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VI. The Spectra of Neon, Krypton and Xenon.

By E. C. C. Bavy, Lecturer on Spectroscopy tn Unwversity College, London.

Communicated by Sir WittiaM Ravsay, K.C.B., F.R.S.
Received June 12,—Read June 18, 1903.

Soown after the discovery of the new gases, neon, krypton and xenon, by Sir WirLiam
RamsAy and Dr. TRAVERS, in 1898, measurements were made of the lines of their
emission spectra by means of a large prism spectrograph in University College. In
view of the fact that a large Rowland grating apparatus was at that time in process
of erection, it did not appear worth while to publish this first series of measurements,
as I was in hopes of being able to obtain with the help of the grating far more
accurate results than was possible from measurements of the photographs taken with
the prism apparatus. Since the commencement of this work three series of measure-
ments have been published, one by Runce* of certain lines in the krypton spectra,
and two by Liveineg and DEWAR of the lines in the spectra of the light 1 and heavy |
constituents of atmospheric air respectively. All these measurements contain only
the principal lines and, moreover, extend only a short distance into the ultra-violet
region. Liviing and DEWAR'S measurements also are only given to the nearest
Angstrém unit. The publication of these tables of wave-lengths emphasised still
more strongly in my mind the necessity for making the measurements with as high a
degree of accuracy as possible, for the chief value of tables of such constants beyond
the purpose of simple qualitative work, is to be found in their reliability, especially at
the present time when so much work is being done upon spectral series. It is
difficult to assess the accuracy which may be claimed for the measurements given
below, but, judging from the values obtained for certain lines common to the spectra,
the probable error may be estimated to be less than 4 008 Angstrém unit. The
specimens of the gases used were not spectroscopically puve, the neon contained
traces of helium, while the krypton and xenon contained very small traces of argon ;
the more important spectrum lines of these impurities were generally to be found
upon the photographs and were measured in due course; the wave-lengths found

* ¢ Astrophys. Journ.,” vol. 10, p. 73, 1899.
T ‘Roy. Soc. Proc.,” vol. 67, p. 467, 1900.
I ¢Roy. Soc. Proc.,” vol. 68, p. 389, 1901.
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showed an extremely satisfactory agreement with RUNGE and PAscHEN'S or KAYSER'S
determinations.

In apology for the length of time taken over the work I must urge certain
unavoidable delays, of which the chief ones were due to the long exposures necessary
to obtain the weaker lines and the short lives of the vacuum tubes employed ; as will

‘be explained below, these tubes will not withstand the long continued action of
the electric discharge and therefore they require to be frequently refilled. One of
the greatest delays arose from the fact that at one time the whole supply of xenon
was used up and it became necessary to prepare a further quantity to finish this
work. I take this opportunity of thanking Sir Wirriam Ramsay for his great
“kindness in undertaking this for me.

The Rowland grating has a focal length of 10 feet and is ruled with 14,438 lines to
the inch ; all the measurements were made in the second and third orders, with the
exception of certain lines in the red region which were measured in the first order.
The spectra were photographed upon LUMIERE's plates, the extra rapid and the
A and B isochromatic series being used for the blue, green and red regions respectively.
These plates possess a great advantage over other makes which were tried in that
they give extremely well defined and fine grained images.

In every case the gases were illuminated by the passage of the electric discharge
through them when under reduced pressure, and several forms of vacuum tubes were
employed, in all of which a capillary portion was viewed “ end on” through a quartz
window, which was cemented on with sealing-wax or CHATTERTON'S compound,
neither of which give off any vapour when cold. The most satisfactory results were
obtained by sealing the electrodes into side tubes on account of the peculiar action of
these monatomic gases when subjected, under reduced pressure, to an electric dis-
charge between electrodes. The latter become very hot and, unless special care has
been taken in their manufacture, they rapidly disintegrate ; it is therefore preferable
to have them hanging down in a vertical position to guard against any possibility of
their melting and falling against the glass walls of the vacuum tube. This heating
of the electrodes is very noticeable under ordinary circumstances when such metals as
platinum are used, but in the case of the new gases the effect is much more pro-
nounced, for even stout aluminium wire is readily melted by a moderately strong
discharge. In making the electrodes it has been found necessary to use aluminium
wire of at least No. 12 B'W.G., and to carefully guard against there being any soda
glass sealed to the platinum. As usually made, an electrode possesses a sheath of
‘ordinary glass in order to protect the junction between the platinum and the
aluminium, this sheath being melted on to the platinum close to the aluminium.
This, however, invariably breaks when used for any of the new gases. The best way
to make an electrode is as follows : some very stout aluminium wire is taken and
a small hole drilled in one end into which the platinum wire is fixed. A capillary
tube is made of some blue enamel glass, having a bore just sufficiently large to admit
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the platinum wire ; this capillary tube is then joined to a piece of ordinary glass
tubing which is able to slip easily over the aluminium wire. In this way a covering
is made into which the electrode is placed and then the blue enamel capillary is
melted on to the platinum wire, but this must not be done within half-an-inch of the
platinum aluminium junction. The glass sheathing over the aluminium is cut to
a convenient length and the electrode is finished off’ and sealed into the vacuum tube
in the usual way.

