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THf MIHIMOM fLfCTROir 1lUIRGIiS ASSOCIATED WITH

THE EXCITATION OP THf SPECTRA OP HELIUM.

Synopsig.

In view of the recent developments in the theory of the
possible stationary states of the helium atom, and the hearing
on this theory of recent experimental work on the critical
potential differences for the production of radiation and of
ionisation in helium, it was thought that a spectroscopic in-
vestigation of the excitation of helium under different
potential differences might he fruitful.

An investigation of the minimum potential differences
required for the stimulation of the different lines of
the ordinary helium line spectrum, and also of the enhanced
lineSj and the helium hand spectrum, was therefore made under
various conditions of gas pressure and intensity of bombarding
electron stream. In particular the possibility of exciting
lines in the visible region of the spectrum, without the oc-
currence of ionisation, was examined. The conditionsfor the
appearance of the band spectrum and for its maintenance, were
investigated with special reference to the recent suggestion
of Pranck and Snipping that it originates from Heg molecules
which are produced by the combination of pairs of abnormal
helium atoms resulting from 20%4 volts electron impacts with

normal helium.
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The experimental results which have "been obtained are
as follows:-

1. (a) There are no genuine differences in the minimum
voltages required for the excitation of different individual
line# In the ordinary series spectrum of helium.

The minimum voltages at which these lines were ever
excited (as distinct from maintained) was 20*4 volts”and this
only with a high gas pressure and a dense "bombarding electron
stream. In a large number of observations the lines were not
excited until 25*2 volts (i.e. the ionisation voltage) was
reached.

Under very special conditions the series lines were
maintained at potential differences as low as 13 - 14 volts.
There seems, moreover, to be no reason for supposing that
they cannot be maintained below this wvalue.

The minimum voltage for the excitation of X 4686, a prom-
inent line of the enhanced system of helium, has three different
well defined values under different experimental conditions.
Two of these values, 80 volts, and 54*2 volts” correspond
respectively to the voltages required theoretically (and con-
firmed ex”erimentally) for the removal from the helium atom
of both electrons simultaneously”and for their reswval by two
separate electron iagpacts. The third value, 50*8 volts,
corresponds to the energy required by Bohr*s theory for the
removal of the remaining electron in an already ionised helium

atom to orbit 4, the line X 4686 being, on the same theory, the



III.

(b)

(c)

3
radiation which is emitted when the second electron in such
an atom falls from orbit 4 to orbit 3.

(a) The band spectrum of helium is not always present when
the ordinary series spectrum is excited though the minimum
voltage at which the band spectrum was ever excited was the
same as the ccrreeponding minimum for the ordinary series
spectrum.

The band spectrum was never observed in the absence
of the ordinary series lines, but when these were maintained
at voltages below 20.4 volts the band spectrum could be main-
tained below this wvalue also,

The band spectrum became more intense relatively to the
ordinary line spectrum as the pressure was increased” and at
the Same time the lowest voltage at which it could be seen was

reduced.

The results given under I lead to the conclusion that
the occurrence of ionisation is essential for the production
of the ordinary line series spectrum of helium. This con-
clusion is difficult to reconcile with some of the recent
conclusions of Franck and Snipping, but it is In complete
agreement with the results of the work of Mclennan and
Xreton, and of Foote and Meggers on certain metallic vapours.

In contrast with this the results given under II lead
to the conclusion that in the case of the helium positive ion,
further ionisation is not essential for the production of the

enhanced lines of helium. The results of the investigation
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of the conditions for the excitation of the enhanced line
X 4686 are in accord with Bohr's general theory of radiation.
The results given under III lead to the conclusion
that the hand spectrum originates from some systm whose
production depends upon the presence of abnormal helium
atoms, and they therefore support the view that it origin ~
ates from Hs” molscuies. The results of the present research
alone afford no particular reason for concluding that the
abnormal atoms concerned are those resulting from 20 *4 volts
electron impacts, but considered in conjunction with the re-
sults of a recent investigation by Horton and '"Davies, they

lend strong support to this suggestion.



IMTRODUCTIOIT.

In addition to the two well known serial systems of
helium, discovered by Rungs and Pasohen,” viz, the helium and
the parheilum series, the spectrum of this gas includes the
lines known as the enhanced lines and the many lined or band
spectrum. It was at one time held by Stark” and others that
the parhelium or single line series originated from helium
atoms which had lost two electrons, while the helium or doublet
series arose from helium atoms which had lost only one electron.
The investigations of Rad” first, and later those of Richard-
son and Baszonl,* of Horton and Bailey,® and of Compton and
Lilly,” on the minimum velocities with which bombarding elec-
trons can stimulate helium atoms to the emission of lines of

these series, showed however, that there is very little, if any.

1. Rungs and Pasohen. Bsjyl. Ber. 639 (1895)

2. Stark, Fischer and Kirschbaum, Ann. der Phys. XI. 3.
p-449 (1913)

3. H. Rah, Wurzburg Phys.Med.ges.Ber.Peb.1914.

4. O.W.Richardson and C.B.Bazzoni, Mature XCVIII p.5 (1917)

5. P. Horton and B. Bailey. Brit,Ass. Report p.153 (1919)

6. K.T. Compton and P.O. Lilly. Astro. Phys. Journal

July (1920)
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genuine difference in the velocitiee required to excite any
of the lines of these different series such as would he an-
ticipated if Stark's view were correct. The lines of both
the helium and the parhelium series are now attributed to the
transitions of one of the electrons in the uncharged helium
atom, while the transition of the remaining electron in a
positively charged hhlium atom are taken to be those which
give rise to the lines of the enhanced system.

It has recently been suggested by Lens7 and by Sommer-
feld”® that the band spectrum of helium, which is intermediate
in character to the hydrogen secondary spectrum and ordinary
band spectra, is not due to the helium atom, but to helium
molecules which have a transitory existence under the con-
ditions in which this spectrum has been observed. Both Lens
and Sommerfeld suggest that this molecule is Heg. Such a
supposition is not in contradiction to the chemical evidence
regarding the inert character of helium, because electrical
excitation is postulated as a preliminary condition for the
formation of the molecules. Moreover, evidence of the ex-
istence of diatomic helium has been obtained in the positive

ray experiments of Sir J. J.Thomson»”

7. W. Lens. 'Beutsoh. Phys. Ges. Verh*., 21 p.632 (1919)
8. A. Sommerfeld. Atombau und Spektrallinlen p.563
9. Sir J.J.Thomson. Rays of Positive flectricity.

(1921)
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None of the ordinary helium and parhelium series are
concerned with transitions involving a return of the displaced
electron to the orbit normally occupied by it, for the fre-
quencies of the radiations corresponding to such transitions
will all lie in the extreme ultra violet region of the spectrum.
This follows from the fact that the results of investigations
on the production of radiation and of ionisation by electron
impacts in helimn have shown that the minimum radiation poten-
tial difference is 20.4 volts and the minimum ionisation
potential difference is 25*2 volts. According to Bohr's
theory, when the radiation potential difference is reached,
electrons are moved from the orbits within the atoms normally
occupied by them, to the next outer stationary orbits, so the
frequency of the radiation emitted when tW electrons return
to their normal orbits after this displacement”must be the
smallest frequency corresponding to the return of an electron
to the normal orbit. The voltages which correspond to the
limiting frequencies of the helium and the parhelium principal
series are 4*78 volts and 3*98 volts respectively. The limit-
ing frequency of a series is that frequency which corresponds
to the return of an electron from right outside the atom to
the orbit characteristic of the series, so that it is connected
by the quantum relation with the potential difference required
to remove an electron from that orbit to infinity. The voltage
corresponding to the limit of the helium principal series,

4*78 volts, is in good agreement with the difference between



the observed ionisation and radiation potential differences
i.e. (25.2 volts - 20*4 volts4d 4*8 volts, and this latter
must be the potential differ'!'nee required for an electron in
a helium atom to be removed from the orbit to which it is
lifted at the radiation voltage, to infinity. It is therefore
reasonable to associate the helium principal series with the
orbit to which an electron in a helium atom is removed by
collision with an electron having 20*4 volts energy.

By taking into account the mutual disturbance of the
electron orbits. Lands was able to woik out the general
sequence of the lines of the two serial systems of helium,
and he attributed the existence of two independent serial
systems to the existence of two Independent sets of outer or-
bits. According to Lands one of these sets of outer orbits
is coplanar with the orbit of the undisturbed electron,while
the plane of the second set of orbits is at an angle with the
plane. These are known as the ecoplanar* and the ecrossed*
systems of orbits respectively, and it is the doublet or helium
series of lines which correspond to the coplanar system, and
the single line or parhelium series which correspond to this
crossed system. Since the helium principal series originates
from the orbit to which an electron is displaced at 20.4 volts,

this orbit must belong to the coplanar system and it ml«?ht be

10. A Lande, Phys. Beits. XX p.228 (1919)



expected that another radiation potential difference would
exist, at which an electron from a normal atom would he removed
to that orbit of the crossed system from which the parhelium
principal series originates. The difference between the two
radiation potential differences would be expected to be equal
to the difference between the voltages corresponding to the
limits of the two principal series, i.e. (4.78 - 3.98 ~ )

0.8 volt. A second radiation voltage, differing by this in-
terval from 20.4 volts was found by Franck and Snipping

and the existence of two critical radiation voltages has been
confirmed by Horton and pavies.I2 in & later paper, Franck
and Knipping”® describe experiments from which they conclude
that though inelastic collisions occur when electrons with 20*4.
A volts energy collide with helium atoms, such collisions

are not followed by an emission of radiation unless there is
impurity present in the helium. Franck and Knipping's experi-
ments confirm Franck and Reiche's suggestion”” that the abnor-
mal coplanar helium atoms produced by such collisions are
emetastable* and that they can only revert to the normal state
by first undergoing ionisation, ot in the presence of strong
momentary disturbing fields such as those which would be gener-

ated by the formation of short-lived chemical combinations

11. J. Franck andP. Snipping, Phys. Zeits. XX p.481 (1919)
12. F. Horton andA.C. Davies, Phil. Mag. November (1921)
13. J. Franck andP. Xnipping. Zeits.f. Phys, i p 320 (1920)*

14. J. Franck and 0. Reiche, Zeits. f£. Phys. i p 54 (1920)
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between the metaetable helium atoms and Imparity atome. This
euggeetlon of Franck and Reiche* e follcwe from the hypothesia
put forward by them” that the normal state of the helium atom
corresponds to the unit quantum sharp series state of the
crossed orbit system. In the metastable state helium atoms
bear some resemblance to hydrogen atoms because, to a first
approximation, the nucleus and inner electron can be reirardod
as a singly charged nucleus alone, with respect to the outer
electron. In this state, therefore, the atoms would, 1like
hydrogen ato”s, be capable of combining chemically with other
atoms and also of forming HOg molecules. In the absence of
impurities the coplanar atoms resulting from the 20*4 volts
electron collisions may either form Rwg molecules or remain
in the abnormal state. According to Franck and Knipplng, the
forces generated by the formation of molecules are not
sufficiently strong to enable the displaced electrons to re-
turn to their normal orbits, and hence, on their view, no
radiation is obtained at 20*4 volts unless impurity is present.

