cannot expect an accuracy of 1 p. c. in this and the 
other quantities. From the table we find that the mean 
deviation between the values for a—a" and à— a¡ calcul
ated separately from the observations is 0.024, which gives 
a mean deviation of the means amounting to 0.007.

In a similar way was found for helium a a" = 1.320 
and a" = 0.411 from which we find a = 0.909 and 
u' — a" — 0.498 while the radiometer force gives a' — 
= 0.512.

In the experimental series II and III, measurements 
were only made at a single temperature of the bands, viz. 

c. 373° Kelvin. The observed values of —— and 
//-p" , „

- x and the values for a + a' and a' + a'' calcul
ai 11 ~ 1 o) z 1
ated from them are given in the tables. In this calculation 
the temperature coefficients given in the interpolation 
formulas were employed.

These series exhibit satisfactory agreement and show 
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that even with such small variations in pressure as 0.9 
bars, which have been employed in series III, rather exact 
measurements of the coefficients of accommodation can be 
made, both by the heat loss method and the radiometer 
method. This could not be known at the outset when we 
consider that a more or less constant evaporation takes 
place from the mercury in the oscillating system.

If we compare the separate values in each series of 
coefficients of accommodation, we shall observe that the 
variations in a—a" are greater than in the series for 
a' — a". Thus the radiometer force measurements can be 
executed with considerably greater percentage accuracy 
than the heat loss measurements. This is due to the fact 
that, in the latter measurements, we have a vacuum cor
rection mainly from radiation which is many times larger 
than the difference to be measured. Thus the error caused 
in this way is not outweighed by the fact than in measur
ing the heat loss we have the exact electrical methods of 
measurement at disposal. That the values for a —a" have 
been found so very nearly equal to a’t— a'' for helium would 
seem to indicate that the theoretical considerations applied 
are correct, and that measurements of this kind may be 
made with sufficient accuracy. This affords a certain 
guarantee that, from the agreement between a—a" and 
at — a' for hydrogen, we may infer that the coefficient of 
accommodation for the internal energy of the molecules is 
of the same magnitude as the coefficient for the translational 
energy.

Radiometer Force at Higher Pressures.
The radiometer force at high pressures has recently 

been subjected to investigation by several authors, partly
Vidensk. Selsk. Math.-fys. Medd. XI, 1. 4
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theoretically and partly experimentally. Thus we may 
mention W. II. Westphal, E. Einstein, A. Einstein, II. E.
Marsh, E. Condon, L. B. Loeb, G. Hettner, .1. Mattauch,
A. Sternthal, P. S. Epstein, M. Czerny, Irma Bleibaum,
Th. Sexl, E. Brücke and W. Littwin. A fairly full list 
of the literature is found e. g. in a work by Theodor Sexl1.

From the above mentioned works it appears that at 
high pressures the radiometer force must be regarded as a 
edge effect on the plate or band, and that it may be put 
proportional to p^JT/T where p is the pressure, z the 
mean free path of the surrounding gas, T its absolute 
temperature, and ./T the difference in temperature between 
the two sides of the radiometer plate. Since pl = zt, where
Ât, denotes the mean free path at a pressure of 1 bar, the 

expression may also be written , that is to savIp
that, with the same pressure, the radiometer force increases 
with for different gases, while for the same gas it varies 
inversely as the pressure. Since, in addition, it is known 
that at low pressures the radiometer force varies directly
as the pressure, these demands have been combined in a 
single expression, in which the radiometer force is made 

proportional to —2* the radiometer force is plotted

against log p a symmetrical curve will appear, as shown 
by Westphal. That this agrees with the observations with 
fairly good approximation will appear from various works.

The results thus found by others have been confirmed 
in my experiments, hence I have applied them in calcul
ating the results of my experiments. It would seem, how
ever, that there is some deviation, if but slight, from the 
above-mentioned symmetry, and moreover it proved neces-

Zeitschrift für Physik. Bd. 52, p. 249, 1928. 
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sary to assume a more complex dependency of temperature 
than that assumed by merely putting the radiometer pres
sure //—p" proportional to the temperature difference 
7\—7’0 between the plate and its surroundings.

