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THE LUMINOUS EFFICIENCY OF VACUUM-
TUBE RADIATION.

BY E. R. DRE&v.

HE radiation which is produced when an electric current is

passed through a rareFied gas has a special interest on account
of the comparatively small increase in temperature which accom-

panies it. The early investigators seem to have assumed that the
temperature in the vacuum-tube discharge is of the same order as

that in luminous Rames. Hittorf among others doubted this, and

adduced several considerations ' which tended to show that it must

be much lower. E. Wiedemann' immersed the capillary portion of
a vacuum-tube in a calorimeter, and measured the heat developed

by each discharge of an induction coil through it. Apparently as-

suming that the heat developed first raised the temperature of the gas
before any appreciable conduction took place through the glass walls

of the tube, he calculated the rise in temperature from the specific
heat of the gas. His results are of the order of 8o,ooo' for the

capillary, which is doubtless too high; but he concluded that in the
wider part of the tube there might be considerable light radiation

with a temperature below Ioo'.
The portion of a vacuum tube immediately surrounding the anode,

and that surrounding and, at lower pressures, extending some dis-

tance from the cathode, does not lend itself readily to such investi-

gations, because of the lack of uniformity in the electrical conditions.
For this reason the so-called "positive column, " which extends
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from just in front of the anode some distance toward the cathode,
where these conditions approach much more nearly to uniformity,

has been the usual subject of study. Warburg' calculated the tem-

perature in this region for several cases, on the assumption that the
electrical energy which disappears is all converted into heat; this

being measured by the product of potential gradient and current

strength. The results thus obtained agree quite well with the values

later found by Wood, ' who measured the temperature directly by
means of a bolometer wire inserted in the tube across the path of
the discharge. The temperatures thus found are often only a few

degrees above that of the surrounding air.
0

K. Angstrom was one of those who recognized the fact that the
radiation from a vacuum-tube must be of a different character in

some respects from that which comes from incandescent gases and

solids. One of the characteristics of the latter class, which radiate

on account of their high temperature, is that the radiation covers
the whole range of frequencies up to the highest which is present,
this latter, and also the proportion of high-frequency radiation to
the total, increasing in general with the temperature. Angstrom'
measured the total radiation from a vacuum-tube, by means of a
bolometer, and also the portion which is transmitted by a plate of
alum, under different conditions. The ratio of this portion to the

total may for convenience be called the luminous eAiciency, al-

though it is well known that the radiation transmitted by the alum

plate extends somewhat beyond the red end of the visible spectrum.
He found that this ratio is quite different in different gases, while

for the same gas it increases continuously as the pressure decreases,
and at a given pressure is apparently independent of the current.
The chief point of interest, however, is the fact that the efficiency is

much higher than is the case with sources of light which radiate on

account of their high temperature. In the case of nitrogen at a
pressure of o. r S mm. it reaches a value above ninety per cent.

Ferry ' measured the changes in the luminous intensity of bright
lines in the spectra of some gases, using a spectro-photometer, and
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found them to be in agreement with the corresponding results
0

which Angstrom had found for the total radiation.

These results make it highly probable, as Angstrom and others
have pointed out, that when radiation is emitted by a gas, in one
case by heating it, and in another case by sending a current through
it, the mechanism which is brought into play must differ in some
important respects in the two cases. It was in the hope of gaining
some further knowledge in regard to this mechanism that the pres-
ent investigation was begun, along the same general lines as that of
0
Angstrom. After giving an account of the experimental methods

and results, an attempt will be made to account for the latter, so
far as possible, in terms of the modern electron theory, which has

proved so useful in its application to the varied phenomena which

attend the passage of electricity through gases.

EXPERIMENTAL.

Rediolter. —A radiometer was used for measuring the radia-

tion from the tube; partly because the magnetic disturbances about
the physical laboratory make it troublesome to work with the sen-

sitive galvanometer which would be required for a bolometer or
thermopile, and partly because it has some inherent advantages over
the latter. It is less trouble to construct and use at a high degree
of sensitiveness, and its lack of mobility is no objection for the pres-
ent purpose. The instrument as constructed happens to correspond
quite accurately, in its essential features, with the one which E. F.
Nichols' used in his determination of the radiation from stars and

planets. The suspended system is larger, the mica vanes being 3
mm. in diameter instead of 2, and 7 mm. between centers. It weighs
about r2 mg. The window through which radiation enters at g,
Fig. 3, is of fluorite, very clear and about I mm. thick. The vanes

are about 2 mm. behind this window, at z. A small glass window

~, behind the vanes, through which they can be seen, is set at an

angle, so that radiation entering through the window in front and

passing the edge of the vane will not be directly reflected upon its

rear face, but will fall instead upon the blackened interior walls of
the case. When the necessary screens were put in front of the fluo-

Astrophys. Jour. , x3, rot, r9or.



324 E. DER' lK [VOL. XVII.

rite window, as will be described later, and the whole instrument,

except the window apertures, surrounded by a thick layer of wool,

there was very little trouble from zero drift due to the ordinary

temperature changes in the room.
The relation between sensitiveness and pressure seems to vary

considerably in different instruments. In the one described by F
F. Nichols the sensitiveness is a maximum at about 0.05 mm. pres-
sure, and the curve is rather flat at that point; while one used by
G. W. Stewart, ' which seems to be of similar construction, shows a
quite sharp maximum at about 0. I 0 mm. The corresponding
curve for this instrument (Fig. t) may, therefore, be not without in-
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terest. The sensitiveness changes very little through the range of
pressures from 0.04 mm. to 0. r ) mm. , which was quite convenient,

as it proved impossible to prevent a slight leak. At pressures

below 0. I mm. , the period is approximately forty-five seconds. At
higher pressures, the swing is aperiodic, the full deflection being

approximately reached in a time which increases slowly from forty-

five seconds with the pressure.

The maximum sensitiveness is such that a paraffin candle burning

normally at a distance of 200 cm. causes a deflection of about 30
cm. on a scale at a distance of Ioo cm. This is about one half as

great as that given by Nichols for the first instrument which he con-

structed, and about twice as great as for the one mentioned above.
Some of the readings with the vacuum-tube seemed to indicate

that the larger deflections were not proportional to the energy, and

a calibration of the scale showed this to be true. A r05-volt I6-
c.p. incandescent lamp connected to a storage battery of 30 volts
was used as a source, and placed at different distances, making sure

' PHYSICAL REVlEWj I3~'263~ I9OI.
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that the radiometer was affected only by radiation which came from

the lamp directly, and not by reflection. The results, plotted in

Fig. z, show that a deRection of 2o cm. , which is the largest used,
is about I 2 per cent. too small. This large deviation is due doubtless
to the fact that the vanes are so near the window, and especially
that the one which is screened from radiation has a part of its surface

opposed to the brass Range on the inside of the window, at a still

less distance.
0

Vacuum-Tube. —Angstrom used several tubes in his work, but

they were all of nearly the same diameter. He suggested that it

& "(0&sr.)'
Fig. 2. Calibration of Radiometer. E, energy; D, deflection.

would be interesting to find the efficiency for tubes of widely differ-

ing diameters, and this was chosen as the first point of attack. The
form of the tube, and the arrangement of tube, radiometer and

screens, is shown in Fig. 3. The board to which the tube is secured

is pivoted to a support at A, the intersection of the axes of the two

branches, so that by swinging vertically about this pivot the axis

of either branch may be brought into the horizontal line through

the center of the radiometer vane. The smaller branch has an

internal diameter of 9 mm. , the larger of approximately I8 mm. ,

and the length of the luminous column in each is about ro cm.
The aluminium electrodes in the side tubes are cylindrical, giving

large surface, so that the heating is small. The ends of the two

branches next the radiometer are closed by Ruorite windows I mm.
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thick. These, as well as all of the radiometer windows, are
fastened with de Khotinsky cement.