The work of Pasohen”® who records the discovery that
the line X 10830 is a resonance line, while no such statement
is recorded of the corresponding line /L 20682 is quoted by
Franck and Knipping in support of their wview. The lines

A 10630 and X 20382 are the first lines of the helium and

parhelium principal series respectively, and they therefore

15. F. PasChen. Ann. der Phys. XXV p.625. (1914)
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originate from the orbits to which the outer electron of the
helium atom is displaced by collision with an electron having
20*4 volts and 21#*2 volts energy respectively, and the fact
that the line corresponding to the 20*4 volts orbit is a
resonance llne” is taken by Franck and Knipping as establishing
the metastable character of this orbit.

In a recent investigation of the extreme ultra violet
spectrum of helium, lyman and Pricks”® have detected a line
at X 585. This is the only line in this region which they
definitely attribute to helium, and its frequency is connected
by the quantum relation with the voltage 21.2.

The conclusions drawn by Franck and Knipping from the
carves given in their paper are criticised in a recent paper
by Horton and Davies,who found that even in pare helium
some radiation was obtained at 20*4 volte, though a much more
intense supply was obtained at 21*2 volLS. Moreover it was
shown by these writers that the radiation produced as the re-
sult of 21.2 volts electron collisions”caused ionisation of
something resulting from the 20*4 volts collisions, presumably
abnormal atoms or Heg molecules. It was not possible in the
apparatus used for the Investigation of ionisation and of
radiation, by Horton and Davies, to obtain any conclusive
evidence as to the production of HOg molecules and it was

thought that some light might be thrown on the subject by a

16. H. Fricks and T. Lyman, Phil. Mag. XLI p.$14. (1921)
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careful study of the spectroscopic changes which might take
place at the different critical voltages.

In addition to the critical voltages already mentioned,
it has been shown loth by Franck and Knippingf and hy Horton
and Davieséy that farther ionisation of helium takes place
at about 80 volts, the exact values given hy these Investi-
gators being 79*5 volts and 80 volts respectively. This in”*-
creased production of ionisation is attributed to the removal
simultaneously of both electrons from the helium atom. Horton
and Davies have further shown that when an intense bombarding
electron stream is employed there is an increased production
of ionisation at 55 volts,due to the removal of the second
electron from helium atoms which have already been ionised
by previous electron collisions. This value is in fair agree-
ment with the value 54*16 volts calculated from Bohr's theory
as the energy required to ionise a positively charf”ed helium
atom. It would therefore be ejected that under suitable con-
ditions the enhanced lines of helioa could be caused to make
their appearance at these critical voltages. The frequencies
of these lines are given by the relation p = 4M ( ~ A

derived by Bohr” where v denotes the frequency, W is Bydberg's

constant, and n and m are integers. The bust known of the
enhanced lines is X,4686, the first line of the Fowler series
given in Bohr's notation by =4M ( ? ~ A ) where

17. ?. Horton and A.C. Davies, Bril. Mag. XXXIX p.592. (1920)
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m may have any value from 4 to ~ . In 1914, in an investi-
gation of the electron energies required for the excitation
of the helium spectrum, Kan obtained evidence that the line
X 4686 was produced at 80 volts but not at 75 volts. 1In a
paper published while the present investigation was in pro-
gress, Compton, Lilly, and Olmstead”” record the observation
of this line as low as 55 volts, but never below this value
and they found that its intensity was much increased above 80
volts.

As the freqaen€QT of the line X4686 is given by the
equation z=4 N ( ~ ) it is the line emitted when the
second electron in an ionised helium atom falls from orbit 4
back to orbit 3, so that when the second electron in an already
ionised helium atom is removed from its normal orbit to orbit
4, the atom will be in a condition to emit this line. The
energy required to remove the second electron in such an atom
to orbit 4 is given by hp , where p= éM ( ~ ), and h
denotes Planck's constant. Therefore an electron would have
to acquire the energy corresponding to a potential difference
V, given by h. 4 ¥ ( A JF j/»,or 50*8 volts, in order
to be able to excite X 4686 by collision with a positively
charged helium atom. The detection of the line X 4686 down to
50.8 volts as a lower limit would serve to establish that the

complete removal of the second electron from a helium atom is

18. K.T. Compton, t.G.Lilly, P.S. Olrastead, Phys. Rev.XVI
P 282 (1920)
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not necessary for the stimulation of this line, and that it
can he excited hy the displacement only,of the electron.

The investigation of this point appears to the writer
to he of some importance in view of the apparently contra-
dictory evidence in existence as to the possibility of ex-
citing a spectrum intermediate to the single-lined spectrum
and the complete lined spectrum. The direct evidence on this
point has shown that, in general, the single-lined, spectrum
is produced at the minimum radiation potential difference,
and the complete lined spectrum when the ionisation potential
difference is reached. In certain circumstances arcs have been
obtained at voltages below the ionisation value,;'9 and in
these cases, the complete lined spectrum was produced. In the
oases of zinc and cadmium,a second line has been observed at
certain voltages intermediate to the respective minimum
radiation and ionisation potential differences. The second
line to appear was,in each of these eases, the first line of
a series having the same limiting frequency as the series
whose first term corresponded to the minimum radiation vol-
tage, i.e. the first line of a series having the same limiting
frequency as the series to which the single-lined spectrum be-

longed. These lines were observed by MclLennan and Ireton”

19. T.C.Hebb, Phys. Rev. IX p 371 (1917) and others.

20. J.C. McLennan and H.J.C.Ireton, Phil.Mag.XXXVI p.460
(1918)
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who were led to the conclusion that mercury showed the same
effect, though the second line was not actually observed in
this case. In each of these instances, indirect evidence ob-
tained from bends in the current-potential difference curves
indicated the existence of two critical radiation potential
differences connected by the quantum relation with the fre-
quencies of the two lines observed before the complete lined
spectrum appeared. In none of these instances were any of the
higher lines of the two series, whose first lines correspond
to the two radiation voltages, observed until the complete
line spectrum was obtained.

Special attempts to detect the presence of higher terms
of the series whose first and last frequencies correspond to the
radiation and ionisation voltages respectively, before the com-
plete lined spectnum appeared, were made by Foote and Meggers
in the case of caesium vapour. This vapour was selected for
the reason that all the terms of this particular series lie
in that part of the spectrum which can be readily photographed.
Their experiments showed however no evidence of group or single
series spectra between the single-lined spectrum and the oon-
Plete lined spectrum.

Indirect evidence that different lines do make their
appearance at different voltages intermediate to that required
for the production of the single-lined spectrum and that re-

quired for the complete lined spectrum, is however provided

21. P.D. Foote and W.P.Meggers. Phil.Mag.XL.p.80 (1920)
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by the recent work of Franck and Knipping”® on helium, and
of Franck and Fineporn”” on mercury vapour. These investi-
gators obtained a series of discontinuities in their current-
potential difference curves at voltages intermediate to the
ainimum radiation and minimum ionisation wvalues. In the case
of helium, Franck and Knipping claim that their discontinu-
ities correspond to the potential differences required to
excite the successive lines of the series whose first term
corresponds to 21.2 volts, and whose last term corresponds
to the ionisation voltage, because by adding to 21* 2 volts
the potential differences corresponding to the successive
terms of the parhelium principal series, i.e. the series origin-
ating from the 21*2 volts orbit, good agreement is obtained
between the calculated“values of the potential differences
corresponding to the excitation of successive lines of this
ultra-violet series,and their observed discontinuities. Ho
discontinuities were obtained in Franck and Knipping's curves
at the voltages obtained by adding to 80*4 volts the potential
differences corresponding to the successive lines of the helium
principal series, i.e. the series originating from the 20.4 volte
orbit, and the absence of these discontinuities affords, accor-
ding to Franck and Knipping, confirmation of their view as to
the meitastable character of the 20*4 volts orbit because their

view involves that only lines in the infra-red, visible,and

2.\ J.Franck and F. ffinspom, Zeits.f.Phys. ii.p.18 (1920)
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long-waved ultra-violet,would be obtainable from displace-
ments to orbits of the same system as the 20*4 volts orbit.
These radiations, with the possible exception offiigher mem-
bers of the series, would not give a photoelectric effect,
and hence could not cause discontinuities in the current-
potential difference curve. Franck and Knipping's curves
therefore show only the discontinuities which would be expect-
ed if Franck and Reiche's suggestions were correct. It has,
however, been shown in a recent theoretical paper by Kemblefv
that Franck and Reiche's identification of the normal state
of the helium atom with the unit quantum sharp series orbit
of the crossed system,does not lead to quite the same value
for the ionisation potential difference as that which has
been determined directly, and that it also is not in accor-
dance with the recent observations of Lyman and Fricke on the
extreme ultra-violet spectrum of helium. According to Kemble,
the identification of the normal state with this particular
orbit should lead to a line at X 568 as the brightest line in
the ultra-violet region of the helium spectrum and not to

X 585, the line recorded by these observers.K
In the case of mercury vapour some of the voltages at
which discontinuities occur in the curves of Franck and

<ve

g ‘'YA-cLLe H* {A0% iwrCfe U./-X. C-tir a-Ucnr4ar - n crtAir
iyrCli Ca_u_* a lyj CLiA Vrcoil-en. A <iotjrcUaf &T

AjlJtLe.tL4 iXMyCX cyynryjx sBAi-ACo-jyJL. TU. oj CArv-v-eo/uTy 6>

C-*rwLvr-o,* ~ F'Ue-ke XjL.tTc.FLévy AXvui U ' ASPS' 21'3 t.yXtA') A Mo<yy urtrr ¢
ushy-0JjuniA BryryA 'Vn.cl'v-o w Se =0 th Ot (U rX rir to ] U A fuAlunr

83.  f£.0.Kemt)le. Phil. Mag, XIII.p.183. (1921)
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flnsporn have been identified with specified lines in the mer-
cury spectrum but not all of them® These results of Franck
and Knipping, and of Franck and finsporn, appear to be in
direct opposition to the results of Tate and Foote ,h Mohier,
Foote and Meggers”® etc., who have shown in the case of so
many of the metallic vapours,that only two types of inelastic '
collision occur (there are, however, three types, in the case of
mercury zinc and cadmium). The partial current method, employ-
ed by these investigators, for determining resonance potential
differences depends largely upon the possibility of obtaining
discontinuities at multiples of the minimum potential differ-
ence for inelastic collision, and it is difficult to reconcile
the occurrence of these discontinuities at multiple points
with the existence of a series of voltages at which new types
of inelastic collisions occur.