Fig. 4 is typical of all the measurements made; log10 p 
is given as the abscissa. As ordinates are given the quan-

(7'0 = 293° abs.). The ordinates marked with dots originate 
from measurements with the central band in the fixed 
system, the ordinates marked with crosses from measure
ments with the swinging system. The curve represents a 
symmetrical function which pretty nearly satisfies all the 
observations. The constants of the function have been 
determined by the method of least squarest with the 
exclusive use of measurements made with the central band. 
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Despite this it will be seen that the crosses marking the 
observations from the swinging system very nearly lie on 
the curve. Al rather high pressures, however, systematic 
differences between the observations and the above-men
tioned calculated function-values occur, and at the highest 
pressures the forces measured are decidedly smaller than 
those calculated.

The formula applied is as follows

with the following values of the constants

for helium a'f — «'' = 0.4898 /^ = 0.005450 |/ct = 0.005234
for hydrogen 0.363 0.00819 0.00744.

These constants vary very slightly only with the tem
perature difference I\—To. They decrease somewhat when 
7\ — To increases, and thus we may put «'— a'' = 0.4898 
(1—0.0005 (7\—ro)) for helium and use the very same 
temperature-dependency for hydrogen and for the two other 
constants bt and

The table below gives the values of the radiometer
/ //

pressure per degree £■——— observed at various pressures 
'i ' 0

p and temperature differences —To. It further gives the 
quantity Í to be added to the observed value in order to 
obtain the value determined by the formula.
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Helium.
/ n

Observed values for 104 and for 10*./,
'1 m

p = 35.7 68.9 99.7 128.2 163.5 204.1 245 271

’_ T — R9° 133 205 221 250 259 261 268 253
104 / — 16 — 20 + 1 — 8 — 6 — 6 — 17 — 5

62° 117 185 218 227 244 245 250 239
-4 — 7 — 3 + 9 + 3 + 5 — 4 + 3

82° 115 180 211 227 238 239 247 235
— 5 — 5 0 + 5 + 5 + 7 — 4 + 4

112° 111 174 204 224 232 234 241 231
-4 — 4 + 1 + 2 + 6 + 7 — 3 + 3

132° 108 169 199 219 228 231 237 228
— 3 — 3 + 3 + 3 + 6 + 7 — 2 + 3

P = 357 395 463 530 712 956 1283 1701

\-T0 = 32° 244 223 218 194 160 132 97 85
IOS/ — 17 — 5 - 16 — 6 — 4 — 6 + 3 — 7

62° 230 212 205 186 152 122 93 72
— 7 + 2 — 6 — 1 + 2 + 2 + 6 + 5

82° 227 211 203 186 153 123 95 72
— 7 + 1 — 6 — 2 0 0 + 3 + 5

112° 225 207 202 186 155 127 96 74
— 7 + 2 — 8 — 5 — 4 — 5 + 1 + 2

132° 223 210 202 188 156 129 101 77
-8 — 4 — 9 — 9 — 7 — 8 — 4 — 1
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/ / /
H e li uni.

Observed valnes for

p = 1722

104 p~
‘ 1 ■

2283

and for 104 /.
*0

3064 4113 5521

' _  7’ — QO°1 1 0 — 75 (i 5 53 41 32
104 / + 3 — 5 — 7 -6 — 5

62° 70 53 37 26 19
+ 7 + 7 + 8 + 9 + 8

82° 71 52 37 25 18
+ 5 + 7 + 8 + 10 + 8

112° 73 53 37 25 17
+ 3 + 6 + 8 + 9 + 9

132° 74 57 38 26 18
+ 2 + 2 + 7 + 8 + 8

H y (1 rogen.
f

Observed values for IO4
/ f

P and for IO4./.
’ ^0

P 30.67 55.29
o-

99.68 179.7 323.9 583.9

To - 30° 72.9 98.3 131.8 122.6 99.3 61.1
4 / -2.6 + 3.9 -4.9 + 5.3 + 5.0 + 11.3

60° 70.2 100.2 126.1 125.3 101.8 65.8
— 2.2 -1.1 -2.5 0.0 + 0.9 + 5.7

80° 67.8 98.0 122.5 125.0 101.9 67.2
-1.3 — 0.9 — 0.9 — 1.3 -0.2 + 3.8

130° 62.4 91.6 116.8 122.7 103.2 66.8
+ 0.6 + 1.0 + 0.1 -2.7 - 3.6 + 3.1
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For small values of 7\—7’0 the equation becomes 