A copper screen with a circular opening 4 mm. in diameter, I

mm. larger than the vane, is placed about 3 cm. in front of the
vane at a. Outside the radiometer case, about ) cm. from the vane,

is a larger double screen with a slightly larger opening. These
serve to cut off from the vane all radiation except that which comes
from the tube, and even with the smaller tube, a considerable share

of the secondary radiation which may come from the heated tube

walls. Between the end of the tube and the double screen space
is left for the insertion of a cell zv, which contains a layer of water

I cm. thick between glass walls I mm. thick. Although this

transmits more than the visible radiation, as did the alum plate used
0

by Angstrom, it still gives a definite division of the total radiation,

which is sufficient for the immediate purpose in hand.
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F&g. 3. Vacuum Tube and Radiometer.

Pressure Gauge, Puinp and Collections. —For reading pressures

a McLeod gauge was constructed in which the small tube is about

4 mm. in diameter, and the capacity of bulb 80 c.c. This enables

pressures from z cm. to O.or mm. to be read with the necessary

accuracy, and gives results which are consistent to within the error
of reading, as well as can be judged by taking readings for the same

pressure with different degrees of compression in the small tube.
Reduced pressure is obtained by means of a Geryk oil pump, with

which pressures down to o.oi mm. can be obtained easily and rapidly.
The gauge and pump, with the usual drying-tube containing

phosphorus pentoxide, is connected to the vacuum-tube by a short
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piece of rubber tubing, which is necessary to allow the required
rotation of the latter, and by a longer piece to the radiometer, which

can be closed from the rest of the apparatus by a glass stopcock.
This rubber tubing, and the numerous joints, made it impossible to
prevent leakage entirely. As air was the only gas used, and the

leakage was small, it caused little trouble.

EXPERIMENTAL DETAILS.

Alternating Cz~nvnt. —A large amount of preliminary work was

done with an alternating current, chieAy on account of the ease
with which it could be obtained. A city lighting circuit of )) volts,
I 2o alternations per second, was connected through a rheostat to
the primary of a large Charpentier induction coil, and the secondary
connected to the terminals of the tube. It subsequently proved
that the ratio of transformation of the coil was by no means con-
stant, but varied with the resistance in the secondary circuit in a way
which tended to keep the current constant.

Others who have used the radiometer have been troubled by elec-
trification of the vanes, which usually occurs during the exhaustion,
and persists for some time. When symptoms of this trouble ap-
peared in the use of the present instrument, it was thought that the
discharging action of radium might be utilized here by putting a
few grains inside the radiometer. The result was a new and puz-

zling complication. There was still evidence of the usual electrifica-
tion during exhaustion, which however quickly disappeared; but
when a current was passed through the tube, there resulted what

appeared to be an electrification effect, shown by a large shift of the
zero, sometimes in one direction and sometimes in the other, which

would disappear only after fifteen minutes or more. This made it

impossible to determine the effect due to radiation alone. After some
time spent in an attempt to discover the nature of the difhculty, and

And a remedy for it, the radium was cleaned out as thoroughly as
possible, and the eAect soon became so small as to cause little trouble.

0
One of the difficulties experienced by Angstrom was that due to

radiation from the heated walls of the vacuum-tube, which sometimes

contributed a large share to the effect on the bolometer. It was

reasonable to expect that this effect would prove troublesome with
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the smaI. ler tube at least. It was tested several times with various

currents and pressures, by screening the radiometer from the tube.
while the current passed for the usual time necessary to read a de-

flection, then removing the screen immediately after stopping the

current and noting the deflection. This rarely amounted to more

than one per cent. of the deflection which would have been produced

by the current had the screen not been interposed. When the radi-

ometer was exposed during the passage of the current the effect

seemed to be somewhat greater, as nearly as could be judged by
the time taken to return to zero with and without the water-cell in-

terposed. The method of reading finally adopted to diminish these

errors as far as possible is to pass current through the tube during

4) seconds, which usually gives a little less than the full deflection,

then read the zero one minute after stopping the current. No shut-

ter is used, as it would usually be at a temperature different from

that of the tube, which is in the radiometer field during an exposure.
The first determinations of the efficiency ratio showed that it

varied with the pressure in the way which would be expected, and

that it was notably higher in the smaller tube. These results will

not be quoted, as much more trustworthy ones' were obtained later,

Besides the city circuit, there was available a University lighting

circuit of r,ooo volts, 240 alternations per second. This was applied

directly to the terminals of the tube, through a rheostat of cadmium

iodide in amyl alcohol, and also transformed down to 5o volts, then

transformed up again by the induction coil. The discharge through
the tube differed greatly in appearance with these. three kinds of cur-

rent, and it seemed worth while to determine whether the e6ciency
would show corresponding variations.

a denotes city circuit, ~g volts, through induction coil.
b denotes i,ooo volts transformed down to So, then through coil.
c denotes r,ooo volts on tube direct.

When the discharge through the small tube was viewed in a ro-

tating mirror, or photographed on a falling plate, with (a) the band

of light was almost continuous, a narrow dark space marking the

interval between two successive discharges in opposite directions.

With (b), the conditions being the same except that the frequency

was twice as great, the dark space was wider in proportion to the
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interval, showing that the discharge occupied a smaller fraction of
the total time. With (c), the available potential difference at the
electrodes of the tube was less, and the discharge would only pass
at pressures 1ess than I mm. The discharge now occurred at the
crest of the e.m. f. wave, and occupied not more than one third the

total time.

Several sets of determinations of the efficiency ratio failed to
show any definite difference for these three cases. One set of such

results is given below. Each result quoted is the mean of two de-

terminations, for which the order of reading radiometer deflection,

with and without the water-cell interposed, is reversed.

TABLE I.
ciency zenith dzif'erent kinds of czlternatin~«current. Snzczll tube. P~ essure of czir

bet70een P,4 mvz. cznd P, S nzrn.