As the lines corresponding to Franck and Knipping*s
discontinuities in helium all lie in the extreme ultra-violet
region of the spectrum, the appearance of these lines one by
one as the voltage is Increased can only be tested spectro-
scopically with a vacuum grating spectroscope, and* in the
absence of such am instrument, the question as to whether it

is possible to excite certain lines (other than the single

24. J. Tate and W.F. Meggers, Phil. Hag. XXXVI p.64 (1918)

25. F.L.Mohler, P.D. Foote and W.F. Meggers. Bur. Stan,
pP-734. (1920)
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line) without exciting all the lines of the helium and par-
helium series, can only he investigated hy determining whether
any genuine difference exists in the voltages required for the
excitation of different lines. Ran records no such genuine
difference and gives 24*5 volts as the minimum voltage at which
he ever observed helium lines. Richardson and Baszoni4 on

the other hand, came to the conclusion that a genuine differ-
ence of about 0.5 volt existed in the energies required for

the excitation of A,4472 and 6876, the latter line appearing
at the lower voltage. A difference of 0.25 volt between the
appearance of A 4713 and A 5876 is also recorded by them,

A 5876 being again observed before the other line. The lines

A 4472 and A 4922 are recorded as appearing and disappearing
together. The lowest voltage at which Richardson and Bazzoni
ever observed the helium spectrum was 22*5 volts, this wvalue
being subject to a correction of not more than T 1 volt for

the velocity of emission of electrons etc. Horton and Bailey,®
and Compton and Lilly,® agree in concluding that no genuine
difference exists in the energies required for the excitation
of different lines of the same series or corresponding lines

of different series, such slight differences as may have been
observed being attributed to differences in the intensities of
the different lines.

Table I gives the minimum voltages at which certain lines

of the helium spectrum might be expected to jappear if direct

transitions from the normal orbit to the orbit from which
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the electron has to fall to give rise to the particular line
in question, were possible in each case. It is assumed that
the helium principal series arises from the orbit to which an
electron is removed at 20*4 volts, and that the parhelium
principal series arises from the orbit to which an electron
is removed at 21* 2 volts. These numbers, therefore, form
the basis for the calculation of the voltages given in the
Table. It will be seen that the voltages in the Table are
given to 2 places of decimals though the numbers which serve
as the basis for their calculation are only given to one place
of decimals. It is not claimed that the numbers are correct
to the degree given in the Table but since any error which
occurs is the same throughout, the figures are given to the
second decimal place in order to show small differences. The
lines are given in the order in which they might be expected
to appear on the assumption made above. The letters s,p,d,
are used in designating terms of the sharp, principal” and
diffuse series of helium, and the letters S,P,D, for the

corresponding series of parhelium.



Wave length.

7066
7282
3889
5876
6678
5016
4713
5048
3188
4472
4922
3965
4436
4026
4388
4121
4169
4144

4024

TABLEf I.

Series.
2,p m,s
2,P m,S
Tex m,p
2,p m,d.
2,P m,D
1,3 ro,P
2,p m,s
2,P »,8
l.s »»P
2,p m,d
2,B m,D
1,s m,P
2.P m,8
2,P m,d
2,P m,D
2,P
2,pP m,S
2,P m,D
2,P m,S

21

fxciting Voltages,

23* 29
23,48
23*58
23*64
23*65
23,66
24*16
24*25
24*23
24*30
24*31
24*32
24*59
24*61
24*62
24*64
24*77
M"78

24*87
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Table II gives the corresponding voltages in the case
of some of the lines” on the assumption that direct displace-
ment from the normal orbit can only take place to principal
series orbits, as is.suggested by the discontinuities in Franck
and Snipping*s curves, but that there is no limitation of the
possible transitions as the displaced electron returns to the

normal orbit.

Tm? II.
Wave length. Series. fxciting Voltage.
3869 l,s - m,p 83.58
7066 2,p - iae n
5016 1,8 - m,P 83.66
6678 S,P - mT) *
7282 2,P - m,S #
3188 1,6 " m,p 84.28
6876 2,p -m,d «
4713 2,p - B1,S 9
3965 1,8 - m,P 24 .32
4922 2,P - mT £
5048 2,p - fi,6 «

4472 2,p - m,d 24%60

wl
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All the other lines would require still higher voltages
for their excitation.

According to Table I a difference of 0.66 volt should
exist between the voltages at which X 5876 and X 4472 appear.
This is a little higher than the difference recorded by Richard*
son and Basson!* The difference in the case of X 3876 and

A 4713 should, according to the sane table be 0.52 volt” which is
double the difference recorded by Richardson and Bazsoni.
Table II on the other hand, which is based cn an assan”)tion
for which there appears to be more justification, gives dif-
ferences which are smaller than those recorded by these obser-
vers. It is interesting to note that the second table pre-
dicts tlist the yellow line 1 6876 should not appear until
0.62 volt after the brightest green line X5016, a difference
which should readily be detected in practice because of the
approximately equal visibility of these two lines.

The difficulty of predicting accurately the voltages
at which the lines of the enhanced system of helium might be
expected to appear if the complete removal of the second
electron from the atom is not necessary, clearly does not
arise since It has been established that Bohr’s theory is
applicable to the system which gives rise to these lines.

As has already been stated,the minimum voltage for the ex-
citation of X 4686 without the complete removal of the second
electron from the atom is 50.8 volts, a value clearly dis-
tinguishable from the ionising voltage 54»16. More definite

evidence regarding the possibility of exciting a spectrum
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intermediate to the single-lined epestrum and the complete
lined spectrum may therefore be expected in the case of this
line, than from any of tne lines of the ordinary helium and

parhellum series.

The following experiments were made to determine the
minimum voltages at which lines of the ordinary serial systems,
lines of the enhanced system, and. lines of the band spectrum
of helium,could be obtained under different conditions of gas
pressure and electron current density, and to investigate also
the changes in the spectrum at different electron energies,
and the order of disappearance of the various lines under these
different conditions, with & view to) determining whether the
association of the helium band spectrum with the Hsg molecule
can be reconciled with the recent suggestions as to the pro-
duction of the helium molecule, and also with a view to test-
ing the possibility of the excitation of lines in the spectrum,

other than the single line,without ionisation occurring.
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'DFSCBt1PiIOR 0? APPARATUS FTC.

Two forme of aoparatUB were used to Investigate the
excitation of the helium spectrum, one being designed vainly
with a view to detecting differences in the voltages required
for the stimulation of different lines, and the other with a
view to/obtaining of low voltage arcs. Several modifications
of each form were used during the course of the experiments”
as it was found necessary on esver&l occasions to renew the
filaments which supplied the bombarding electrons.

One of these two forms ie shown in Fig 1. It was a three
electrode apparatus of total length about 3 am. and * was
arranged vertically between the pole pieces K and S. of an
electromagnet which served to concentrate the luminosity into
a bright column.” The bombarding electrons were obtained from
an incandescent lime-coated platinum filament. Two such fila-
ments were arranged horizontally side by side as shown in Fig.
1 which represents a section of the appmratus at right angles
to the filaments. The middle of each filament was 2 mm.above
a circular gauge-covered hole H In the centre of e platinum
disc which almost filled the cross section of the discharge
chamber. This disc formed the top of a cylinder 0 of fine
platinum gause about 15 mm. long./ The third electrode A was
a circular platinum plate about 1 cm. in diameter which was
fixed horizontally with its centre vertically below the centre

of the hole H as Indicated in the Figure. By maintaining 0
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and A at the same potential”and controlling the energy of the
bombarding electrons by means of a potential difference ap-
plied between F and G, it was arranged so that these electrons
suffered no change of velocity throughout the space viewed by
the spectroscope except that resulting from collisions with
helium atgms. The apparatus was arranged sc that the lengths
of the filaments were at right angles to the plane of the slit
of the spectroscope. In this way the maximum concentration
of luminosity was obtained in line with the axis of the colli-
mator of the speotroseope. This arrangement was adopted with
all the fonns of apparatus used.

In one of the modifications of the form of apparatus
already described, the anode A was dispensed with. The gauze
cylinder G was, however, closed at the bottom as well as at
the top with a platinum disc with a gauze-cowered hole, this
hole being vertically beneath tho other. Two parallel fila-
ments were used”one 2 mm, above the upper diso”and the other
2 flan, below the lower disc, the middle of each filament being
in the aame vertical line as the holes. The two filaments
ware heated aimultanaously by independent insulated heating
circuits and their two negative ends were connected together
and to the negative end of an insulated battery” whose positive
terminal was connected to the electrode G. The maximum velocity
with which electrons could enter the space bounded by the gauze
cylinder, for any given yalue of the applied potential differ-
ence, was thus the same from whichever filament the electrons

originated. It was thought that this particular arrangement
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might have special advantages in the investigation of the
minimum voltage for which the line X 4686 could he produced
from atoms which had already been ionised by previous collisions
because the supply of bombarding electrons from two directions
simultaneously might facilitate the occurrence of collisions
between electrons and ionised helium atoms. In practice, how-
ever, the simultaneous use of both filaments was of no advantage
and the forms of apparatus finally adopted was that shown in Fig
1.

In the other form of apparatus, designed primarily for
the investigation of low voltage arcs, filaments of fine tung-
sten wire were employed to supply the bombarding electrons.