p'^pL - 1 (ri- a")____ P______
■^-T. 4'//' >’ l+i-u' + c.P2

but it must be remarked that with the values given above 
for Zq and ct the equation is valid only for the breadth of 
band B = 0.2484 cm. used by my experiments, and the 
measurements do not permit to decide with certainty how 
B enters into the constant Zq.

When the pressure p decreases the formula converges 
against the theoretical expression. The radiometer force is / f f
a surface effect and the quantity , is independent of B.

M ' 0
For very great values of p the equation gives

As A. Einstein and others have shown and as I have 
been able to verify the radiometer force at high pressures 
is an edge-effect. The force (//—p") B acting of each unit 
of length of the band must consequently be independent 
of B. From this follows that ct must be proportional to B. 
If the thickness of the band could be considered infinite 
small against its breadth B and this again infinite small 
against the length of the band and its distance from the 
walls of the vessel, then B would be the only length 
characterising the apparatus and the unit for this length 
could be taken only from the property of the gas. As a 
length characterising the gas could be taken = pZ the 
mean free path at the pressure 1 Bar. Putting Zt = 19.76 
for helium and Zt = 12.42 for hydrogen and putting ct = 
cB/lr we get for helium j/c = 0.0467 and for hydrogen 
¡/c = 0.0526
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1 1 o

1

cB

From this expression the symmetrical shape is seen at once 
and also that the radiometer pressure becomes maximum

when j) = pm where pm 1 or when the mean free

path Z -- Ám where z,n = \/cBÂ[. Thus by inserting the 
experimental values for ct we find for helium pin = 191 
Bar, Z,n = 0.1034 cm. and for hydrogen pm = 134 Bar and 
Z/n = 0.0924 cm. From this may be expected that the 
maximum value of the radiometer force occurs at a pres
sure inverse proportional to the square root of the breadth 
of the band and at a mean free path direct proportional 
to the same quantity.

The maximum value of the radiometer force is deter
mined by

With the experimental values for |/c and ht we tind 

2]/+ equal to 0.01592 for helium and to 0.02307

helium and to 0.01342 for hydrogen. This latter gas gives 
thus only half the radiometer pressure of that found in 
helium.
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It was found by my experiments with fairly good ap
proximation that b1 = |/tq = |./^ what gives

and

That the maximum radiometer pressure should be in
verse proportional to |/B and that the maximum radiometer 
force on the unit of length of the band should be directly 
proportional to \B has been tried by some experiments to 
be mentioned later on. The trial has not been fully in 
favour of these theoretical considerations, it must be con
fessed that the experiments are unsufficient to form an 
equation which should be able to hold good for all values 
of B and

It must also be born in mind that the breadth of band 
by my experiments cannot be regarded as vanishing in 
comparison to the distance from the walls of the sur
rounding vessel. This distance ought also to appear in an 
equation demanding completeness. I have not investigated 
how it enters but the following consideration might per
haps give some guidance.

Let A'A" (fig. 5) be a diameter of the glass cylinder 
surrounding the plate B which is blackened on the side 
turned towards The blackening on one side has the 
same effect as if the plate had a surface of the same kind 
on both sides, but a higher temperature on the blackened
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than on the bright side. This difference in temperature 
gives rise to horizontal currents in the gas, the gas being 
drawn from the cold side of the plate round the edge to 
the warm side. The plate acts with a certain force on the 
gas, and the gas reacts on the plate with a reactionary 
force which is, precisely, the radiometer force (at high 
pressures). The radiometer force may also be explained by

the fact that the gas on the 
blackened side of the plate 
has a higher temperature 
and therefore a higher pres
sure than on the bright 
side. This difference in pres
sure, which is the radio
meter pressure, is very small 
since the gas from the 
blackened side escapes along 
the glass wall to the bright 
side of the plate. The greater 
the resistance to this gase-