The extraordinary heating of the electrodes forms a source of annoyance in working
with these gases on account of the great quantity of hydrogen evolved from them.
It is well known that in the process of filling a vacuum tube with any of the ordinary
gases a considerable quantity of hydrogen is evolved from the electrodes, which very
often masks the spectrum of the gas to be experimented with. This hydrogen can
readily enough be removed by continued exhaustion while the electric discharge is
‘passing, and, if necessary, by washing the tube out with a small quantity of the gas in
question. When this has been efficiently carried out entire freedom from contamination
by hydrogen is secured under ordinary circumstances. If now into a vacuum tube,
which has been carefully treated in this way, a small amount of one of the new
monatomic gases be introduced, a further great quantity of hydrogen will be given up
by the electrodes, and it is absolutely necessary that this be removed, as otherwise
the spectrum of the new gas will be entirely masked by the hydrogen spectrum-
This hydrogen can only be removed by alternately exhausting and admitting small
quantities of one of the monatomic gases, this being done until the spectrum lines of
hydrogen begin to weaken ; three or four repetitions of this with argon are generally
sufficient, provided that the electrodes are not very stout. The first time a vacuum
tube is filled, naturally the greatest trouble in removing the hydrogen is to be met
with, although similar precautions must be taken whenever a tube is refilled.

A curious effect is to be noticed in the splashing or volatilization of the aluminium
electrodes with these gases. This is common enough with platinum and similar
electrodes and has been termed by Sir WirriaMm CROOKES electrical evaporation ; as
far as I am aware this has not been previously noticed with aluminium electrodes.
It is this phenomenon which shortens the lives of the vacuum tubes containing these
gases, both on account of the disintegration of the electrodes themselves and also on
account of the slow absorption of the gas by the aluminium mirror deposited upon
the walls of the tube immediately surrounding the electrode. This absorption of the
gas when the tube is in continual use necessitates frequent refilling, especially
because these gases must be illuminated under very reduced pressures, as will be
presently explained.

As regards the spectra of the gases, they all consist of bright well-defined lines
similar to those of argon and helium. The most striking is the spectrum of neon,
which consists almost entirely of very bright lines in the orange and red regions; the
colour of the electric discharge through the gas is a magnificent orange. When a
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Leyden jar and a spark gap are placed in the circuit no decided change takes place in
either the appearance or the spectrum of the discharge. Krypton and xenon, on the
other hand, resemble argon in this respect that they both possess two spectra, one
being obtained when the direct discharge is passed and the other when a Leyden jar
and spark gap are placed in the circuit. The jar and spark-gap spectrum, or the
second spectrum as I have called it in the tables below, is very much more complex
than the first spectrum, wherein an analogy is to be found with the two spectra of
argon. When the discharge is passed through krypton without the use of a jar the
spectrum obtained consists of a few lines, by far the most important being the yellow
and green lines and also a group in the blue. As these lines have about the same
visual intensity, the colour of the discharge is rather nondescript and appears to be
different to different observers. The jar and spark discharge, on the other hand,
presents a fine sky-blue colour and its spectrum contains a considerable number of
lines chiefly in the blue. The simple discharge through xenon is not very brilliant
and is bluish in colour, being characterised by a group of blue lines less refrangible
than the group in the first krypton spectrum. The second xenon spectrum is even
more complex than the second krypton spectrum ; it is characterised by certain bright
green lines which determine the colour of the discharge.