.508

.502

.507

.511

.509

.513

.S09

Mean .508

.480

.501

.492

.524

.529

.498

.485

.Spl

.497

.521

.509

.519

.527

.512

.509

.513

The slight differences among the mean results are hardly greater
than the probable error.

An attempt to measure the current through the tube proved so
unsatisfactory that it is worthy of description. A teston alternat-

ing current voltmeter reading to 600 volts, resistance 2I,600 ohms,
was the only instrument at hand which would give readable deflec-

tions when used as an ammeter in series with the tube. In this

type of instrument the lower part of the scale is much contracted,
and the error of reading may be as great as five per cent. The
deflections showed no evidences of electrostatic disturbances. For
the three kinds of current, readings were taken of the current as

given by the ammeter, and of the radiometer deflection for the total
radiation from the tube. A preliminary trial showed that these are

approximately proportional for one kind of current; and as it was
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not always convenient to obtain the same current, this proportion-

ality was used to reduce radiometer deflections to the same ammeter

reading.
The eAect of the current in producing radiation in the tube is

thus not at all proportional to the electrodynamometer eAect as

shown by the voltmeter. The appearance of the discharge when

viewed in a rotating mirror indicates that the wave-form may be

quite different in the three cases. The voltmeter may not read cor-

TAar E II.
lhri(z'o»zeter czncz' czz&zz&zeter sects of current. P& esszz& e 0.4»z»z.

Ammeter Current. Radiometer Deflection. Deflection Reduced to
Current o.oo8.

0,0062 amp.
0.0081

c
i

0.0079

11.3 cm.
12.5
8.8

14.6 cm.
12.4
8.9

rectly f'or currents in which the wave divers greatly from the simple

sine form; and it is to be noted also that the radiometer effect is

proportional to the mean first power of the current, and the volt-

meter reading to the square root of the mean square.
Direct Cu~rent. —The subsequent work was done with a direct

current chieHy, in part because of these difficulties in measuring

the alternating current, and a'so because any considerations based
on the electron theory would require a knowledge of the potential

gradient in the tube at the time of' taking the radiometer readings.
The potential gradient would have no very definite meaning in the
case of the alternating current, nor could it be readily measured.

The available source of direct current is a battery of twenty-four

small Crocker-Wheeler dynamos, each giving Soo volts, connected
in series. Eight of these were ordinarily used, giving about 4,ooo
volts, which is sufficient to send the discharge through the tube at
pressures up to about 5 mm. The current is read by a Weston
standard milli-voltmeter, resistance 9.o6 ohms, used as an ammeter,
on which a current of O.oar ampere gives a deflection of 4.) scale-
divisions approximately. The current usually employed, o.oo7
amperes, can be easily read to less than one per cent. The end of
the circuit which contains the ammeter is grounded to prevent
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electrostatic disturbances, which without this precaution would

often cause the needle to stick. In the cadmium iodide rheostat
which is included in the circuit the upper electrode is suspended in

the tube by a cord, so that its height can be readily varied as neces-

sary in order to keep the current at the desired value. There are

small irregular changes due probably to variation in the speed of
the dynamos, and also an increase in current for a few seconds on

first starting current through the tube, which may be due to some-

thing in the nature of a resistance which decreases with rise of
temperature, since it is proportionally larger with larger currents.

The two deflections of the radiometer, with and without the
water-cell, from which an efficiency ratio is calculated, must corre-
spond to the same total radiation, so this adjustment to keep the
current constant is quite important. The fluctuations can usually

be kept within one per cent. The sensitiveness of the radiometer

does not change appreciably during the short time covered by the
two readings, nor does the pressure in the tube, except at very low

pressures, as will be mentioned later.
The usual telephone method for testing the steadiness of the cur-

rent through the tube was not very satisfactory, as there is always

a faint hum in the telephone caused by the minute fluctuations in

e.m. f. at the commutators on the dynamos. There was no fluctua

tion other than this, so far as could be judged by comparison with

the effect produced when the current flowed through the rheostat

only, without the tube. The resistance outside the tube was never

greater than 8 x ro'"' ohms; and Hittorf' found no evidence of un-

steadiness in the discharge, under similar conditions, until the out-

side resistance reached 3.) x Io' ohms.
EPciency —Variation with Pressure, and with Tube Diazneter.

The series of observations for finding the efficiency as a function of
the pressure, in the two tubes separately, is given in Table III. The
observed radiometer deflections, after correction from the calibration

curve, Fig. 2, are tabulated in the order in which they were taken.
The same current-strength was used throughout. Series I. and II ~

were taken on different days. In series III. are collected a number

of single determinations which were made, under comparable con-

'%Vied. Ann.
y 7 563, IS79.
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TABLE III.
Visriat'ion of E+ciency zuit'h Pressure. a, Corrected li'adi'orneter De+ection for Total

Aaa'iation. 8, Corrected A'adiometer Deflection for Water- Cell Radiation. e = lj/a,

EPciency A'atio. p, Pressure in 87illimeters. Current, 0.007 Amperes.

Small Tube. —Series I.
Mean, e

19.92

18.87

17.60

17.00

16.S6

16.86

16.50

16.70
16.58

17.11

20.SS

18.67

22.75

23.00

20.37

4.77
4.80
5.48
5.37
5.75
5.65
5.56
5.41
S.44
6.08
5.94
5.94
5.90
5.71
S.88
6.52
6.38
6.42
6.21
6.88
6.74
9.01
9.0S
8.94
9.07

9.25
8.87
9.7S
9.58

10.00
9.88

20.40

18.16

17.50
17.41

16.92

16.56

16.43

17.31

16.36

17.15
19.90

18.98

22.26

23.30

20.61

Series II.

.234

.241

.288

.285

.317

.321

.318

.311

.320

.360

.359

.359

.350

.348

.351

.376

.382

.388

.380

.402

.393

.453

.441

.471

.486

.408

.399

.425

.412

.492

.480

.237

.286

.319

.315

.359

.350

.379

.384

.397

.403

.418

.486

4.3

3.3

2.6

2.7

2.14

1.9

1.52

1.25

1.0

0.66

0.46

l.12

0.8S

0.40

11.83

6.46
6.38

mean

3.87
3.82
2.00
1.99
1.97

11.92

6.40

Series III,

.327

.320
~ 310
.312
.308

.262

.323

.310

3.8S

2.95

2.9S
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TABLE III.—Continued.

Large Tube. —Series I.