The apparatus was fitted with three filaments so as to avoid
delay when one of them burned through. Fig.2 shows the arrange-
ment of the electrodes in the modification of this form of ap-
paratus which was eventually found to be most suitable, the
section being in a plane at right angles to the lengths of the
filaments, which were all parallel to one another. The three
filaments F*, #md and Fg, were sealed as shown into a spheri-
cal glass bulb of about 3.5 cm.radius. The anode A was a holloi
platinum sphere about 1 amn. in diameter, rigidly attached by

a stout platinum wire B to the soft iron piece C. The wire L

was connected with the sphere by means of a strip of platinum
foil about 2 mm. wide. The soft iron piece 0 fitted loosely
into the side tube B of the enclosing glass bulb and by means

of Hi electromagnet it could be moved to different parts of

this tube” thereby enabling the distance of the anode from the
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filaments to be varied over a range of about 2 cn. A limit
to the forward motion of the anode was provided by a constric-
tion R in the tube B, which juet prevented it from touching
the filament
The helium used in these experiments was freed from hydro-

gen by means of oxide coated copper spirals which were electri-
cally heated in it to about 500® C for a fortnight. Buring
this time a slight excess of electrolytic oxygen was maintained
in the helium and the copper spirals were replaced when they
burned through. The excess of oxygen, together with any other
impurities, was removed from the helium by allowing it to stand
for several hours over charcoal cooled in liquid air“before
admitting it to the storage bulb. From this bulb it was al-
lowed to enter the apparatus from time to time by opening a
stopcock. The helium passed from the storage bulb down a
fine capillary tube, entering the apparatus through a TJ-tube
containing carbon cooled in liquid air. The two forms of ap-
paratus were connected independently by side tubes to the car-
bon purifying tube through which the helium entered”and an-
nother tube from the arcing apparatus led through & stopcock
to the pumps and pressure gauge and to a long vertical tube,
about 3 amn. In diameter, containing mercury. By varying the
level of the mercury in this tube the pressure of helium in
the apparatus could be varied.

All the platinum electrodes used were boiled for several
days in strong nitric acid before being sealed into the appar-

atus,mud Before beginning the experiments, the apparatus was
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pumped out by means of a mercury vapour pump, and the residu-

al gas was removed as congpletely as possible from the electro-
des. and the glass by prolonged heating and pumping. Mercury
vapour from the pump and pressure gauge was prevented from
passing over into the apparatus by a U-tube immersed in liquid
air, on the far side of the stopcock which served to cut off
the apparatus from the pumps etc* when this was desired.

A Hilger wave length spectrometer vas employed for the examin-
ation of the spectrum and voltages were read on a high resis-
tance voltmet%er which was connected directly to the negative
end of the filament and to the anode throughout the observa-
tions. The first appearance of the different lines, as the
energy of the electrons was gradually increased, was investi-
gated both visually and photographically. In order to inves-
tigate any connection that might exist between discontinuities
in the current-potential difference curves and the appearance
of a new line or group of lines in the spectrum, the currents
between the electrodes were measured at the same time as the
visual observations of the spectrum of the luminosity were
made.

For the photographic investigation of the green,blue, or
violet regions of the spectrum, Wellington Speedy plates were
used, but when it was desired to include the red end of the
spectrum in the investigation, Wratten Panchromatic plates
were employed. For the investigations of A 4666 Wellington

Speedy plates were used, as these were found to give satis-

factory results for considerably shorter exposures than the
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Panchromatic plates.

The F.M.P. in the circuit was supplied by a 110 volts
storage battery, the potential difference across the discharge
and the current through it being regulated by means of series
and parallel resistances. The currents between the electrodes
were read on a Weston railliammeter provided with shunts, which
was placed in series with the discharge tube. A small fuse
made of a strip of tin-foil was used in series with the dis-
Charge tube to prevent too large currents from passing. 1In
investigating the minimum voltages at which the helium series
lines could be stimulated, a potentiometer arrangement” by
means of which the potential difference across the discharge
tube could be varied in steps of one tenth of a volt* was em-
ployed, and no resistance was used in parallel with the dis-
charge tubes.

The potential differences read on the voltmeter were all
subject to a correction to allow for the velocity of emission
of electrons from the filament, etc. This correction was
estimated in each case from the position of the ionisation
bend in the current-potential difference curves, and it has
been taken into consideration in the curves given and in the
critical values stated.

During all the observations the carbon tube through
which the helium was admitted to the apparatus was immersed in
liquid air. In spite, however, of this and of all the other
precautions taken to secure the parity of the helium used in

these experiments, the presence of certain spectrum lines, other
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than those belonging to helium, was detected on some occasions.
Of these lines the hydrogen line H*was the most persistent.
This line was nearly always observed when the band lines were
present, and in intense arcs, H. and H could sometimes be
detected as well as This latter line could sometimes
be seen even when the band lines were not present. It was al-
ways most clearly visible in the part of the discharge in
which the helium band spectrum was most intense. Wo lines
were ever detected visually or photographically before the
helium lines appeared.

It seems probable that the hydrogen originated from the
bombardment of the glass walls and metal parts of the appara-
tus, since, in view of the special steps taken to remove this
gas from the helium used, it is exceedingly unlikely that it
was admitted with the helium. An effect which was observed
when the platinum filament apparatus was being employed seems
to confirm this suggestion. The slit of the spectroscope
was so arranged as to enable the luminosity produced between
the filament and the second electrode to be observed at the
same time as the luminosity produced in the space bounded
by this latter electrode and the anode. Spectrum lines were
first seen when the ionisation potential difference was reached.
The luminosity between the second electrode (the grid) and the
anode did not increase greatly in intensity as the potential
difference was increased beyond the ionisation value, but the
luminosity between the filament and the grid became very

brilliant. On increasing the potential difference still
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further a sadden change In the distribution of the luminosity
took place without there being any discontinuous change in
the current-potential difference relations* The glow be-
tween the filament and the grid diminished in intensity and
a brilliant discharge occurred between the bade of the fila-
ment and the upper glass wall of the apparatus. This glow
was at first much yellower in colour than the glow between
the filament and the grid, but became bluer on further in-
creasing the potential difference. The slit of the spectro-
scope was adjusted so that these two discharges could be ob-
served simultaneously. Before the glow between the filament
and the glass was present, the hydrogen line H could not
be detected in the brilliant discharge between the filament
and the grid, but immediately the redistribution of luminosity
occurred this line was quite clearly seen in both parts of
the field of view, even though the glow between the filament
and the grid was reduced in intensity. On decreasing the
potential difference the changes occurred in the reverse
order and disappeared suddenly when the glow behind the
filament vanished. This makes it appear probable that the -
hydrogen was produced from the glass walls under the electron
bombardment.

In one or two instances at the highest pressures used’,
it was observed that certain of the bright lines in the red
and orange, which were present when the helium band spectrum

was very intense, appeared to coincide in position with
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certain of the brightest lines of the neon spectrum. The
results obtained in the exceptional instances when this was
the case, were in no way different from the results obtained
when these lines were not observed. 1In certain circumstances
the mercury line Xs461 aas seen. The particular conditions
under which the line was observed are given in detail later in

the paper.
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THF FXO0ITATIOl? VOITAQfS FOR THF LI’i*S OF THF
EWL1Xm km PARHFLITJM SFRIFS UROFR BIFFFRfRT

COHBITIORS,

Tha investigation of the minimum voltages at which different
lines of the ordinary helium and parhellum series could first
he detected, as the potential difference was gradually in-
creased, led to the conclusion that there is no genuine
difference in the electron energy required for the excitation
of different lines of the same series, or corresponding lines
of different series, and it thus indicates that the occurrence
of ionisation of the helium atom ie essential for the production
of any of these lines. Tn many instances the lines made their
appearance very suddenly as the energy of the bombarding elec-
trons was increased, and there was a simultaneous discontinuity
in the currsat-potential difference curve, signifying a marked
increase of current. In other instances the lines were seen
very faintly at first, and they gradually grew brighter as the
electron energy was further increased. On these occasions the
yellow line A 5876 was generally seen one or two tenths of a
volt, and the green line X 5016 about one tenth of a volt,
before the other lines, that this does not signify that the
stimulation of these lines requires less electron energy than

that required for the excitation of the other lines was shown
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by observation of the order of disappearance of the lines with
decreasing potential difference when, as was possible.In certain
circumstances, this could be backed to 20.4 volts before the
lines vanished. When the lines disappeared without there being
a marked discontinuity in the current-potential difference
curve, the lines A 5876 and A 5016 remained visible for one or
two tenths of a volt after the other linds had wvanished* It
has been shown in the Introduction that there seems to be reason
for the view that the helium and the parhelijm principal series,
respectively, originate from the orbits to which an electron
In a helium atom is removed as the result of 20.4 volts, and
21.3 volts, electron impacts. If this is the case, the values
given in Table I are the minimum voltages at which the respec-
tive lines could possibly be excited as the result of single
electron impacts. Any limitation of possible electron dis-
placements” such as that which is the basis on which Table II
Is drawn up, results in higher voltages than the corresponding
values in Table I, being required for the excitation of the
various subordinate series lines of both the helium and the
parhellum systems. All of the voltages In Table I are greater
than 33 volts, so that when lines of the helium spectrum are
detected as low as about 20.4 volts, their presence cannot be
due to the displacements of the electrons within the atoms, by
single electron impacts, withaut ieniwmivmu tmidMfPwiug> They
must therefore be due to the cumulative effects of two or more
electron impacts, and such cumulative effects would produce

ionisation.
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Since the order of disappearance of the
lines, when their presence is known to be due to lonlsé&tlon,is the
converse of the order of their appearance at higher voltages as
the potential dlfferenoe is gradually increased, it is concluded
that the detection of X 6876 and A 5016 before the other lines, in
a few instances, is due to the fact that these lines are two of the
brightest lines in the visible spectrum of helium at low voltages,
and that it does not indicate any difference in the energy required
for the excitation of different lines.

The curve in Figure 3 shows how the current-potential differ-
ence relations varied during one series of visual observations when
the spectrum lines did not all appear simultaneously* From the
curve it may be seen that a discontinuous change occurred when the
potential difference was increased after the reading at 25.8 volts.
The potential difference increased slightly for an instant and then
dropped suddenly to 20.4 volts, the current meanwhile being in-
creased fivefold. After this discontinuous change had occurred,
all the lines of the ordinary helium and parhellum series, which
fall in the visible part of the spectrum, were quite brilliant.

The lines A 5876 “and A 5016 could, however, be seen faintly at 25.4
volts, i.e. two of the voltage steps before the discontinuity oc-
curred. The other lines became visible for voltages between 25.4
volts and 25.8 volte, for they could all be seen faintly at the lat-
ter voltage. After the discontinuity, the current in the discharge
could be made to vary very considerably without any change oc-

curring in the potential difference across the tube. When
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the current had been reduced to about 5 ailliamperec, there was

an abrupt decrease to 0.28 mllllampere with a simultaneous in-

crease in the potential difference and a disappearance of all

the lines.

This particular series of observations was taken

with the tungsten filament apparatus, the distance between the

anode and the cathode being 2 mm., and the pressure of helium

in the apparatus being 25 mm,

The values of the minimum voltage at which lines were

first seen as the potential difference was gradually increased,

and the voltage at which they disappeared as the potential dif-

ference was backed, varied very considerably in different experi-

ments. The various instances, however, all come under the fol-

lowing classification.

I.

II.

III.

Those oases in which the voltage had to be increased
to some value above the ionisation voltage, 25,2
volts, before lines could be seen, and in which the
potential difference could not be backed below 25.2
volte without all the lines disappearing.