Fig- 5.

ous current, the greater will be the radiometer force which 
must be anticipated when all other conditions are equal. 
The smaller the radius chosen for the glass cylinder, the 
greater must he the resistance to the gaseous currents to 
be anticipated, and consequently also the greater the radio
meter force. Hence it is to be anticipated that with a for
mula of the type here applied, the radius of the glass 
cylinder must be introduced into the denominator.

It may be anticipated that there must be a certain 
relation between the radiometer pressure p—p" and the 
losses of heat q and q" per cm2 per second from the two 
sides of the band. The loss of heat from all three bands 
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has therefore been measured at the pressures and differen
ces of temperature at which measurements of // — p" have 
been made.

The results of these measurements are contained in the 
following tables. For the sake of convenience the quantities

for the bright band

Q' Erg/Grad for the black band

Erg/G rad for both sides of the middle

band been tabulated :have

(/"

Q" Erg/Grad
1

100 ’

//
Q

T0

1 r
7

100 A- To

1 ///
7

100 A- To

II yd rogen.
'1-? o P = = 30.7 55.3 99.7 179.7 324 584 1290 3670 7190 14390

30° Q" 33.6 58.4 94.5 154.4 234.2 326.1 464 573 619 644
O' 78.0 127.9 202.0 300.8 404.9 490.6 598 648 666 673
(/" 111.1 185.5 307.7 450.5 626 789 1129 1189 1225

00° 0" 33.2 56.4 93.2 151.4 230.8 322.3 581
0' 76.8 126.9 200.4 298.5 408.6 496.2 674
0'" 107.6 180.6 295.8 441.2 618 783 1152

80° Q" 33.1 56.1 92.5 150.2 228.9 319.3 463
0' 76.1 125.3 198.8 297.9 406.2 500.6 621
q" 107.1 178.1 293.2 439.4 616 785 1005

130° 0" 32.6 56.9 91.3 148.0 226.0 318.5
0' 71.4 123.9 197.1 408.6 506.7
O'" 104.6 176.7 288.6 435.0 614 792
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Helium.

7\-^10 P = 35.7 68.9 99.7 128.2 163.5 204.1 271

30° Q" 25.5 47.2 66.6 82.7 101.6 121.3 148.1
Q' 58.9 105.9 142.9 170.4 202.0 232.9 272.6
Q'" 79.2 146.7 200.1 243.1 291.3 337.9 404.9

60° Q" 25.1 46.2 65.5 81.5 100.1 119.6 148.7
V' 57.8 103.0 139.6 167.5 199.4 229.2 269.1
Q'" 78.0 144.3 197.0 240.1 287.2 333.2 401.7

80° Q" 25.0 46.4 65.2 81.2 99.8 119.2 147.9
Q' 56.8 102.2 138.1 165.7 197.2 227.3 268.3
0'" 77.4 144.4 195.8 238.5 286.2 332.1 399.9

110° Q" 25.0 46.4 65.1 80.9 99.3 118.6 147.1
Q' 56.4 101.5 137.0 165.1 196.4 226.5 267.2
Q'" 75.7 142.5 194.3 237.3 283.0 328.1 397.7

130° Q" 25.0 46.3 65.0 80.7 99.1 118.4 146.9
Q' 56.4 101.0 136.5 164.3 195.7 226.3 266.9
Q'" 76.8 142.3 193.6 236.4 281.6 328.9 393.9

U__ ? — 245 357 463 395 530 712 956

30° Q" 143.7 187.9 223.6 191.8 232.2 274.8 317.9
Q' 262.3 320.7 358.7 372.1 415.3 448.5
(/" 391.8 475.5 543.3 500.7 572.7 643.0 725.5

60° Q" 139.5 183.3 218.5 191.0 231.1 274.4 316.5
(/ 257.2 315.4 355.4 372.6 417.9 451.0
Q"' 377.1 473.3 539.9 493.0 571.7 646.7 724.0

80° Q" 138.2 181.0 215.9 190.1 232.1 274.5 317.2
256.0 314.5 355.1 373.1 419.5 458.0

Q'" 375.2 471.8 539.0 492.2 572.3 649.9 728.5
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Heliu m.

