Energy levels in helium and neon atoms by an electron-impact method
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Electronic energy levels in noble gas atoms may be determined with a simple teaching
apparatus incorporating a resonance potentials tube in which the electron beam

intensity is held constant. The resulting spectra are little inferior to those obtained by
more elaborate electron-impact methods and complement optical emission spectra.
Singlet—triplet energy differences may be resolved, and the spectra of helium and neon
may be used to illustrate the applicability of Russell-Saunders and other,

“intermediate,” coupling schemes.

I. INTRODUCTION

Determination of the ionization potentials of rare gases
using commercial gas-filled thermionic tubes! is a familiar
experiment in many teaching laboratories. However, the
characteristics of certain of these are oftén difficult to in-
terpret and in any case seldom yield information about
electronically excited states before ionization. In this article
we describe an electron-impact method using a resonance
poten'uals tube which, with an associated voltage-scanning
and emission- stablhzmg unit, enables both jonization po-
tentials and the energies of various electronic levels to be
determined. The experiment thus complements conven-
tional studies of emission spectra by spectroscopic methods
since the optical selection riles are now relaxed. The results
obtained compare favorably with those from more advanced
methods such as the use of sulphur hexafluoride to scavenge
the low-energy electrons or high-resolution electron-en-
ergy-loss spectrometry.

II. ELECTRON IMPACT METHOD USING
RESONANCE POTENTIALS TUBES

The construction of the resonance potentials tube? is
shown schematically in Fig. 1. The simple diode electron
gun is contained in a sidearm and allows electrons at a ki-
netic energy determined by the anode potential to be passed
as a divergent beam across the cell containing a gas at low
pressure to be collected at a conducting coating held at the
same potential as the anode. A ring electrode within the cell
is positioned so as to avoid collection directly from the in-
cident beam, but when biased with a small positive potential
(1.5 V) with respect to the anode the ring can collect elec-
trons which have imparted most of their energy to gas atoms
on impact. The enhanced sensitivity to electrons of low
energy gives large ring electrode currents only when the
energy of the incident beam matches that of an electronic
transition in the gas atoms, and a spectrum of resonance or
critical potentials is thus obtained on scanning a range of
anode potential. In this mode the approach to ionization is
indicated by a progressively increasing ring current with
Reverting to a small negative ring potential enables ion-
ization to be observed more directly from the onset of ion
collection.
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The control unit carries out the following functions:

(a) The electron beam intensity is maintained at a
constant level irrespective of anode potential. This emission
stabilization is important in obtaining good resolution from
the commercially available tubes.

(b) The anode potential may be “ramped” as a linear
variation with time within the range 10-30 V or may be
adjusted to hold at some fixed value.

(¢) The ring electrode currents are monitored with a
simple solid state electrometer and the output used to drive
a potentiometric recorder.

A circuit dlagram is available on request from the au-
thors.

III. OPTICAL SPECTRA AND SELECTION
RULES

The spectra of most small and medium size atoms are
in accord with Russell-Saunders LS coupling in which the
electrostatic interactions are dominant over spin-orbit terms
in determining the major separations of the energy levels.
L and S are “good” quantum numbers at this extreme and
term symbols generated from the various values of L and
S serve as a simple and convenient way of identifying the
energy levels and hence the spectral lines. The selection
rules now include AL =0, +1 (L = L’ = 0 not allowed) and
AS = 0 to supplement the more general cases AJ = 0, +1
(J = J’ = 0 not allowed) and Al = 1 (the Laporte rule)
which forbids transitions between states of the same “par-
ity,” i.e., either both even (2/; = even integer) or both odd
(21; = odd integer). When spin (own) orbit coupling is
small, secondary splitting arises according to a given pattern
which depends on atomic number Z. For Z < 4 the split
levels have decreasing energy with increasing J and for Z
> 4 the order tends more and more to be reversed. One
outcome is the Landé interval rule, which states that the
energy interval between pairs of adjacent levels is propor-
tional to the J value of the upper level of each pair, but de-
viations from this occur because of neglect of spin-other-
orbit and spih-spin magnetic interactions. Helium gives one
of many possible examples of the characteristic energy level
pattern determined by LS coupling (see Table I); the fine
splitting of the 23P states, for example, due to the magnetic
terms are in this case less than 1 cm“ and are not in-accord
with the interval rule.

© 1981 Ainerican Association of Physics Teachers 265



Fig. 1. Resonance-
potentials tube.