Those cases in which the lines became visible at
28.2 volts, and disappeared, as the voltage was
backed, at some value of the voltage between 25%*2
volts and 20.4 volts, the latter voltage being the
lowest value to which it could be backed without
the lines disappearing.

Those cases in which the lines became visible for
values of the potential difference between 20.4

volts and 25*2 volts, and in which they disappeared
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at some value between the same limi te as the voltage
was hacked. In souie cases the lines could he main-
tained at potential differences as low as 13 - 14
volte. In such casct it was not possible to go on
reducing tW voltage until the lines vanished at some
potential difference lower still, because the vol-
tage reached a minimum value and began to Increase
again while the lines were still present.

Although the three clasfes themselves are quite distinct,
the line cf demf*rcation between the conditions which will give
one Claes of result and those which will give the next class of
result is not sharp. Moderate intensity of electron emission
combined with a gas pressure of not more than 1 mnm, may be
given as a general summing up of the conditions which lead to
results cf class I. By making either the electron emission
or the heating current sufficiently low, results of this class
were obtained however much the other factor was increased, and
in the extreme case no lines were seen at all up to the highest
voltages tried. (150 wvolts).

Results coming under Class II were obtained for rather
higher values of the pressure and filament temperature than
those which led to results of Class I, and results of Class III.
at still higher pressures (above about 10 mm.) and for very
high filament temperatures. The pressures which have been
given as dividing one class from the next are however only

approximate, for the change from Class I to Class II, or from
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Class XT to Class III, could frequently be effected by wvarying
th« intensity of the emission alone. For Instance, on first
using the lime coated filaments of the apparatus shown in Fig.l,
currents of 25 - 30 Tuilli&mperes were obtained, and a bright glow
whose spectrum showed all the ordinary helium lines”was seen
when the electron energy had been increased to about 21 volts.
Plate I is a photograph of the spectrum of the glow taken with
22.25 volts between the electrodes, and/a current of 20 millism-
pores passing* The exposure given ms one hour and the brightest
lines of the helium spectrum are shown clearly. After the fila-
ment had been run for about six hours, the maximum current that
could be obtained vas 3 milliamperes, and all attempts to excite
the lines below 25 volts were unsuccessful, judging from visual
and photographic tests. This shows that tii® more Intense electron
bombardment caused ionisation to occur, by cumulative effects,
below the normal ionising voltage* The pressure at which this
effect was observed was about 4 am.

Tho curves given in Figures 4 and 5 are exaiaglee of the
current-potential difference relatione for cases coining under
Claeses IT and III respectively. These two series of observa-
tions were taken at the same pressure, 19 nsn, bat the filament
temperature was much higher for the series recorded in Fig.5,
than for that recorded In Fig.4, The continuous curve in Fig.4
gives the vyrlatlens of the curx’ent as the potential difference
was gradually Increased* It may be seen that a inarked increase
of carrent occurred at 25*6 volts. When this Increase had taken

place lines of the helium spectrum were seen for the first time.
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all of the brighter llnee/eaeily visible. The curve drawn with
a broken line gives the corresponding wvalues of the current as
the potential difference was decreased. These curves show that
the current-potential difference relations were not reversible
between 25*6 volts and 20*4 volts, for the decrease in the
current “with gradually decreasing voltages” fi'd not occur until
20*4 volts. Lines of the helium spectrum remained visible until
the drop occurred but no lines were seen after this had happened.

From the corresponding curves in Fig.5, it may be seen

that, for gradually increasing values of the potential differ-
ence, an abrupt increase cf current occurred just after 92*7
volts (the voltage then falling to 21, and the current increas-
ing from 0*3 milliampers to 2*3 milllamperes) and that an abrupt
decrease In the current occurred just below 20*7 volts for
decreasing values of the potential difference. The current
and voltage did not at once attain their final values after
the discontinuity, for, in the case of the increasing voltages,
the current continued to increase slowly and the voltage to
decrease slowly for a few seconds after the main part of the
change had occurred. When the decrease occurred, the current
fell from 3*1 milliamperos to 0*27 mllllampere and the voltage
increased to 20*9 volts, For Increasing values of the potential
difference, lines were first seen while the increase of current
was occurring, the line A 5876 being detected at the stage
marked on the carve. All the lines of the helium and parheiium
series, in the visible region cf the epeetrum, could be seen by

the time the discontinuous change was complete. Conversely for
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decreasing values of the potential difference, the lines were
seen at 20.7 volts, before the drop in the current occurred,
but could not be seen afterwards.

In the two series of observations recorded in the figures
just described, the lines were first seen when a marked dis-
continuity in the current-potential difference curve took place.
This was not always found to be the case, however, for on several
occasions the lines were first seen when no marked discontinuity
in the curve took place. In the caees which come under Class I
in particular, the lines were seen very faintly at first and they
gradually brightened as the potential difference was increased,
without any big change of current occurring in the current-
potential difference relations.

It has already been pointed out that the failure to detect
certain lines definitely before certain other lines, indicates
that the occurrence of ionisation is essential for the production
of lines of the ordinary helium and parheiium series. Therefore
the fact that in cases belonging to Classes II and III, 1lines
have been observed aell below 25.2 volts, the normal ionising
voltage, must mean that ionisation of the helium by cumulative
effects occurs in these cases. The marked discontinuity in
the current-potential difference relations, which occurs simul-
taneously with, or shortly after, the first detection of spectrum
lines, in these cases, Is presumably caused by the increase of
electron current resulting from the neutralisation of the space
charge of the emitted electrons, by the positive ions produced

by ionisation of the helium. In cases belonging to Class 1II,
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lines are not seen below the normal ionising voltage for increas-
ing values of the potential difference”because the amount of
ionisation occurring below this voltage is wvery small until the
space charge has been neutralised and the electron current in-
creased. The increase in the electron current causes an Increase
in the supply of ionisation by cumulative effects. This decreases
as the potential difference is backed but so long as there isasuf-
ficient number of positive ions to maintain the neutralisation
of the space charge, the increased ionisation by cumulative ef-
fects remains and spectrum lines are seen, and hence the limit
for the disappearance of lines as the potential difference is

,backed lies between 25.2 volts and 20*4 volts. In cases belong-
ing to Class III the amount of ionisation by cumulative effects,
which occurs after the radiation potential difference, 20*4 volts,
is passed but before 25.2 volts is reached, is sufficient to
bring about the neutralisation of the space charge of the emitted
electrons and hence to cause the spectrum lines to appear quite
brightly before the normal ionising potential difference is
reached.

The maintaining of the lines down to about 13 volts or
14 volts was only possible when the reduction of the potential
difference was brought about in a certain manner. The following
are the different ways in which the potential difference across
the discharge tube was varied on different occasions:-

1. By varying the series resistance.

2. By varying the resistance in parallel with the

discharge tube.
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3. By varying the heating current through the filament.

When the redaction wae effected hy varying the resistance in

parallel with the discharge tube, the potential difference could |
not he reduced below 20*4 volts without the current decreasing j
considerably, and the lines disappearing. lowering the potential
difference by either of the other methods made it possible to
maintain the lines below 20*4 volts. Whichever of the two |
methods was used, however, the voltage could not be backed in-
definitely, for it ultimately reached a minimum value” and all
subsequent attempts to cause a further reduction resulted in a
gradual increase of the potential difference across the dis-

charge tube, and a gradual decrease in the current through it.

The relative intensities of the different series lines, at the

same potential difference before and after the minimum wvalue

was passed, were not the same. The difference is shown by the

two last columns of Table III. The two left hand columns give

the wave length and series of the observed helium and parheiium
series lines, and the third column gives their intensities, as
judged from visual observations, at 19*0 volts, before the

minimum value of the potential difference was reached. The

right hand column of the Table gives the intensities of the same

lines at 19*0 volts after the minimum value was passed.
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TARIF IIT.
X Ssri.a. Intensity (before) Intensity. (Afta¥)
7066 2.P e m,s 5 1
6678 8,P - m,B 15 3
5876 a,p - rad 20 a
9048 2,Pp -,*%,s 3 3 .
5016 1,8 e m,P 15 4
4903 a,p - m7T) 10 0*5
4713 3.P * m,s 10 0.5
4472 s.p * fid 15 3

lines of the helium and parheiium series further in the violet
than A 4472 eouXd not he seen in either case, though photographs
of the spectrum of the luminosity maintained helow 20*4 volts,
hut before the minimum value of the potential difference was
reached, showed that lines further in the violet were present.

A photographic comparison of the more violet part of the spec-
trum in the two oases for which a comparison of the visible

part of the spectrum is given In Table III, could not be obtained
because owing to the high temperature at which the filament had
to be maintained in order to attain a potential dlfferenoce of 19*6
~ volts after passing the minimum value, the discharge could not
be left running continuously for the time of exposure necessary

to obtain a photograph.
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Rince the lowest potential difference at which the helium

and parheiium aerie® wore ever excited (as distinct from main-
tained) wae 20*4 volte, the maintenance of the line® helow
20*4 volt* must he due to the presence of atom» which are In
an abnormal, (mere easily ioniaabie), condition. The number of
atom® which are in this condition must remain oonatont for no new
ions or abnormal atome can be produced from normal helium by
electron bombardment below 20*4 volts, and the fact that the
lumlnoua discharge was maintained for long periods, at voltages
below 20*4 volts, show* that there was no gradual reduction in
the number of lonisable atoms prasant. Therefore when the lines
are matntaine.’ at low voltages, the frequency of electron col-
lisions with helium atoms must be such that”on recombination
occurring/the returning electron Is unable to fall right back
to the normal orbit before being ejected again by another im- ;
pact. The currant through the discharge tube must in these
cases be carried entirely by electrons, for if any of it were
carried by helium ions,the number of these would diminish with
time and the glow would not be maintained.I The electron car-
rent measured in these circumstances is not, however, the wvalue
of the electron emission which would normally be obtained for
the given values of the heating current and the potential dif*
ference, because though none of the current is carried by
positive lone, there must always be a certain number of positive i
ions present «nd those will suffice to neutralise the space

charge of the emitted electrons. As the heating current is
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increasedl the electron current may continue to Increaee up
to a certain stage, and the potential dlfferenoe to decrease,
but this will not continue Indefinitely. A limit will be im-
posed by the fact that the greater the electron emission, the
more frequent the encounters between positive ions and electrons
become, and therefore the shorter the interval between ionis-
ation and recombination becomes. This reduction in the period
of existence of the positive ions may ultimately reduce
their efficiency in neutralising the space charge of the emitted
electrons, and may result in a reduction of the current through
the discharge tube and consequently in an increaee of the poten-
tial difference across it. This explanation accounts not only
for the variation in the current-potential difference relations
with increaee of heating current, when the luminous discharge
is maintained below 20«4 volts, but also for the fact that those
changes are reversible,

When the reduction of the potential difference across
the discharge tube is effected by increasing the series resis-
tance, tl-wre i® a simultaneous redaction in the current through
the circuit without a corresponding reduction in the emission
from the filament, so long as the temperature of this is con-
stant. Therefore the density of the cloud of electrons round
the filament increases as the series resistance is increased,
whereas the number of positive ions does not increase. More-
over the frequency of encounters between positive ions and
electrons, in the neighbourhood of the filament, increases as

the density of the cloud increases, and ultimately the
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efficiency of the positive ions in neutralising the space charge
is reduced as in the other case, and the resistance of the dis-
charge, and therefore the potential difference across the tube,
begin to increase.