7\-jf 0 P == 245 357 463 395 530 712 956

110° Q" 136.6 179.8 213.9 190.2 230.7 274.8 318.3
Q' 255.0 313.2 355.9 375.4 423.5 464.0
Q'" 372.2 469.6 537.3 491.2 573.3 651.8 734.4

130° Q" 135.7 178.2 212.8 189.9 230.8 275.1 319.0
Q' 254.3 313.5 356.5 376.2 424.0 463.5
Q'" 369.8 467.0 536.9 489.9 574.3 655.3 738.7

r 0 P == 1283 1722 1701 2283 3064 4113 5521

30° Q" 358.2 400.3 406.9 439 472 495 511
Q' 482.5 520.5 511.0 533 549 563 575
Qf" 787.4 863.1 834.8 885 923 952 983

60° 0" 358.7 402.9 405.8 441 477 501 523
Q' 492.5 528.5 520.0 545 563 577 604
Q'" 790.4 855.3 845.3 898 939 975 1005

80° Q" 360.3 403.3 406.1 444 479 507 528
Q' 495.0 530.0 525.0 552 570 589 597
Q'" 794.9 861.3 851.4 903 950 986 1017

110° Q" 362.6 405.3 407.0 447 484 511 537
Q' 504.5 539.5 534.5 561 582 598 611
Q'" 798.1 870.4 862.9 918 965 1004 1039

130° Q" 364.0 408.9 408.3 449 489 516 542
Q' 504.5 543.0 541.5 568 590 605 623
Q'" 805.9 876.8 868.8 925 979 1019 1054

A comparison between the observed values of the radio
meter forces and the heat losses did not lead to any simple
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result so we shall not discuss this matter further. We shall 
merely mention that the loss of heat for each of the bands 
may be expressed approximately by the formula

a + cp p
1 + cp 1 + bp

(7\— 7’0).

Form very small values of p this formula gives —z- ,,, .

= a which is the molecular conductivity of heat, a 
denoting the coefficient of accomodation. As is well known, 
at high pressures the loss of heat is independent of o. 
This does, in fact, agree with the measurements and is 
expressed in the formula bv the factor ,-C— which ap-

1 - 1 + c p
proaches 1 with increasing p whatever he the value of a. 
For large values of p the formula gives 

where the quantity is determined by the dimensions of 

the apparatus and the heal conductivity z of the gas. The 
measurements with hydrogen gave z = 0.000429 cal./(Grad, 
cm. Sek.) which agrees well with previous determinations 
of this quantity.

Radiometer force produced by Radiation.
In order to enable the experimental results to be tre

ated with greater facility and certainty the experimental 
series hitherto mentioned have been carried out in such a 
way that the experiments of each separate series were per
formed at a constant temperature difference 7\— To between 
the band and its surroundings. In the usual radiometer 
measurements it is not, however, this quantity which is 
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kept constant, but the amount of heat supplied to the band 
per second, the band being usually heated by radiation. 
In that case the amount of heat S' supplied to the band 
by radiation per square cm. per second in the stationary 
state equals the sum So + q of the amount of heat So given 
off from the band by radiation and the amount q lost by 
conduction through the gas, both quantities reckoned per 
cm.2 and per second. Both So and q have been measured 
in the experiments, hence at any pressure at which mea
surements have been made we can find the value of 
1\—To with a given value of S0 + q — S. Loss of heat by 
conduction through the ends is here neglected.

By way of example we may assume that the value of 
S' is so small that S may be put proportional to '1\— 7'0 
as a sufficient approximation to the law of radiation. The 
measurements with the central band then show that we 
may put

S'o = 5800 (7\—7’0) erg/(sec. cm2).