The time of exposure necessary for photographing the spectra depended of course
upon the brightness of the discharge; while in the case of the second xenon spectrum
an exposure of two to three hours was sufficient, the lines of the first spectrum were
so weak that an exposure of twenty-four hours was often required. The wave-lengths
of the lines were all determined by interpolation between the lines of the arc spectrum
of iron, and the wave-lengths of the principal lines in this spectrum as determined by
Kavsur were adopted as standards. Many photographs were taken of the two
spectra superposed upon one another, care being taken that they were both correctly
placed in relation to each other. The wave-lengths of as many lines as possible were
determined in this way from several plates, and the mean values of these were
employed as standards in the measurements of several series of photographs taken of
the new spectrum alone. In this way the wave-lengths of the fainter lines were
obtained and also a certain amount of check was applied to the measurements of the
standards themselves. Excepting a few lines in the red region and the fainter lines,
nearly every line was measured in two orders, which ensures a correct relation
between the different regions of the spectrum.

Tt was stated above that the spectra of the new gases are composed of bright and
well defined lines; it will be seen, however, from the tables, that certain lines are
marked as being diffused, which may appear at first sigcht to be rather contradictory.
The explanation is to be found in the fact that the distinctness of the spectrum and
the definition of the lines depend to a great extent upon the pressure of the gas in
the vacuum tube. If this pressure exceeds a certain small amount, the whole
appearance of the spectrum is altered, for it tends to become confused, and at times
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indeed almost continuous. If the pressure is slowly reduced, the lines begin to
appear upon a more or less continuous background, and, gradually increasing in
brightness, they finally become quite sharply defined upon a black background. This
effect is especially noticeable in the spectra of krypton and xenon, and in filling
vacuum tubes with these gases, great care must be taken to reduce the pressure
sufficiently in order to obtain good definition. When a tube has been completely
exhausted according to the method described above, the connection to the exhaust
pump is closed and a quantity of the gas in question, known to be in excess of that
required, is admitted. The electric current is then made to pass through the gas,
and the spectrum is examined through a small spectroscope ; the stop-cock connecting
the vacuum tube to the exhaust pump is then opened and the pressure of the gas
slowly reduced until the spectrum lines appear perfectly sharp, when the tube is
sealed off. ~ All the spectrum lines do not become equally well defined at once, and
the lines given in the tables as diffused are those which still remain somewhat
nebulous at the pressures dealt with ; these outstanding hazy lines, however, if the
pressure is sufficiently reduced, tend to improve in definition, although some of them
only become sharp when the pressure has been so far reduced as to very materially
lessen the illumination. Since the absorption of the gases by the electrodes them-
selves and by the volatilized aluminium appears to be more rapid at low pressures,
the necessarily low initial pressure renders imperative the frequent filling of the tubes,

In the tables given below there is a column containing the wave-lengths which
have already been published by Ruxce for krypton, and by Livring and Dewar for
all the gases. RuNer was unaware of the existence of xenon, and therefore certain
lines belonging to the spectrum of this gas are to be found in his list of krypton
lines. Another column headed  Remarks” includes memoranda concerning the
individual lines, and certain points in connection with these merit some attention.

In the first place, under the second krypton spectrum, there will be found certain
lines which are visible in the second or blue argon spectrum ; it is interesting to note
further that these lines disappear from the spectrum of argon after that gas has been
fractionated by means of liquid air. In view of the discovery of these new gases in
the atmosphere I made a comparison, with a glass prism spectroscope of considerable
dispersion, between the blue spectra of ordinary atmospheric argon and of the same
gas after fractionation by means of liquid air.* Both the spectra were completely
measured, but the list of wave-lengths is not worth publishing in its entirety on
account of the very slightly different values found from those already given by
Kavser and by Eper and VALENTA ; certain lines however were measured which do
not appear in these lists, and they are given in Table I. In Table IL are given the
wave-lengths of the lines which are removed from the spectrum of argon by the
process of fractionation. Three of these lines at \ = 448814, 4199'97 and 4047-38

* I take this opportunity of expressing my thanks to Messrs, W. L. St. J. ALtoN and A. C. CARTER
for their valuable help in this investigation.
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have not been measured before ; the remainder must be deleted from Kavser’s and
Eper and VAresTA’s lists,

Out of the 16 lines in Table 1L, three apparently belong to the second krypton
spectrum, but the origin of the others could not be traced; they undoubtedly are
present in unfractionated argon, and are removed by fractionation. It is curious that
only three of the weakest krypton lines should be visible in the argon spectra ; a
careful search was made for the stronger lines, but no trace of them could be detected.