Since, on these views, the fact that the lines can he
maintained helow 90.4 volts indicates that it is possible to
prevent the abnormal atoms from reverting to the normal condition,
by sufficiently increasing the frequency of their encounters
with electrons, it might be expected that by increasing the fre-
quency of bombardment still more, electrons would not only be
unable to return to the normal orbit, but would also be prevented
from returning to the 90#4 volts orbit and the 21*2 volts orbit.
If this stage were reached and electrons could not fall back to
either the 20*4 volts orbit or the 21.2 volts orbit, the helium
and parheiium principal series lines would disappear from the
spectrum, and only the 1lst and 2nd helium and parhelium/series
would remain. The fact that the line X 5016 of the parheiium
principal series, appears in the spectrum of the luminosity for
both the cases given in Table III, shows that the stage when
the electrons are prevented from returning to the 21*2 volts
crbit”had not been reached in the case when the potential differ-
ence had been increased to 19.0 volts after passing the minimum
value. (13.5 volts). 1iTone of the lines of the helium principal
series are in the region of the spectrum in which they could
be detected visually if they were of feeble intensity. The first

line of this series, X 10830, is in the infra red region, and
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the second llne”"W A 3889,”%a little too far in the violet
to be of great visibility* Therefore, as it was not possible
to obtain photographs after passing the minimum value of the
potential difference in any series of observations, no defin-
ite statement regarding the disappearance of the helium princi-
pal series lines can be made.
There seems to be no reason for regarding 13 - 14 volts
as a definite minimum potential difference for the maintenance
of lines of the helium and parheiium series. This value was
the lowest obtained in the present research, but as a know-
ledge of the ultimate minimum was not thought to be an essential
for the objects of the present investigation, no special effort#

to maintain the lines at still lower voltages were made.
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THf MIWIMim EXCITATION VOITAGf FOR THf IIN f
X4686, OF THf INHANCfD SfRIES, UNOfR DIFFERENT
CONDITIONS.

Under different set# of conditions three distinct differ-
ent limits were found for the minimum voltage at which X 4686
could he obtained. These limits corresponded to the three
different critical voltages 80 volts, 54*16 volts”and 50*8
volts. The first of these is the potential difference through
which an electron must have fallen to acquire the energy which
is necessary to enable it to remove both electrons simultane-
ously from a helium atom, on collision with it. The second
is the potential difference corresponding to the removal of
the remaining electron from a helium atom which has lost one
electron by a previous collision, while the third critical
voltage corresponds to the energy which must be imparted to
such a helium atom to remove the remaining electron to orbit
4, i.e. the orbit from which it has to fall to cause the
emission of the line X 4686.

A value at about 80 volts as the limit for which X 4686
could be detected visually or photographically, was obtained
when the pressure of helium was about 1 or 2 mm. At rather
higher pressures, a limit at 80 volts for the appearance of

X4686 was only obtained if the electron current density were
not too high. With intense electronstreams at these pressures,

X 4686 could be detected down to avoltage as low as 54 - 55,
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and in sudh a caae”the potential difference across the discharge
tube could not be increased to 80 volts or beyond without en-'
dangering the life of the filament. When the conditions of
pressure and electron current density were such as to make it
possible to detect X4686 at voltages in the neighbourhood of
55, the lines of the helium band spectrum were always visible,
whereas under the circumstances in which 80 volts was obtained
as a lower limit for which this line was excited, these lines
were faint and in some instances were definitely not detectable
at all. The photographs in Plates XI and III Illustrate this
difference in the appearance of the spectrum in the two cases.
Both of these photographs were taken using the platinum fila”
ment apparatus. In the case of Plate II the potential differ-
ence across the discharge tube was 96 volts and the current
carried varied from 2 milliamperes to 5 milliamperes during
the exposure. X 4686 could not be seen below 80 volts under
these conditions. 1In the case of Plate III the potential dif-
ference varied from 55 volts to 60 volts during the exposure
of the plate, and the current across the discharge tube varied
from 25 - 35 milliamperes. The line X 4686 can be detected in
both of these photographs, though in Plate III it is not quite
so readily seen as in Plate II owing to the presence of the
band lines. One of the lines in the tail of one of the bands
is at X4685, but as the part of the field of view in which
the band spectrum was brightest was not the part of the field
of view in which the enhanced line X4686 showed up most plain-

ly, it was possible to distinguish the enhanced line X 4686
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from the band line X 4685. This is illustrated by Plates III
and IV the latter of which is a photograph with only 42 - 46
volts across the discharge tube. In Plate III X 4686 stands
out well from among the band lines in the part of the photo-
graph in which these are least intense, while in“correspond-
ing part of the photograph in Plate IV there is no line in
this position standing out from among the others. Plates II
and IV were both taken in helium at a pressure of about 5 mm.
of mercury and the time of exposure was 20 minutes in each
case, the difference being that in obtaining the photograph
in Plate IV the filament was at a considerably higher temper-
ature than in obtaining that of Plate II, The current through
the discharge tube in the case of Plate IV was 33 milliamperes,
i.e. six and a half times the maximum current in the case of
Plate II. The difference in these two photographs, and also
the difference between Plates II and III, corresponds to a
definite difference in the current-potential difference con-
ditions with respect to a discontinuity in the current-poten-
tial difference curve, which can best be explained by refer-
ence to the curve given in Fig.6. This curve, whose two
sections are drawn on different scales, shows two discontin-
uities, one between 22 and 23 volts, at which stage the helium
and parheiium series lines made their appearance, and another
between 44 and 45 volts. It was at this second discontinuity
that the band lines appeared prominently. There was also a

marked change in the appearance of the luminosity, observed
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directly, when this second discontinuity took place, the glow
assuming the form of a brilliant arc and becoming more purple
in colour.

The increase in the current through the discharge tube,
and the decrease in the potential difference across it, were
sometimes even more marked than in the case given in Fig.6.

The voltage at which the second discontinuity occurred did not
have any fixed value but depended upon the pressure of helium
and on the intensity of the electron stream, being higher at
low pressures and for less intense bombarding streams. At the
highest pressures used, 25 mm. to 36 mm., it occurred at the
same potential difference as the first discontinuity, and the
line spectrum and the band spectrum then made their appearance
together. The photograph shown in Plate II was taken when only
a small second discontinuity in the current-voltage relations
had occurred, while the photograph shown in Plate IV was taken
after a marked discontinuity had occurred. The change from

the conditions of Plate II to those of Plate IV was effected by
increasing the temperature of the filament while the f£.M.F. ,in
the circuit remained constant. At a certain stage, as the tem-
perature was raised, the potential difference across the arc
dropped abruptly by about 4% volts and on further increasing the
heating current, it fell a little more but ultimately reached a
minimum.

In a large number of visual observations under conditions
similar to those in which Plates III and IV were taken, the

potential difference at which X4686 was first seen to stand
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out from among the band lines, in the manner shown in Plate IIT ,
was found to be between 54 volts and 55 volts, indicating a
limit at the critical voltage for the further ionisation of

the helium positive ion. Attempts were made to obtain a
photographic record of this value as a limit for the excitation
of X 4686, by taking a series of photographs at intervals of

1 volt from 51 volts up to about 58 volts, but owing to the
difficulty of maintaining the potential difference across the
discharge tube constant during the interval of exposure of the
plate, such a photographic record was not obtained. It was
always found that when the discharge was in a condition cor-
responding to some part of the current-potential difference
curve, after the second discontinuity had occurred, slight
fluctuations in the current and the potential difference took
place if the discharge were left passing for any length of
time. In all the photographs given in this paper the potential
difference across the discharge tube was kept adjusted by con-
tinuous watching of the voltmeter and adjustment of the heating
current, and when fluctuations could not be avoided the high-
est reading of the voltmeter during the taking of the photo-
graph is recorded. Plate V is one of the same series of photo-
graphs as Plate III in one of the attempts. During the expos-
ure for this photograph the potential difference was for the
greater part of the time between 51 volts and 53 volts but

once or twice it flashed up to 55 volts for a second or two.

A comparison of these two photographs shows that the line

X 4686 was definitely present in the case where the potential
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' difference was above 55 volte throughout, while the line was
very much fainter, if indeed it was present at all, in the
circumstance® of the other photograph.

At still higher pressures and with intense electron
streams, X4684 could first be seen to stand out from the
band lines when the potential difference across the discharge
tube was adjusted to about 51 volts. In these eases the band
lines were even more intense relatively to the helium and par-
heiium series lines than in the photographs given. It was found
however, that for both increasing and decreasing adjustments
of the potential difference, X 4686 could be seen to stand
out distinctly from the others, as in Plate III, when the
potential difference was above 50.8 volte. The difficulty lies
rather in deciding whether X 4686 was ever present below 50*8
volts or not, than in detecting its presence in certain in-
stances at this voltage, for of its presence at 50.8 volts,
and above, there was no doubt. All that can be said is that *
attengpts to see X4686 below 50.8 volts were unsuccessful.