Mean, e

8.97
8.65

5.66
5.62
4.50

4.32
3.06

3.04

2.38

2.16
1.94

2.02

2.87

0.66
0.54
0.51
0.53
0.56
0.59
0.57
0.57
0.56
0.55
0.41
0.43
0.46
0.46
0.52
0.49
0.56
0.56
0.60
0.60
0.68
0.66
1.31
1.28

9.56

8.00
5.90

4.27

3.19

2.96
2.48

2.28

1.98

2.01
2.79

.069

.060

.059

.066

.095

.104

.101

.127

.132

.127

.134

.135

.152

.156

.210

.206

.245

.259

.309

.303

.336

.328

.470

.446

.064 4.3

.062 4.4

.100
3.3
4.4

129, 2.7

.154 l.84

.208 1.56

.252

.306 1.02

.332 0.66

.458 0.46

.135 2.36

1.73
3.08
2.68

3.16

0.43
0.41
0.81
0.82
0.78
0.92
0.87
1.21
1.19

1.69

2.60

2.75

Series II,

.255

.237

.263

.306

.300

.334

.316

.382

.370

.246

.263

~ 303

.325

.376

1.23
1.10

0.85

0.68

0.52

4.05

3.69
6.81

6.62

0.40
0.40
0.38
0.86
0.87
0.89

6.70

Series III.

.099

.113

.103

.126

.130

.134

.105

.130

3.1

2.6
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ditions, during later work. The current was always sent through
the tube so that the branch used was next the anode. Usually ob-
servations were made on the two branches alternately, to insure

similarity of conditions.

Immediately after Series I ~ and II., a similar set of readings was

taken with the alternating current from the city circuit. It was

assumed that the radiometer sensitiveness had not changed appre-

ciably, and the radiometer eAect was taken as an appropriate meas-

ure of the current. At each pressure then the current was adjusted,

by means of the rheostat in series with the primary of the induc-
tion-coil, until the radiometer deflection for the total radiation was

nearly the same as had been observed with the direct current. The

0.8 ',s

0.4

ALTERNATING CURRENT
I

I 0. 1 0J2 0.3 0.4 0.6 0.IS

C3

tlJ

g 0. 3
4

Ul

0.2

0.6 1.0 1.6 2. 0 2.6 30
PRESSURE

3.5. 4.0 4. 6 6.0

~ ~ SMAI L TUBE
OoLARGE TUBE
.3(YALTERNATING CURRENT

Fig. 4. Efficiency and Pressure.

measurements were otherwise carried through in precisely the same

way as with the direct current.

Fig. 4 shows the direct current results graphically; and the
alternating current results are added for comparison.

The direct current gives a continuous luminous column Ailing

both branches of' the tube at the higher pressures. When the
pressure is reduced, the column in the small tube shows faint hazy
striation at about 2 mm. , which fades out at r. g mm. , when this
end is anode. At about r min. the stri3. reappear, at once become



sharply defined, and remain to the lowest pressures used. When
the anode is next to the large branch, striation begins there at
about r.6 mm. , and becomes gradually more distinct as the pressure
is reduced. With this direction of current the striation in the small

tube does not disappear, but on the contrary is quite sharp and dis-

tinct through the range from t. ) mm. to I mm.

With this tube it has proved impossible to keep the current

steady enough to secure trustworthy results at pressures below o.3
mm. This seems to be due to the fact that the enlarged portion of
the side tube which contains the negative electrode becomes entirely

filled with the blue cathode glow, which at irregular intervals ex-
tends itself through the narrow connection into the main tube, and

greatly reduces the current. This lasts for a few seconds only,
when the normal conditions return.

This difficulty did not occur at all with the alternating current.

Below o. I5 mm. , however, the pressure decreases during the pas-

sage of the current, probably on account of the absorption of the

gas by the walls, which was investigated by Willows; ' and as the

radiometer deHection here falls off rapidly with the pressure, this

becomes a serious difficulty. The small plot in Fig. 4 gives the

results of a large number of readings with the alternating current

in this region, each point representing several determinations. It
has little value except to show the general nature of the curve;
and even this is doubtful below o. I mm.

A possible explanation of the lower values found with the alter-

nating current, as shown by Fig. 3, is that the efficiency is different

for the two directions of current in the tube used, being greater

when it is next the anode, as used with the direct current. A series

of readings with the large tube to test this point gave the following

results on page 248.
Current reversed means the reverse of the direction ordinarily

used. The efficiency proves to be somewhat less at the cathode

end, but with the alternating current it is lower still, so this expla-

nation is not sufficient.

Another possible reason for the difference is suggested by the

fact, previously mentioned, that with the alternating current there

~ Phil. Mag. (6), r, S03, I9oI.
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seems to be no current through the tube during a portion of the
time. The current while Howing would thus have a larger mean

value than that of the direct current which produces the sainte radi-

ometer effect; and the results next presented show that the e%-
ciency is in general smaller for larger currents, this being more

noticeable in the large tube for the range of current here used.

TABLE IV.
Egect of' Direction of Current.

Current Reversed. Current Direct. Current Reversed. Current Alternating.

.090

.082

.105

Mean .092

.093

.113

.103

~ 105

.090

.100

.094

.095

.087

.083

.086

.085

Pressure 3.1 mm. Current 0.007 ampere.
0

Variation;vith Cur~ent. —Angstrom ' found that with nitrogen the

efficiency was independent of the current strength through a rather

wide range. Several trials through a small range seemed to show

the same result for this tube. As some theoretical considerations
however seemed to point to the existence of such a variation, a
more careful trial was made through a wider range. This showed
its existence, and also the reason why it had been overlooked be-

fore. The results for the two tubes are given in Table V., and

plotted in Fig. 9.
TABLE V.

c, Current in milliansperes. e, F+cienry.

Pressure 3.85 mm.
Small Tube.

Pressure 2.6 mm.
Large Tube.

c

7.0
1.6

10.5
7.0

~ 266
.290
.290

(.278)
(.260)

3.5
1.6
7.0
4.5
7.0

.256

.293

.264

.246

.258

7.0
10.5
3.5

.130

.130

.156

The earlier trials had been made with the small tube in the neigh-
borhood of 6 milliamperes where the variation happens to be small.

~ Wied. Ann. , 48, 5oS, r893.
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The two bracketed values were obtained for the same current under

different circumstances. For the first, e = .278, the readings were

taken immediately after the tube had been used with a stronger
current, which had heated it considerably. After cooling for five

minutes the readings were taken which gave the smaller result.

This suggests that the rise of temperature which accompanies in-

creased current may increase the efficiency; and with the larger
currents this may over-balance the decrease due to the effect of
current change alone.

Vurk'atk'on zvith Tejjzperature. —It seemed desirable to test this

temperature effect by heating the tube from the outside and using a
constant current. There was no obvious way to apply the heat
without a radical change in the mounting of the tube; but a satis-

factory result was finally obtained by using the current as a source
of heat. A wooden box was fitted over the small tube, and the

joints packed with wool. A current of about r2 milliamperes

would heat the air in the box enough so that after stopping the cur-
rent and allowing the tube to cool a few minutes to secure uniform

temperature throughout, the whole would be about zo' above

room temperature. The readings were then taken with the usual

current of 7 milliamperes, which was su%cient to maintain the in-

creased temperature for the necessary time. A similar determina-

tion was then made with the air in the box at room temperature, so
that the conditions are the same in the two cases, except for the
difference in temperature of the medium surrounding the tube.
The results are:

TABLE VI.
P~essu~e z.8 mv~.