If by way of example we put S' = So = 100000, we get 
that 7\—7q = 17.2° in vacuum, where q = 0. From the 
measurements with helium we find, for instance with 
p — 35.7 bars, that q = 7680 (1\—Tq), so that, conse
quently, we have

S—- (5800 + 7680) (7\ — Tq), from which we find 

T-T = -$-
1 0 13480’

If again S = 100000, we get 7\—7'0 = 7.4°. It will thus 
be seen that even a very small helium pressure will reduce 
the temperature of the band from 7\—7’0 = 17.2° in 
vacuum to 7.4°. In the table below 7\—To has thus been 
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calculated for various helium pressures p, and in the third 
line the radiometer force // — p" corresponding to I\—To 
has been tabulated. The supply of heat S = 100000 erg 
(sec. cm2) in helium

Fig. 6.

p = 0 10.4 35.7 68.9 128.2 357 712 5521
7\—To = 17.2 11.8 7.4 5.0 3.4 1.9 1.4 0.9

From this table it will be seen what a great influence the 
heat conductivity of the gas has on the temperature of the 
band and thus on the radiometer pressure. The table gives 
only a brief extract of the measurements, whereas the re
sults of the measurements at all pressures are given in 
fig. 6. In the figure log p is plotted against the radiometer 
force p —p" given in bars. The curve on the right ap
plies to the difference in temperature 7\—7’0 = Io calcul
ated from the observations, in which 7\ — 7’0 was c. 130°, 
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by dividing the radiometer forces observed by the observed 
difference in temperature. The observed values are thus 
identical with those marked in fig. 4, but the curve drawn 
has been determined by graphical smoothing and is thus 
somewhat different from the curve in fig. 4 which shows 
the course of the symmetrical function. By measurement 
one may easily convince oneself that the graphically 
smoothed curve is not quite symmetrical.

For each point of observation of the curve for 7\—7’0 
= Io, a value for p —p" has been calculated on the sup
position that the heat supply S had had the constant 
value 27600 ergs/(cm2 sec.). This value has been chosen 
such that the two curves get the same maximum value for 
p' — p" and a common scale of ordinates. Corresponding 
points have been connected by dotted ordinates. It will be 
seen that the curve for 5 = 27600 ergs/(cm2 sec.) determined 
by graphical smoothing has also a fairly symmetrical 
course, though the symmetry is less pronounced than in 
the curve for Ti—T0 = Io. It will especially be observed 
that while the radiometer force for 7\—7’0 = constant has 
its maximum at p = c. 200 bars, this maximum is attained 
at p — c. 60 bars, i. e. at a much lower pressure, when 
the supply of heat is kept constant.

In all measurements hitherto mentioned the radiometer 
force is exclusively due to the fact that the band has a 
different coefficient of accommodation on its two sides, 
since we may take it for granted that the two sides have 
the same temperature. If a large radiometer force is de
sired, however, it will be of advantage to arrange the ex
periment in such a way that the blackened side of the 
plate will get a higher temperature than the bright side. 
In order to examine how much the radiometer force might

Vidensk. Selsk. Math.-fys. Medd.,XI, 1. 5
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be increased in this way the following experiments were 
made.

A torsion balance (tig. 7) was made and suspended by 
a wolfram wire in a cylindrical glass tube. To the vertical 
rod were attached two horizontal bars between which the 

ere extended. One band was 
single, the other double, the 
latter consisting of two sheets, 
one covering the other, ar
ranged in such a way that 
they were kept a slight dis
tance apart by thin glass 
threads. One of these sheets 
was bright on both sides, the 
other was blackened with 
platinum black on the side 
turning outward. The single 
band was blackened, on one 
side, bright on the other. 
Each of the sides of the bands 
could be heated by radiation 

and the deflection of the tors- 
by a microscope with ocular

scale. It is obvious that when the single band is heated 
by radiation, its two sides will get practically the same 
temperature, so that the radiometer force of this band will 
be due exclusively to the difference in the coefficient of 
accommodation on the two sides. If, however, the double 
band is heated by radiation, the side which is heated will 
get a higher temperature than the opposite side.