At the highest pressures tried, i.e. from about 20 mm. to 36 mm.,
the enhanced line X 4686 was never observed at all. At these
pressures it was generally found that if ihe temperature of the
filament were such as to make it possible for a discontinuity

in the current-voltage relations to occur at all, the drop in
the potential difference across the discharge tube was so

large as to make it impossible to raise the potential differ-

ence across the discharge to more than 40 volts, at least for
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more than a second. The effect of altering the various pos-
sible adjustments, in an attepmt to increase the potential
difference to 51 volts, was either to vary the current without
appreciably altering the potential difference, or to cause the
discharge to change its character and to revert to a stage cor-
responding to a point in the curve before the discontinuity
had occurred. 1In the few instances, at these high pressures,
in which the potential difference was maintained at about 55
volts for a second or two, X4686 was not seen. This result
is in accord with that of Compton, 1lilly, and Olmstead”® who
failed to excite the enhanced lines at any voltage used at
pressures above 10 mm. /

If 50*8 volts is a genuihe limit for the excitation of

A.4686" it may be concluded that the line can be stimulated
without further ionisation of the helium positive ion taking
place. 1If, ho'/ever, X4686 eeuM be obtained for voltages
lower than 50*8, this conclusion is not justified. It has been
Shown in the case of the lines of the helium and the parheiium
series that these can be excited at voltages intermediate to
the ionisation voltage, 25"2 volts, and the minimum radiation
voltage, 20*4 volts, this latter value being a limit for their
excitation. The corresponding theoretical wvalue in the case
of the enhanced lines would be 40*62 wvolts, as this value
corresponds to the energy necessary to produce the fundamental
displacement of the remaining electron in an already ionised

helium atom, i.e. it is the voltage corresponding to the
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frequency given by =4N 7 ), Therefore if
X 4686 could be detected at voltages beWe en 50.6 end 40* 62,
it would be concluded that ionisation of the helium positive
ion wae occurring ae the result of cumulative effectb. It has
already been stated that no evidence of the presence of X 4686, :
below 50*8 volts was obtained, so that the results of the present’
research indicate that the detection of X 4686 between 35 vol?s J
and 50*%8 volts does not result from ionisation of the helium !
positive ion by cumulative effects, but from single electron
impacts on helium positive ions without the occurrence of further
ionisation.
Since the helium positive ion can be stimulated to the
emission of the line X 4686 in this way, it would be expected
that when the second electron within a helium atom is disturbed
by the same impact as that which removes the outer electron from
the atom, X 4686 could still be excited without the further
ionieation of the atom, i.e. that it might be excited at vol-
tages between 76 and @0jwhen it could not be stimulated at low-
er voltages. This question was investigated, but it was found
extremely difficult to arrive at any final conclusion because,
in the instances when X4686 was observed below 80 volts, the
possibility that its presence was due to the further ionisation
of a helium positive ion, by a 54.2 volts electron collision,
could not be ruled out. Attempts were made to obtain a series
of photographs, at intervals of 1 volt, from 71 volte up to

t
about 78 volts, but here again the question of fluctuations
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was a difficulty, b”aeause when X 4686 could he seen between
70 and 80 volts, the discharge was always in the stage immedi-
ately preceding the large second discontinuity in the current-
potential difference relations, and frequent changes in the

current and potential difference occurred.
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THE MINIMUM EXCITATION VOLTAOf FOR THE LINES

OF THE HELIUM BAND SPECTRUM.

Some reference has already been made in the last section
to the presence of the band spectrum of helium in certain cir-
cumstances. A more complete account of the conditions under
which it was seen is given in the present section. The helium
band spectrum was not always excited when the lines of the
ordinary helium and parheiium series were stimulated, though
the minimum voltage at which lines of these series were ever
excited, 20?4 volts, was Identical with the minimum voltage
at which lines of the helium band spectrum were first seen as
the potential difference was gradually increased* Moreover, in
the instances when it was found possible to lower the potential
difference across the discharge tube to between 13 volts and

14 VOIts”and yet to maintain the helium and parheiium series
lines, the brightest lines of the band spectrum could also
be seen down to the same voltage. Photographs showing the
presence of the band spectrum at low voltages are given in
Plate VI. A and B were taken on a Wellington $%>eedy plate,
the time of exposure being 63 minutes for A and 80 minutes
for B. ® and V in Plate VI were taken under conditloms
were identical with those for A and B respectively, but on a
Wratten Panchromatic plate, the times of exposure being the

same as for A and B respectively. The potentential difference
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across the discharge tube for the photographs A and C was 21
volts, and for B and D it was 14 volts, with an occasional
fluttuation up to 16 volts. An immediate readjustment to 14
volts was made every time a fluctuation occurred. The photo- |
graphs show the bands in the blue and green regions of the spec- !
trum quite distinctly, even when the potential difference across
the tube was only 14 volts. The bands in the red and yellow
however, though they are shown clearly in the photograph at
the higher voltage, are not so distinct in the photograph, D, at ;
14 volts.

It has already been pointed out that the bands were

always very prominent under conditions which corresponded to
any point on the current-potential difference curve after a
second marked discontinuity had occurred. In fact, the indi-
cations were that the helium band spectrum was not present at
all until this discontinuity in the current-potential differ-
ence relations had taken place. The abrupt increase of current,
and the simultaneous fall in the potential difference, which
constitute the discontinuity, can be brought about by gradually
increasing the temperature of the filament, if the potential
difference is sufficiently high. The valueof the potential
difference across the discharge tube before the discontinuous ]
change, affects the final potential difference after the change
very little, but it does affect the current through the dischargé
the increase of current being greater the higher the initial po-

tential difference. The photograph in Plate II was taken after
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the ooourrenoe of a discontinuity in the current-potential
difference relations, in which the fall in the voltage and
the accompanying increase of current were very small, and it
will he seen that the helium hand lines were not very bright
in this case.

At each pressure there was a limit below which the final
potential difference after the discontinuity could not be made
to go, however the filament temperature, E.M.F. in the circuit,
and the resistance of the circuit, were varied. In the case
of the tungsten filament apparatus with the adjustable anode,
this limit was affected to a certain extent by the distance
of the anode from the filament. As the result of several series
of observations of the variation of the final potential differ-
ence after the discontinuity in the current-voltage relations,
and the distance apart of the two electrodes, this distance
was fixed at 2 mm. as this value was found to give the lowest
value of the potential difference across the discharge tube.

As the pressure of helium in the apparatus was increased, the
limiting value of the final potential difference after the
discontinuity, decreased. The lowest value ever obtained in
the present research was 13.5 volts, but there seems to be no
reason for supposing that this is an ultimate limit. At any
given value of the pressure of helium in the apparatus, the
value of the final potential difference, after the discontin-
uity in the current-voltage relations, depended upon the form

of apparatus used, for it was found to be very different in
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the apparatus shown in Fig 2, from in that of Fig 1. With

the tungsten filament apparatus, Fig 2, the limit for the
final potential difference at pressures ranging from about
6 mm. to 9 mm. was between 70 and 80 volts. At about 16 mm
pressure the limiting value was about 45 volts, from which it
was gradually reduced to 13.5 volts at 36 mm. pressure. In
this same apparatus, at pressures below about 4 mm. the fila-
ment had to be made extremely hot and the potential differ-
ence increased to 150 volts before the voltage drop took
place, the minimum final potential difference being 80 volts.
At these pressures it was observed that after once obtaining
the bright luminous discharge which accompanied the discontin-
uity, under any given set of conditions, the change took place
less and less readily for subsequent repetitions of those con-
ditions, and the current and potential difference changes at
the discontinuity decreased in magnitude at each occurrence.
Lines of the helium band spectrum could always be seen
at the final potential difference after the discontinuity, and
the limits for its detection varied with the pressure of helium
in the apparatus, in the same way as the limits for the final
potential difference after the discontinuity in the particular
form of apparatus used. The minimum initial voltage (i.e.
voltage just before the occurrence of the discontinuity in
the current-voltage relations) at which the changes could be
made to take place, and at which the band lines were first
seen, was the minimum radiation voltage 20.4. At high pres-

sures the helium band spectrum”and the series spectrum”came in
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simultaneously at this voltage. The hand spectrum was never
under any ciroumstances seen without the helium and parheiium
series lines being seen also,and at the higher pressures it
was relatively more intense with respeot to the ordinary
series lines than at low pressures.

In the band spectrum obtained in these experiments the
first doublet of the main series, and the first doublet of the
second series, discovered by Fowler*” were identified visually.
The heads in the first main series doublet are at |\ 4625.4 and

X 4643.5, and the heads in the first doublet of the second
series are at X 5133.3 and X 5108.2. The details of Fhe first
main series doublet, given by Fowler, were clearly recognis-
able visually and can be seen in some of the photographs given.
The line X4685 already referred to in connection with the
investigation of the limits for the appearance of X4686,
the enhanced line, is given by Fowler as one of the lines in
the chief series in the tail of this doublet.

In addition to these doublets, the prominent single
headed fluting at Xs733, degrading towards the violet, record-
ed by Curtis and by Fowler, was seen. All the heads down to

X 4546, recorded by Curtis“were also observed visually. Of

26. A. Fowler, Froo. Roy. 80c. A XCI p.208 (1915)

27. W.E.Curtis. Froc. Roy. 800. A. IXXXIX p.l1l46 (1913)
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these the heads at \5733 and X 6399 were the most prominent.

X 5733 is marked on the photograph C of Plate VI. When the
external conditions controlling the discharge were varied in
such a way as to make the hand spectrum fade in brightness,

X 5733 was one of the last lines to disappear, as judged by
visual observations.

The results stated in this section show that the only
limit which can be definitely associated with the helium band
spectrum is the minimum radiation potential difference, 20.4
volts, and that this is only associated with it in that it has
not been found possible to excite (as distinct from to maintain)
the band spectrum of helium below this voltage. At high pres-
sures the systems which give rise to the band spectrum of
helium can be produced, and receive the excitation necessary
for the emission of the band spectrum, at any voltage above
20.4 volts. From this fact”and from the fact that the band
spectrum was never observed in the absence of the line spectrum,
it appears that some circumstance attending the presence of the
line spectrum is essential either for the production of the
systems from which the band spectrum arises, or for the excit-
ation of these systems, or for both of these purposes. From
the way in which the relative Intensities of the band spectrum
and the line series spectrum varied with change in the pres-
sure of the helium, it may be concluded that the actual pro-
duction of the systems which give rise to the helium bands

is dependent upon this circumstance attending the presence of



H

.y-

64
the line spectrum. The view that the systems which give rise
to the helium hand spectrum are molecules formed by the com-
bination of abnormal helium atom® therefore obtains support
from the results of the present investigation, although this
affords no evidence as to the particular nature of the abnormal
helium atoms concerned.

It follows from this view that when the band spectrum
is maintained below 20.4 volts, the number of helium molecules
present cannot be increased without causing a reduction in the
number of abnormal atoms present. The band spectrum of helium,
like the line spectrum, has been maintained for prolonged
periods below 20,4 volts, so that the number of molecules
which are capable of giving rise to the band spectrum at these
voltages, whether they are normal molecules or molecules main-
tained in some abnormal condition, must remain constant in
these circumstances.