Temperature.
40~
210

e ==.329
.323

A similar determination made several weeks later gave almost iden-

tical results. The method could not be used at lower pressures, as

the heating effect of the current is not sufhcient.
Tola/ EaCk'ation. —A special species of readings, without the

water-cell, was taken to show the total radiation from the tube as a
function of the pressure and of the current. The readings were

taken in the order shown in Table VII. as a check against change



in sensitiveness of the radiometer or other conditions. It must be
assumed that the radiometer deflection is always proportional to the
total radiation per unit length of the 1 uminous column. This
is more likely to be true with the small tube than with the large,
since in the latter there are more appreciable variations in the size

and gene;-al appearance of the luminous column at the points of
entrance and exit, as the pressure or the current is changed.
The results for the large tube are less trustworthy for this reason;
and in fact it was impossible to obtain any consistent readings for
the variation with current.

TA&&l F. VII.
7'otttl ~.tztAtltlou ztz1l11 zvEtyizz~& Pressure, arttt zoith z.'tzryiQg cNrrepzl'.

Small Tube.

tj

Deflection and Pressure.

Large Tube.

1.6
2.56
3.85
4.5
3.36
2.50
1.9
1.4
1.04
0.8

8.00
8.39
9.09
9.55
8.98
8.47
8.28
8.18
8,53
8.48

0.62
0.39
1.9
0.S6
0.32
0.18
0.10
0.06
0.04S

8.47 1.12
8.03; 2.25
8.34 2.72
8.62, 4.25
8.29 2.90
7.23 2.2
4.70 1.6
3.29 1.28
2.45 1.00

0.8
0.5

5.92
7.97
8.70

11.60
8.70
7.97
6.80
6.10
5.40
4.80
4.13

0.33
0.22
0.13
3.4
1.2
0 44
0.9
0.56
0.24
0.07
0.04

5.77
5.28

10.13
6.04
5.29
5.34
5.00
5.81
3.50
2.60

Deflection and Current. Small Tube.

1.6
7.0

10.5
7.0

6.16
16.85
21.60
16.74

3.5
1.6
4.5
7.0

10.40
5.80

12.76
16.80

The results for change of pressure are plotted in Fig. ):
Tota/ Radiation Vaziation zoitk Si—ee of' Tzsbe. —If it may be as-

sumed that at a given pressure the efTiciency as measured by the
water-cell is the same multiple of the true luminous eAiciency in

the two tubes, a method suggests itself for comparing the total
radiation per unit length of the two tubes. This cannot be done with

the radiometer. directly, for diAerent fractions of the total radiation
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reach the radiometer vane in the two cases. It is only necessary
to measure the ratio of luminous intensities by a photometer method,
and reduce this to ratio of total intensities by using efficiency ratios.

A paraffin diffusion photometer was used for this purpose, made

of two blocks of clear paraffin 2 mm. thick and r4 mm. long, sepa-
rated by tin-foil. This was arranged to move in the space between

the tubes so that the radiation fell upon its two faces at nearly equal
angles at the final setting. The tubes were coveted with black

paper, leaving apertures through which one centimeter, as nearly as

12'

8
ro

0
I-
rJ
LU

iL.
iii
Ci

4

MIN. PRESSURE
2 3 4 S

Fig. 5. Total Radiation and Pressure. Dots, Small Tube; Circles, Large Tube.

possible, of the axis of each tube was visible from a point at the
center of the photometer block.

The pressures were so chosen that the luminous column in each
tube was entirely continuous, and the difference in color apparently
as little as possible. The alternating current from the city circuit
was used. The efficiencies for the large tube, determined at the
time, are somewhat higher than those shown in Fig. 4, but corre-

spond to those of Table IV. Each result is the mean of seven set-

tings of the photometer block, which agreed to within 0.5 mm. The
distances L' and s, Fig. 6, are measured from the tin-foil partition to
the axes of the tubes.

The eAect of the total radiation from one tube which reaches the
photometer block is nearly the same as though it were all concen-
trated in the axis. For consider two layers at equal distances + x.

and —x from the axis (Fig. 6). Their distances from the photom-
eter block are l+ x'and l —w; and their lengths are also propar-
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Fig. 6. Vacuum Tube and Photometer.

tional to those distances. The assumption then amounts to saying
that

l+x l —x

p
For the extreme case when x = r for the large tube the error is

less than ) per cent. The ratio of the total radiation per unit length
for the two tubes is then computed as

TABLE VIII.

p (mm. )

2.3
2.75

3.25
3.10

4.85
5.00

.135

.105
.335
.300

Ei/Rs

1.08
l.10

The probable error of the results is doubtless as great as ten per
cent. and to this approximation the ratio is unity.

Potential Gradi'ents. —As the tube previously described had not
been planned for the measurement of potential gradients, another
was obtained of the same general form and as nearly as possible of
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the same dimensions. This had a fine platinum wire stretched across
the middle of each branch of the tube, perpendicular to its axis,
and a similar wire on each side of this, at distances of approximately

3 cm. The measurements were made by the method of condenser
and ballistic galvanometer.

The condenser, a standard by Nalder Bros. , has a range from

o.o5 to r.o microfarad, which made it possible to keep the gal-
vanometer throws within the range from 4 to r2 cm. , although the
differences of potential measured varied in the ratio of I to r6.

The D'Arsonval galvanometer used was much too sensitive, so its

coil was shunted by means of a piece of German silver wire. This
served the additional purpose of short-circuiting the coil and quickly
damping its vibration after the condenser had been discharged
through it. The complete period was five seconds, and the damp-

ing so good that three readings could easily be obtained within forty-
five seconds. The resistances of coil and shunt were afterward
measured and found to be in the approximate ratio of I to zo,
while the throws for equal quantities were about as r to 4o. The
back e.m. f. due to the beginning of the coil's motion thus greatly
modifies the distribution of the current.

The galvanometer scale was calibrated directly by charging the
condenser from a storage battery to a known difference of potential,
measured by a voltmeter, and then discharging through the gal-
vanometer. The data given below show that the deflection was

quite accurately proportional to the potential difference for the
range used, and also give an idea of the accuracy of the readings.

Capacity
Throws.

9.69

Calibration of Ballistic Galvanometer and Condenser. Condenser Charged to y6.y Volts.

0.2+ 0.2+ 0.05+ 0.05
4.85
4.84

For capacity of 1 microfarad, 1 cm. throw =—7.9 volts.

The system of connections used, with the ordinary three-way dis-

charge key, made it necessary to keep one galvanometer terminal

continuously connected to the condenser, and so to the tube.
When the cathode was at the grounded end of the line, this gal-
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vanometer terminal was raised to a potential high enough to cause a
slight electrostatic action, which resulted in a slow zero drift. The
uncertainty thus introduced into the readings was not often greater
than one per cent. It was seldom noticed when the anode was next
the grounded end of the line, as the chief drop of potential within

the tube occurs at the cathode.
Connecting wires from the six. platinum wires in the tube led to

mercury cups in a block of paraffin made it easy to connect any
desired pair of wires to the condenser terminals.