The length of the bands was c. 4.5 cm., their breadth 

two platinum bands Pt wT

Fig- 7.

from an incandescent lamp 
ion balance was measured
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c. 3 mm., their thickness 0.0026 mm., and the distance be
tween their outer edges c. 3.5 cm.

A series of measurements were made in which each 
side of one band was irradiated by a 10 candle power lamp 
at a distance of 30 cm. from the band. The measurements 
were made at a series of different pressures p, the mag
nitude of which was not measured, but which approximate 
roughly to a quotient series. In the figures below the 
deflections measured, and thus the radiometer force, are 
plotted against log p. The ordinates and hence the radio
meter forces in all the curves are directly comparable. On 
the extreme left of the figures is marked the radiometer 
force at the lowest pressure obtainable. This is marked on 
the axis of the abscissa with p = 0, though the radio
meter force shows that there has been a very appreciable 
quantity of gas left in the apparatus, during these mea
surements. The apparatus had not been left with vacuum 
for any very long time, and liquid gas was not employed.

From fig. 8, illustrating measurements in hydrogen, it 
will be seen that the lower curve, resulting from radiation 
on the blackened side of the single band, is almost sym
metrical and takes the same course as the curve in fig. 6 
which applies to helium S = 27600 ergs/(sec. cm2), and 
against which the numerical values for p and p' — p" are 
marked. This might be expected at the outset. From the 
upper curve, resulting from the radiation on the blackened 
sides of the double band it will be seen that, at low pres
sures, the radiometer force is about 4 times as great as 
by radiation on the single band. This is chiefly due to the 
fact that there is a very appreciable difference in tempera
ture between the two parts of the double band owing to 
the small conduction of heat between the bands at low 

5
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pressures. Hence the effect is as if the bright side of the 
double band had a coefficient of accommodation which 
was nearly zero. We might also say that there is a diffe
rence in temperature between the two sides of the double 
band which likewise produces a radiometer force which is 
added to that originating from the difference in the coeffici-

Fig. 8. Radiometer force in hydrogen due to radiation on the black side 
of the double band gives upper curve 
of the single band gives lower curve.

ents of accommodation on the two sides of the single band. 
To this must be added that it must be anticipated that 
the part of the double band, one side of which has been 
blackened will get a somewhat higher temperature than 
the single band, the loss of heat by radiation being some
what less from the double than from the single band. It 
will appear from the figures that the difference between 
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the radiometer force p'—p" of the double and the single 
band decreases with increasing pressure p. The ratio be
tween the maximum values is 1.23, and at the highest 
pressures /) the radiometer force on the single band is as 
great as that of the double band. In this and the following 
figures the positive ordinates denote that the radiometer 
force has the same direction as the rays of light.

The lower curve in fig. 9 shows the radiometer force 
with radiation on the bright side of the single band. The

Fig. 9. Radiometer force in hydrogen due to radiation on the bright side 
of the double band gives upper curve 
of the single band gives lower curve.

radiometer force is negative at all pressures caused by the 
absence of any appreciable difference in temperature be
tween the sides of the band, and by the fact that the ra
diometer force is only due to the difference in the coeffici
ents of accommodation of the two sides of the band. 
Hence the radiometer force takes the same direction with 
radiation on the bright and on the black side. In the for
mer case the difference in temperature between the band 
and its surroundings, and with it the radiometer force, 
will be 3 times as low at any pressure as in the latter case.

The upper curve in fig. 9 shows the radiometer force 
with radiation on the bright side of the double band. In 
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tilis case, too, the radiometer force is 3 times as low at 
low pressures as with radiation on the black side. But 
with increasing pressure the radiometer force diminishes 
and becomes negative at high pressures, despite the fact 
that the bright side of the band of course at any pressure 
has a higher temperature than the black side. This is

Fig. 10. Radiometer force in atmospheric air due to radiation on the 
black side

of the double band gives upper curve
of the single band gives lower curve.

simply explained by the great heat conductivity of hydrogen 
at high pressures, which will cause the temperature of the 
black band to become so much higher than that of the 
gas that the radiometer pressure will be greater on the 
black than on the bright side.