Though the helium band spectrum was maintained down to
the same limit as the helium and parheiium series lines, it
was not present in the spectrum of the discharge when the mini-
mum potential difference in the cwrrent-voltage relations had
been passed, and the voltage was increasing again in spite
of all attempts to reduce it still further. As the potential
difference was being gradually reduced to the minimum value,
both the line spectrum and the band spectrum diminished in
intensity, the latter at a more rapid rate than the former.

Sometimes only the heads of the bands, and not the detail.



65
could be seen when the minimum value was reached. After pass-
ing the minimum value of the potential difference, the band
spectrum had completely disappeared and the mercury line

X5461 stood out clearly, although it was much fainter than
the helium and parheiium series lines. On further Increasing
the potential d;;ference across the discharge, this line in-
creased in intensity, reached a maximum brightness”and ulti-
mately faded out entirely. The hydrogen line Hl ike the
helium band lines, was not visible after passing the minimum
value of the potential difference.

In an investigation of the effect of mercury vapour
on the spectrum of helium, Collie”® found, in 1909, that the
presence of mercury vapour caused a great simplificaticn of the
spectrum of the negative glow of helium. He found that all the
band lines, and in addition the series lines X7066, X 4713,
and X4472, disappeared, while the yellow line X5876 was very
much reduced in intensity when mercury vapour was admitted.
In the present research, the superseding of the helium band
spectrum by the mercury line \s461l, is not an analogous
effect because no variation occurs in the amount of mercury
vapour present in the tube.

In one or two instances, in the present research, the
mercuiy line X 5461 was in turn superseded by other lines as

the potential difference was increased after the minimum stage

was passed. The wave lengths of two of these lines in the

J.N.Gollie. Free. Roy.Soc. tZXI. p.25 (1902)
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region of the snectrum which was specially under observation
were about 5512 A and 5220 A. These lines appeared before the
mercury line X 5461 had completely disappeared, but as they
brightened, the mercury line faded and ultimately vanished. The
changes in the spectrum, like the changes in the current-poten-
tial difference relations, which occur simultaneously, were
found to be reversible, and after repassing the minimum poten-
tial difference on effecting the current-voltage changes in the
reverse order, the helium band spectrum reappeared and the mer-
cury line vanished. The disappearance of the band spectrum
without the disappearance of the series lines, when the vol-
tage was varied by altering the heating current or the series
resistance, and its subsequent reappearance when the varia-
tions of the controlling fadtor were made in the opposite order,
admit of explanation in two ways.

The first explanation is analogous to the explanation
of the maintenance of the line series spectrum below 80.4 volts,
by the presence of abnormal, and more easily ionisable, atoms.
It has been suggested earlier in the paper, that the atoms
were maintained In an abnormal condition because the frequency
of encounters between abnormal atoms and electrons was such as
to prevent the reversion of an abnormal atom to the normal
state, the returning electron being always re-ejected before
reaching its normal orbit. It is possible that a somewhat
similar effect occurs in the case of the helium molecule” and
that these are maintained in such a state of excitation by

frequent electron encounters that they are prevented from making
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the transitions which result in the emission of the hand spec-
trum of helium in the visible region of the spectrum. The
disappearance of the hydrogen line might be explained in
a similar way. It would be expected that the Paschen series
in hydrogen would remain after the disappearance of Eg , a
Balmer series line, if the explanation suggested above were
correct, for the frequencies of the Balmer series lines are
given by the equation N ( while the lines of
the Paschen series are given by Vp- N ( so that
the latter series is associated with a more abnormal condition
of the hydrogen atom, than the Balmer series. The lines of
the Paschen series, however, all lie in the infra red region
of the spectrum, and therefore could not be detected in the
present investigation.

It seems possible that the appearance of the mercury
line XS461, for a short stare in the current-potential dif-
ference relations, may be another matnifestsfction of a similar
occurrence. Though the amount of mercury vapour present must
have been very small”since no indication of its presence was
obtained in any other circumstances, the augmented electron
bombardment in the circumstances under consideration must have
produced sufficient ionisation, and subsequent recombination,
of mercury atoms to give a detectable emission of mercury lines,
for the ionieation of the mercury could not have been caused
by helium radiation, because the limiting frequency in the

helium spectrum, maintained below 20,4 volts, cannot exceed
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that corresponding to ( 25,2 - 20,4 =) 4,8 volts. That the
line \5461, which is in the region of thé spectrumspecially
investigated, only became visible when a certain stage inthe
current-potential difference relations was reached, wouldbe
accounted for, if, at this stage, its intensity was increased
due to electron transitions being limited to outer orbits of
the mercury atom. Its subsequent fading and eventual disappear-
ance would be explained if the mercury atoms were ultimately
maintained in a still higher stage of abnormality which re-
sulted in an increase of intensity of other mercury lines
(possibly in the infra red region) at the expense of X 5461,

The second possible explanation of the disappearance of
the helium band spectrum, and its subsequent reappearance on
altering the current-potential difference relations in the re-
verse order, depends upon a particular type of abnormal atom be-j
ing essential for the production of the helium molecule, for
instance, the 20.4 volts eoplanar atoms suggested by Franck
and Knipping.13 if the constancy of the supply of abnormal
heliuTfi atoms and of helium molecules, at any given values
of the heating current, and potential difference, (below
20.4 volts) were maintained by the dissociation of a certain
number of molecules into abnormal atoms and the formation of
an equal number of new molecules, then when the necessary
type of abnormal atom was no longer produced, owing to intense
electron bombardment, the formation of new molecules would
cease and the helium band spectrum would disappear. Reduc-

ing the frequency of encounters between abnormal helium atoms
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and electrons would lead once again to the presence, In the
tube, of the type of abnormal atom necessary for the produc-
tion of helium molecules, and the band spectrum might reappear.
This suggested explanation InvolTes the assumption that the
newly formed helium molecules can acquire the degree of ex-
citation necessary for the emission of the helium band spec-
trum, at between 13 and 14 volts. Tf this were not the case,
the band spectrum could not reappear on retracing the current-
potential difference curve.

If this explanation is correct, one or more series
of lines in the ordinary line spectrum of helium must disappear
when the band spectrum disappears. Table III shews that none
of the lines between X?066 and X 4472 disappear under these
circumstances, so that the series must be one having no lines
within this region. The helium principal series is the only
series which fulfils this condition, and this is the one which
results from transitions Involving a return of the displaced
electron to the 20.4 volts orbit. It has already been mention-
ed that the 1st and 2nd lines of this series are in the infra
red and the violet respectively, the second line X 3889 being
too far in the violet for reliable results to be obtained from
visual observations, while the obtaining of photographs after
the disappearance of the band spectrum, proved impossible on
account of the high temperature of the filament, which usually
resulted in its burning out if the discharge were maintained
under these conditions for any length of time. If the dis-

appearance of the helium principal series at the same time as
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the helium band spectrum could be proved, evidence would be
obtained not only in faveur of the second explanation offered
above, bat also of Franck and Knipping’e13 suggestion as to

ths nature of the helium molecule.
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CONC1lUSTIO1f.

It has been shown in the course of the pages
that none of the lines of the helium and parheiium series can
be excited without all these lines being stimulated, and,
moreover, that the lines generally do not appear until the
ionisation potential difference for the normal helium atom
Is passed. When, however, the conditions are such as to make
ionisation by cumulative effects possible, the'lines can be
excited as low as the minimum radiation potential difference,
20.4 volts. At this voltage, an electron collision with a
helium atom can result in the removal of the outer e;;ectron
of the helium atom to the orbit associated with the helium prin<
clpal series i.e. a eoplanar orbit, but it cannot remove an
electron to the orbit associated with the parheiium principal
series. At 20.4 volts, however, the lines of both the helium
and the parheiium series are excited simultaneously, so that
clearly electrons must be returning to both the crossed and
the eoplanar systems of orbits. Therefore the experiments
show that when ionisation and subsequent recombination occur,
the returning electrons fall to either system of orbits in-
respective of the system from which they were removed. This
fact, combined with the fact that the occurrence of ionisation
Is essential for the production of the series lines in helium,

made it impossible to obtain any spectroscopic evidence,in the
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preaent research, in connection with Franck and Reiohe’s
theory re”ardln.” the metastable character of the abnormal atoms
%'esoltin® from 20.4 volts electron collisions with helium atoms.

The present e”eriments do not afford any confirmation
of Franck and Knippin“r’ detection of critical wvoltages for
electrons In helium intermediate to the radiation voltages,
(20.4 veils and 21.2 volts) and the ionisation voltage, 25.2
volts* On the other hand, the results of the present investi-
gation of normal uncharged helium are in complete agreement
with the results of the investigations of Mclennan and Ireton20
on the vapours of zinc, cadmium, and mercury, and of Foote and
Meggers21 on caesium vapour*

The results of the investigation of the minimum voltage
for the excitation of the enhanced line X4686 showed that this
line cculd he excited by the displacement of the second electron
within a helium positive ion, without further ionisation oc-
curring, and they thus suggest that there is a difference in the
possible methods of excitation of neutral and ionised helium
atoms when submitted to electron bombardment. It would be of
interest to ascertain whether such a difference occurs in other
cases, for Instance, in mercury, zinc, or cadmium vapours.

Tf it does not do so, it is possible that A 4686 can be ex-
cited without further ionisation of the helium atom by virtue
of the fact that the helium positive ion, which is the system

from which the enhanced lines originate, is a simple system

consisting only of a nucleus and a single electron.
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It has been shown that the helium and parhelium series
lines can he maintained at voltages below 20.4 volts, the
minimum potential difference at which they can be excited,
and that this can be accounted for on the view that a certain
number of helium atoms are maintained in an abnormal, more
easily ionisable, condition by the frequency of their encoun-
ters with electrons. Since, under such conditions, no electrons
could be returnWg' to the normal orbit, none of the extreme
ultra violet series lines of helium can be present when the
spectrum is maintained at voltages below 20.4.

The conditions under which the band spectrum of helium
made its appearance, and those under which it could be maintained
support the view that this spectrum has its origin in a helium
molecule which is produced from abnormal helium atoms, and thus
that it cannot be produced in normal helium for electron ener-
gies below 20.4 volts. The results of the present research
afford no information regarding the energy which is necessary
in order to excite the molecule to the emission of the band
spéttrum, beyond the fact that this energy can be acquired,
under intense electron bombardment, at a potential difference
of 20.4 volts. The results of the present investigation, how-
ever, considered in conjunction with the recent conclusions
of Horton and Davies,12 viz, that at 20.4 volts some system
is produced in helium which can be ionised by the radiation
which is produced at 21.2 volts, support the suggestion made

by Franck and Knipping”” that the coplanar atoms, resulting
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from 20.4 volts electron collisions with helium atoms, are
capable of entering into chemical combination and forming

HOg molecules which give rise to the band spectrum of helium.
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