The attempt was now made to determine the potential gradient
under all of the various sets of conditions for which the e%ciency
had previously been found. Aside from accidental variations in the
composition of the air used, the only evident difference in conditions
is shown by the fact that the appearance of the discharge is slightly
modiFied by the introduction of the wires. In the unstriated dis-

charge, each wire is accompanied by a faint stria. When the
pressure is reduced until striation begins, each stria behaves as
though covered by an elastic surface film, which the wires penetrate
with difficulty, and hence the stri3 are distorted in form, and dis-

placed in position, where they come in contact with the wires. This
was noticed by Wood. ' Reducing the pressure still further until

the stri3 become hazy in outline, this effect disappears, and the
wires have no perceptible effect upon their distribution or form.
The change in potential gradient which accompanies this changed
appearance is of course unknown; but the mean value for the whole
tube, which is the desired result, is probably little affected

In the tabulated summary of results, Table IX, V is the potentila
gradient calculated from the observed potential difference between
wires r and 2, V, between wires 2 and 3, V+, between wires t and

3; wire i being the one nearest the electrode which is next the
tube used. The differences between results for the different inter-
vals are but little greater than the probable error of observation.
Such consistent results were hardly expected in the striated dis-

charge, where the results of Graham' and H. A. Wilson' show
usually a change from point to point, in passing from one stria to

'Wied. AIlll. , 59, 250, I896.
' Hied. Ann, , 64, 49, I898.
~Phil. Mag. (5), 49, 505, ?900.
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the next, as well as a progressive increase in going along the tube

from anode toward cathode. There is some evidence of the latter
variation in the small tube. The mean result for each case prob-
ably corresponds nearly enough to the mean potential gradient in

the discharge which affected the radiometer.

TABLE IX.
J'oteizti al Gz adieu. Ps.

Small Tube.

6.40
72.5
79.6
67.8
55.8
45.3
38.3
32.9
29.4
21.9
51.7
25.6
24.2
21.2
15.9
13.3

Current, m. a.

1.6
3.5
4.5
7.0

1O.S

11.
Striated S.5

Discharge 11.
, ss

63.7
72. 1
80.3
66.4
55.1
45.5

37.7
32.7
28.5

21.6
51.5
25.9
23.9
20.8
16.0
12.8

64.4
71.4
78.8
65.6
54.1
45.3
39.1
32.0
28. 1
21.3
51.4
25.6
24.3
20.2
16.3
12.4

Mean /'.

91.5
80.6
76.5
71.0
68.0
38.3
41.0
24.3
26.3

Mean.

64.0
72.0
79.6
66.6
55.0
45.4
38.4
32.5
28.7
21.6
51.5
25.7
24.1
20.7

16.1
12.8

0.71

3.12
3.68
4.26
3.22
2.46
1.88
1.42
1.09
0.83
0.48
2.28
0.81
0.60
0.46
0.28
0.19

20.5
19.6
18.7
20.7
22.4
24. 1
27.0
29.8
34.6
44.5

22.6
31.7
39.6
45.0
57.5
67.5

24.7

21.8
20.7
19.3
18.4

Temperature.

20'
41
20
40

S8.0
57.5
59.0
57.6

2.74
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TAaI.E IX.—Continued'.

Large Tube.

55.3
63.0
68.6
56.0
47.6
39.3
32.7
27.6
23.4
15.8
39.5
27.3
19.3
14.4
11.1
8.5

Current, m. a.

3.8
4.5
7.0

10.5

55.8
63.5
68.1
56.7
48.3
39.8
32.1
27.6
22.9
15.8
39.2
26.9
18.7
13.8
ll. 1
8.4

55.5

62.3
68.3
57.7
48.2
39.9
32.4
27.6
22.4
15.5
39.8
27.9
19.0
13.7
11.2
8.4

58.2
56.0
52.4
47.7

Mean.

55.5
62.9
68.3
56.8
48.0
39.7
32.4
27.6
22.9
15.7
39.5
27.1
19.0
14.0
11.1
8.4

2.64

3.12
3.68
4.26
3.22
2.46
1.88
1.42
1.09
0.83
0.48
1.79
1.06
0.61
0.38
0.23
0.16

17.8
17.1
16.0
17.6
19.5
21.1
22.8
25.4
27.6
32.2
22.0
25.5
31.1
36.4
47.3
S3.0

22. 1

19.3
18.1

These results are in general agreement with similar ones obtained

by Herz ' and Schmidt ' for nitrogen, with the single exception
that the latter Ands, in the case of the striated discharge, an in-

creased potential gradient with increasing current, while the oppo-
site is true in the present case.

DrSTRIBUTION OF ENERGY IN THE SPECTRUM.

Through the kindness of Mr. W. W. Coblentz I was enabled to
use his spectrometer, with rock-salt prism and radiometer, ' in the
attempt to learn something about the distribution in the spec-
trum of the energy which affects the radiometer. The energy is

so small that it was necessary to use wide slits in front of the tube
and the radiometer window in order to get readable deHections, and

the consequent overlapping, with a spectrum of this character,
~ hVied. Ann. , 54, 244, I895.
~ Drude's Ann. , I, 625, I900.
~ PEIYsIcAI. REvIEwv I6 44 and 72, I903.
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makes it impossible to do more than find the approximate location
of the principal maxima, and get a general idea of the distribution.
The small tube was used, and the pressure kept at approximately
o.9 mm. The heating effect is small at this pressure, so that a
stronger current could be safely used, and a small pressure change
causes little change in the amount of the total radiation. The al-
ternating city circuit was used for convenience, so its strength could'

not be readily measured. It was probably as much as i 5 milli-

amperes. As the collimator was moved to throw different regions
of the spectrum on the radiometer slit, the vacuum tube had to be
adjusted by hand, which may have caused some uncertainty in the
readings; and the current was by no means constant.

The curve, Fig. 7, shows the observed deHections in millimeters
on a scale at t 5o cm. , wave-lengths being obtained from the cali-

2

1 v

SLIT WIDTH

0.6P 1.O 1.5 2. 0
WAVE LENGTHS

S.O S.e 4. 0 4.6 e. o 5.5

~ ~ ~ ~ OBSERVED DEFLECTIONS

CORRECTED FOR St IT-WIDTH

TRANSMISSION BY WATER-CELL

Fig. 7. Spectrum Distribution of I'-nergy.

bration curve prepared by Mr. Coblentz. Fig. 8 shows the region
out to I.5 p, plotted on a, larger scale of dispersion. The zero was

nearly always unsteady, which made the smaller readings & uncer-
tain. Each point represents the mean of three or more readings,
taken at favorable times when the conditions seemed best. The
whole region as far as 7.5 p was covered consecutively in one day .
and some days later the region from 0.6 p to I .5,r~ was explored
again, with results almost identical as regards the location and rela-
tive magnitude of the maxima.