In order to compare the radiometer force in atmospheric 
air with that in hydrogen the measurements shown in 
tigs. 10 and 11 were made. From fig. 10 it will be seen 
that with radiation on the black side the radiometer force 
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on the double band is about 5 times as great at low pres
sures as with the same radiation on the single band. The 
maximum value of the radiometer force is about 4 times 
as great for the double as for the single band, and the 
maximum value for the double band in atmospheric air is 
about equal to the maximum value for the single band in 
hydrogen. In the case of the double band the maximum 
radiometer force is only increased by about 25 p. c. on 
changing from atmospheric air to hydrogen.

Fig. 11. Radiometer force in atmospheric air due to radiation on the 
bright side

of the double band gives upper curve 
of the single band gives lower curve.

On comparing the upper curves in figs. 9 and 11 it 
will be seen that they take very different courses. In at
mospheric air the radiometer force will not become nega
tive for any value of p with radiation on the bright side 
of the double band.

In order to obtain some information as to the influence 
of the breadth of the band on the radiometer force, some 
preliminary experiments were made with the torsion balance 
shown in fig. 7. The double band was removed and re
placed by a single one, which was bright on one side and
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blackened on the other. This new band was half the
breadth of the other band of the torsion balance.

Some experiments with hydrogen were made. The ex
perimental results have been shown in the usual way in 
the upper part of tig. 12. The initial pressure, shown to
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the right in the figure, was 33.5 mm. mercury pressure,
and between two successive measurements the pressure

was reduced to c. its A alue.
2.6

As will appear from the figure, the effect is the same 
on the narrow and the broad band at high pressures. 
Hence the radiometer force is independent of the breadth 
of the band, the effect being an edge effect. With dimin
ishing pressures the radiometer force becomes greater on 
the broad than on the narrow band, and at very low pres
sures the ratio converges towards 2. The force is a surface 
effect, the radiometer force being directly proportional to 
the breadth of the band.

It seems to judge from the figure that the maximum 
value of the radiometer force occurs at a pressure which 
is between 1.4 and 1.6 times as high for the narrow as 
for the broad band.

In the lower part of the figure the ratio between the 
radiometer force on the broad and on the narrow band is 
indicated. At very high pressures, on the extreme right in 
the figure, this ratio is very uncertain, but measurements 
other than those given here show that, with increasing 
pressure, the ratio converges towards 1, and that, on the 
whole, the ratio increases with decreasing pressure. In the 
vicinity of the pressures at which the radiometer force at
tains its maximum the ratio seems to increase most. To 
judge from the figure, it seems to be 1.6 rather than 
|/2 = 1.41.

A somewhat more detailed investigation of the radio
meter forces near the maximum values was made, the 
pressure being reduced at small intervals. The pressure 

was reduced each time to of its value. The results of 
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the measurements are given in tig. 13 in the same way as 
in fig. 12. From the figure the maximum value of the

radiometer force is found to lie at a pressure, which is 
1.55 times as high for the narrow as for the hroad band, 
and the ratio between the maximum values of the radio
meter forces is found to be 1.62, which again exceeds J/2.

In the particulars given above, the radiometer force 
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has been taken as proportional to the deflection of the 
torsion balance. This is of course only correct when the 
arms on which the radiometer forces exert their moments 
are equal. With the experimental arrangement employed, 
Ihi s was not quite the case. The moment of the areas of 
the two bands with respect to the axis of rotation was 
2.127 times as large for the broad band as for the narrow 
band, so this must be the ratio towards which the radio
meter forces converge at very low pressures. The moment 
of the edges of the two bands with respect to the axis of 
rotation was 1.028 times as large for the broad as for the 
narrow band, so this must be the ratio towards which the 
radiometer forces converge at very high pressures. The 
mean value of the two ratios is 1.58, which shows fairly 
good agreement with the value found experimentally.

The measurements with the torsion balance just men
tioned have not, however, been carried out with such ac
curacy that they can be regarded as very reliable. These 
experiments must be considered to be of a preliminary 
kind only.
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