The first or ved spectra of the two samples of argon were similarly investigated,
but no difference whatever could be found, nor were any new lines observed beyond
those already known.

Tapue I.—Additional Lines Measured in the Blue Spectrum of Argomn.

Wavelength. Intensity, | Wave-length. Intensity.

|

i 453782 3 4 419840 2

; 4510-07 1 | 4169-08 1

444592 1 | 4130-68 1
4440-40 1 ' 412756 1

{ 440506 1 ! 4127-22 1

| 4385-16 2 I 4116-50 3

" 4338-40 1 4031-50 1

| 421750 1

'Tasre IL.-—Lines to be Omitted from the Blue Spectrum of Argon.

Wave-length. Intensity. Wave-length. Intensity.
4488-14 2 4098-33 1
4443-545 1 4089041 1
4408-095 1 4065171 1
4343904 1 404738 1
4229-015 1 4023-730 3
4199-97 1 4017-986 1
4183-106 2 4010052 1
4146-761 1 3960-591 2

1

A further interesting fact in connection with the second spectra of krypton and
xenon, is to be found in the existence of a number of lines of weak intensity common
to the two spectra. Since these lines are equally weak in both spectra, it is impossible
to say whether they in reality belong to krypton or xenon, and I have therefore
credited them to both. On the other hand it may be that they are due to some
common impurity, possibly a still heavier element of the same family ; the evidence
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of the periodic table of elements is against this, but of course such evidence cannot
be considered to be conclusive, and we may perhaps look forward to the discovery
of such an element at a not very distant date. Experiments are at present being
carried out in this direction.

The wave-lengths of these lines are given in Table 111, the values obtained in
both gases being given.

Tasoe 1L —Lines Common to the Second Spectra of Krypton and Xenon.

i
Wave-lengths. 1 Wave-lengths.
Intensity, =~ - o Intensity.
In krypton. In xenon. - In krypton. In xenon.

556245 556246 2 l 284459 284460 3

514325 514324 1 2941-10 2941-10 1

485736 485737 1 2811-81 2811-81 3

394228 3942-29 1 275666 * 275664 1
| 3768-10 . 3768-08 1 273338 ' 273336 4
L 3765-98 376599 4 ‘ 273246 273248 1
| (much weaker 2696-71 269673 4
‘ in krypton) . 269194 2691-92 1
| 375181 3751-80 1 269035 269033 1
; 356438 356440 4 2670-78 2670-80 2
| 342895 342895 1 264880 2648-79 1

3396-72 339672 2 262463 262465 1

3387-26 338726 1 261680 261679 1
‘ 337918 337920 2 258184 2581 -84 1
! 3360-22 3360-20 2 257244 267246 | 2
} 331580 331580 1 3 2513-50 251352 } 1
; 322240 322240 1 ? 2494-10 249411 | 3
| 317578 3175-80 3 | 246856 246854 ! 2
i 3044-93 3044-91 2 ! 242515 242518 i 2
j 296092 296093 2 ; f
| ]
; ] _ i

In addition to the above, there remains what is probably only a chance coincidence
at N = 457736 and X\ = 457740 in the xenon and krypton spectra respectively ;
mention should also be made of the bright lines at A = 833090 and A = 333088 in
the two spectra.

As regards LiveiNg and Dewar’s values for the wave-lengths of these gases, it
will be seen from the tables that therve is in general a complete agreement in the
fourth significant figure between the two sets of measwrements. A great number of
lines which do not appear in LiveiNe and DeEwaRr’s lists have been measured ; this is
only to be expected from the fact that these observers in all probability were not
dealing with perfectly pure gases. The relative intensities of the lines are about the
same in the two series of measurements, but of course the general average of
intensity in LaveiNe and DEwARr'S measurements is the weaker. These observers
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give in their tables of the krypton and xenon spectra a few lines which do not appear
on any of my plates, and which therefore it is probable do not belong to these
spectra. LrveiNe and Dewar’s list of the wave-lengths of the lines in the spectra
of the most volatile constituents of the atmosphere containg 162 lines, which, as far
as I can judge, do not belong to neon. The neon used for this work was undoubtedly
perfectly pure, and as the lines measured both by LiveinG and DEwar and by myselt
are generally very much brighter on my plates, and as further I have observed a
number of lines not observed by Livemwe and Dewar, the only conclusion to be
drawn is that the outstanding lines in the latter case are not due to neon.
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