The 0urve shows well-defined maxima at wave-lengths o.66,
0.74, 0.89 and 4.7 5; while less prominent ones are indicated at
1.02, I.40, 2.75 and 4,4.
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Each of the slits was I mm. wide; and this width, expressed in

wave-lengths, is shown by a horizontal line, for various regions of
the spectrum. The observed curve is corrected for slit-width by
means of the formula given by Paschen, ' using the erst two terms

of the series. The ordinates to this corrected curve are chosen

merely to give a convenient scale.
If it be assumed that this corrected curve properly represents the

distribution of energy, it is of course possible to compute the true
luminous efficiency, as the ratio of that portion of the area to the

left of the ordinate 0.76,u to the whole area. The reliability of this

0. 6p .6 ~ 7 .8

.78

1~ 0 1 ~ 1 12 18 1.4 1.%

Fig. 8.

result may be roughly checked by computing in a similar way
the water-cell efficiency, and comparing this result with that ob-

tained by the direct method. For this purpose Prof. E, L. Nichols

has kindly allowed me to use some unpublished data on the trans-

mission of the water cell, which show that it is apprpximately o.8S
through the visible spectrum, and then falls to nearly o at r. S p.
The dotted curve is obtained by applying these transmission ratios

to the ordinates of the corrected energy curve from o.76,v. on.
Then the area included under this curve, plus eighty-five per cent.
of the visible energy previously obtained, is taken as the energy
which would get through the water cell.

The results are o. r8 for the luminous and o.4z for the water-

cell efficiency. These are too low, however, because the losses due

to absorption and diHusion in passing through the rock-salt prism

and to reHection at the silvered mirrors, are all greater for the
' AVied. Ann. , 60, 712, 1897.



shorter wave-lengths. The only available data for determining the
rock-salt loss are some observations by Mr. Coblentz on a thin

plate, with surfaces in about the same condition as those of the

prism, as regards lack of polish. These show a diminished trans-

mission of about twelve per cent. from 4. ) p to t p and of nearly

twenty per cent. to o.7p. A detailed correction of the curves on

this basis is hardly warranted. A reasonable estimate, including

the effect of the silvered mirrors, is that the water-cell efficiency as

given above should be increased about ten per cent. , and the lumi-

nous efficiency about fifteen per cent. , which would make the num-

bers forty-six and twenty-one respectively.
This result for the water cell is apparently too large, when com-

pared with the value o.4I given by the curve in Fig. 4; but on

account of the stronger current here used the efficiency would

be increased to a value perhaps even higher than this, according to

the lower curve of Fig. ro. The two results are thus in agreement

as nearly as can be determined. It then follows that 0.20 is a good
approximate value for the luminous efficiency under the working

conditions, which is at least not too large.
It is to be noted that in the curve of observations, Fig. 7, the

maximum at p. 7 ) p has very nearly the form which would be given

by a single line in the spectrum at that wave-length. It is approxi-

mately a triangle, whose base is twice the slit-width. Nearly the

whole energy in this portion of the spectrum thus seems to be con-
centrated in a single line, or at least a narrow band or group of
lines.

In testing the practicability of a suggestion that a carbon bi-

sulphide prism might be used to advantage with this radiation, it

had been found that a layer of carbon bisulphide not more than g

mm. thick, between quartz plates, produced an absorption compar-
able with that of the water cell. This is now explained by the fact
that carbon bisulphide has a strong absorption band at about 4.7 p,
as was found by Mr. Coblentz in the course of an investigation soon

to be published.
This radiation comes from air, which contains traces of mercury,

from the pressure gauge, and of hydrocarbons, from the oil in the

pump and the grease in the joints.



R. DRE' 0'. [VoL. XVII.

THEORE TI CAL.

According to the electron theory in its present form, the ordinary

gas molecule is thought of as an aggregate of particles carrying

electric charges, which must be positive and negative in equal

amount, since the molecule as a whole is electrically neutral. It is

possible to separate from the molecule a minute particle which

carries a negative charge, and thus leave with the remainder of the

molecule an equal positive charge. This negatively charged particle,

or electron, carries a charge equal to that of the hydrogen ion in

electrolysis, as was shown by Townsend. ' From the measured

value .of the ratio of charge to mass, and the magnitude of the

charge, which has recently been determined by J. J. Thomson'

and H. A. Wilson, ' the computed mass of the particle is about

I/7oo as great as that of the hydrogen atom. And this is inde-

pendent of the kind of matter from which it comes.
Whether the remainder of the molecule is an aggregate of similar

small particles is still an open question, so far as the writer is aware;
and it is perhaps immaterial for our present purpose.

We are then to think of the positive column of our vacuum tube,

when the current has been established through it, as occupied by
gas molecu les, a certain small number of which have been dis-

sociated in this way. These dissociated particles will have, beside

their ordinary gas motion, a component motion along the length of
the tube, produced by the electric forces. The positive and negative

charges being equal, the forces will be the same; but the negative

will acquire much greater speed in the same distance, on account of
the smaller mass with which they are associated. Each will, how-

ever, acquire the same energy in moving through the same differ

ence of potential.
This motion will be frequently interrupted by collisions with

neutral molecules which are moving at random. The mean free

path will not differ much from that calculated by the kinetic gas

theory, for the positively charged particles. It may be a little

greater, since their speed will be greater than that of the neutral

molecules, as determined by the temperature, and so they approach
~ Phil. Trans.

& I93) I)3j I900.
~ Phil. Mag. (6), 5, 346, r9o3.
3Phil. Mag. (6), 5) 429~ I903.
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somewhat toward the condition. of particles moving through a field

of similar particles at rest. The negative electrons will have a longer
free path, because of their smaller size; but it probably cannot be
computed directly, since the size here means the diameter of the
sphere of action, and this differs from that considered in the kinetic

theory, in that it depends upon the electric forces chiefly.
The mean energy at collision, in any case, will be that acquired

by the charged particle in moving through its path under the action
of the electric forces. When such a collision occurs, a part of this

energy will be transferred to the molecule struck, where it will in

general produce two effects. The first is an increase in the kinetic

energy of the molecule as a whole, which, considering all such
effects, means a rise in the temperature of the gas. The second is

an effect within the molecule itself, producing relative motion among
its parts. As these parts carry positive and negative charges, and

are probably held together in a coherent system by the electric
forces acting between them, such relative motion will be vibratory
in character, and hence a probable source of electromagnetic radia-

tion. The intensity of such radiation would vary with the energy
of collision, which is greater for the negatively than for the posi-
tively charged particles. J. Stark' has suggested that the negative

electrons, on account of their smaller size, are able to act selectively
on the component parts of the molecule, and so cause much greater
vibratory motion compared to the motion of the whole molecule,
than the positive particles; so that the latter may be left out of
account in considering intensity of radiation. Whether this is true
or not will make little difference in our application of the theory.

It is of course possible that a collision may occur with sufficient

energy to cause dissociation of the molecule struck, thus producing
a new pair of charged particles. Townsend has succeeded in measur-

ing the number of such dissociations produced by a negative elec-
tron in passing through one centimeter of gas, with various pres-
sures and potential gradients. The results applied to the conditions
which obtain in the positive column of a vacuum tube ' show that
the proportion of collisions which produce dissociation is exceedingly
small, so that this feature of the case need not be considered.

~ Die Electrizitat in Gasen, Stark, p. 444.
~ Phil. Mag. (6), I~ 226 I9OI.
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According to this view, radiation from a gas due to an. electric
current through it, differs from that due to high temperature chiefly

in the fact that the source of the radiation, namely the vibratory
motion within the molecule, is caused in the latter case entirely by
collisions between the molecules, while in the former case it is

caused by collisions between molecules and charged particles, which

are for the most part much smaller than molecules, and are moving

at relatively high speeds. In the first case the energy increases

with the temperature, in the second with the potential gradient; the

density of the gas being supposed constant.
Since with high temperature radiation the efficiency, or propor-

tion of high-frequency radiation, increases with the temperature, or
with the energy of the collisions, it seems likely that the efficiency

of the electrical radiation should also increase with the energy of
collision, which is measured by the product of potential gradient
and mean free path. J. Stark' has proposed this view, and applied

0
it to Angstrom's results. It will now be applied to the results

previously described.
Variation neith Pressure. —The energy of collision will vary with

Va, where Vis potential gradient and a is mean free path. If the
temperature of the gas be assumed to remain constant and the

pressure to vary, Viz will vary with V//p.

In Fig. 9 the values of V, and also of V/p, are plotted for the two

tubes. Comparison of the latter with the efficiency curves of Fig.
4 shows that the variation is in the right general direction for each
tube separately. If, however, the efficiency is a function of Va

only, a given change in the value of Va, no matter how produced,
should cause the same change in the corresponding efficiency ratio.
Starting with Vu or Y/p, in the large tube at 3 mm. pressure, its

value may be increased by going to the small tube at the same

pressure, or by reducing the pressure in the large tube; and equal
changes produced in this way are not accompanied by equal changes
in the efficiency ratio. This point will be referred to again, after
some other cases have been considered.

Va~iati on

zenith

Temperature. —Since the tube is in connection
with the much larger volume of gauge and pump, the pressure re-

~ Electrizitat in Gasen, p. 45o.
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mains nearly constant when the temperature rises. The mean free

path will then be determined by the density, and its change may be
calculated from the temperatures. These are unfortunately not
known under the conditions of the experiment; if Wood's results '

60—
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Fig. 9. V, , V., Potential Gradients. Ordinates = volts per cm.
gradients —: pressure. Ordinates = V / p g 2.

4, 5

S, L, potential

for nitrogen may be assumed to hold to the same order of magnitude,
the temperature corresponding to the data of Tables VI. and IX.
may be as high as 45O' absolute. The ratio of the values of Va

would then be 47o/iso 57)/583 = t.o3; and the ratio of efR-

ciencies is.339/. 323 = r.o5. The same change of 3 per cent. in

the value of V/p at this pressure, 2.75 mm. (Fig. 9), corresponds to
a pressure difference which would change the efficiency (Fig. 4) in

the ratio l.o375. The variation is thus in the right direction, and

as nearly the right amount as could be reasonably expected under

the experimental conditions.
Variation ivith Current. —In Fig. I o are plotted the results

obtained when the current is varied at constant pressure (Tables
V. and Ix.). The potential gradient curves show the variation in V

~ %Vied. Ann. , S9 244, zS96.
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simply, since p is constant. a varies with the temperature, as in the
case considered above, but in a less known way; so that calcula-
tions similar to the one given there are of little value. Using the
slopes of the curves at the smallest current, where the temperature
variation is small, results are obtained of about the same order of
accuracy as those for the variation with temperature.

TotaL Radi'ation. —It was mentioned above that the energy trans-
ferred to the molecules during collisions is manifested partly by rise

of temperature of the gas, and

partly as radiation energy.
When constant current is used,
the potential gradient measures

the supply of energy; and com-
parison of Figs. g and 9 readily

E)
shows that the radiation repre-

sents different fractions of the
total energy at different pres-

0
4 ~ sures. Angstrom' obtained an

absolute measure of the radia-

tion energy, and so found the
values of these fractions. For
nitrogen, they vary from 0.02S
at I.6 mm. to 0.07$ at 0.12

22

mm. This variation doubtless

has some effect on the efficiency

ratio.
0.28

E8 If however the pressure be

kept constant and the current

varied, this variation will not
2 4 8 8 10

CURRENT enter, and the total radiation
Fig, 10.

should be proportional to the
product of potential gradient and current strength; or potential
gradient should vary with radiation divided by current strength.
This latter quantity, E/C, is plotted in Fig. ro for the results of
Table V. and bears out this relation approximately, on comparing
with the potential gradient curve just below. Temperature does
not enter here, and so its variation causes no trouble.

Wied. Ann. , 48, S24, x893.



This consideration, when applied to the tota1 radiation per unit

length of the two tubes, at the same pressure and' current, shows
that it should be in the same ratio as the potential gradients, and
hence slightly less for the large tube. The results obtained by the
photometer method, Table VIII. make it a little greater; but the
difference is probably not greater than the experimental error.

Returning now to the consideration of the results shown by Figs.
4 and 9, it is evident that a comparison on the assumption of con-
stant temperature is not legitimate. Heat is developed at nearly
the same rate in the two tubes, and so the temperature must be
much higher in the smaller one. If this be assigned a temperature
200' above the normal, the temperature in the large tube would be
about go' above. And this temperature difference would reduce
the difference in efficiencies by perhaps forty per cent. of the larger.
No conclusions can therefore be drawn as to the application of the

theory to these results unless the temperatures of the gas within

the tubes be measured. This the writer hopes to be able to do in

the near future.

SUMMARY.

The chief' results of the investigation may be briefly summarized

as follows:
r. The theory that the radiation from a vacuum tube is due to

collisions between charged particles and neutral gas molecules, and

that the proportion of high-frequency radiation increases with the

energy of these collisions, is suAicient to account for the observed

facts in all cases where the conditions are well enough known to
warrant its application.

2. The luminous eKciency of vacuum-tube radiation by air at
a pressure of r mm. , under the conditions described, is approxi-
mately o.20.

3. A considerable portion of this radiation is due to a single

line, or narrow group of lines, at wave-length 4.7),v. .
It gives me pleasure, in concluding, to express my thanks to

Professor Nichols, who suggested the investigation, and to Pro-
fessor Merritt and Dr. Shearer, for their helpful suggestions as well

as for the material facilities which they have placed at my disposal.
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I am also greatly indebted to Mr. W. W. Coblentz for the privilege
of using his apparatus, and also various results which he has ob-
tained with it.
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