Although often used, LS term symbols for atoms in
which the electron interactions are grossly distorted from
those described above have more limited usefulness in that
levels have major separations due to other than electrostatic
terms and the sense of *“‘order” can be lost. In addition, se-
lection rules, intensity relationships, etc. derived at the LS
extreme are not now applicable. Two major factors disturb
LS coupling as a useful representation. For “not too highly
excited states” the spin (with own) orbit energies increase
more rapidly with atomic number Z than the electrostatic
terms such that they are dominant at high Z. At this sit-
uation the interaction energy depends primarily on the
spin-orbit terms of the “core” of unexcited electrons and
somewhat less so on the spin-orbit term of the excited or
“optical” electron. This Jj; or j1j; coupling,? when pure,
thus neglects the electrostatic terms between the core and
optical electron that at the LS extreme contributed to the
separation of the levels. The levels thus appear for a given
configuration as two widely spaced pairs and in, say, a pSnp
configuration where J. and j; can both take values of 3 and
15 have designations {%, 15} (J = 1,2), 35, 3} (J = 0,1,2,3),
(widely separated from) {4, 14} (J = 0,1) and {45, 35} (J
= 1,2) in order of ascending energy. J. and j (at this limit)
are “good” quantum numbers and selection rules now in-
clude Aj, = 0, £1(j> = j> = 0 not allowed) and AJ, = 0.
The second feature disturbing LS coupling occurs when
excitation is large. In this case the spin-orbit term of the
optical electron diminishes most rapidly with increasing n
and thus can become negligible compared with the coupling
of the orbital angular momenta of optical electron and core.
The combinations of J, and /, (optical electron) yield a good
quantum number K, and levels thus appear as closely spaced
pairs dependent on S for the final splitting. This form of
pair coupling has wide applicability and is termed J. I, or
occasionally jK, coupling. Among the heavier rare gases the
2p33p configuration of neon involves relatively large elec-
trostatic but small spin-orbit terms and thus follows the
general pattern of LS coupling whereas 2p34p, 5p, 6p
configurations, etc. are more akin to the J 5 pair coupling
scheme.® Likewise as Z increases, pair coupling becomes
more suitable for all configurations. The selection of a
suitable term representation for a given case is best deter-
mined by a comparison of the calculated relative splittings
in a given configuration with those experimentally deter-
mined. Here the relative contributions of the various elec-
tron interaction terms are assessed within some framework

-of approximations. The most suitable type of term symbol
is that reflecting most closely those conditions. Likewise,
relative line intensities, g factors, etc. may be compared with
experimentally determined values to confirm the scheme.
Using this approach Cowan and Andrew> suggest for the
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2p33p configuration of neon that a scheme based on Ls
coupling is perhaps most applicable. In this further example
of pair coupling the // interactions are dominant, with the
spin-orbit term of the core the other major contribution.
Despite this, J./, representations are most commonly used
for neon and many other atoms and we shall follow this
convention in the discussion of our results and in Table
1L

Selection rules for transitions caused by electron impact
are expected to differ greatly from those applicable to in-
teraction with photons since the incident electron has spin
thus relaxing spin conservation (AS = 0); the parity re-
strictions are also relaxed since these are applicable only
when electric dipole radiation is involved. Essentially we
shall determine the significance of such changes from a
comparison with the optical spectra.

IV. RESULTS AND DISCUSSION

Helium

Figure 2 [curve (a)] illustrates a typical recorder trace
of resonance potentials for a tube filled with helium; curve
(b) is the corresponding current due to He* ion collection
when the ring electrode is biased negatively. The voltage
axis in these cases has been “corrected” by assuming the
literature value of 24.58 V for the first ionization potential.
The resonance potentials correspond to transitions from the
ground state 115 to the levels indicated. These energies may
be compared with values obtained spectroscopically (Table
D).

Although the precision is lower, the technique gives re-
sults comparable with optical methods. However, the ob-
servations of transitions from the ground state and of the
many optically forbidden transitions are particularly useful
additions to the complementary optical procedure. Thus we

Table I. Energy levels and resonance potentials of helium. Transition
to levels marked  from the ground state are forbidden by optical selection
rules.?

Observed resonance Electron energy ]eyels from

potentials optical spectroscopy
LS

(eV) (cm=1) term symbol (eV) (cm~?)
19.85 160000 *238, 19.819 159850
20.70 167000 *218, 20.615 166270
*231"2'1,0 20.963 169080

21pPy 21.218 171130

22.90 185000 *338, 22.718 183230
*318% 22.300 184860

*33Py 10 23.007 185560

+33D3 5, 23.074 186 100

*31D, 23.074 186100

31p, 23.086 186200

23.70 191000 *438, 23.593 190290
*418 23.672 190930

+ other n = 4 levels

2Data mainly taken from A. R. Striganov and N. S. Sventitskii, Tables
of Spectral Lines of Neutral and lonized Atoms (Plenum, New York,
1968).
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Table [I. Energy levels and resonance potentials of neon. Transition to
levels marked * from the ground state are forbidden by optical selection
rules.?

Observed resonance Electron energy levels from

potentials optical spectroscopy designation
(eV) (em™1) LS J.ds (eV) (cm™!)
16.70 134500 *3s[14]% 16.615 134040
3s[141% 16.671 134460
+357[413 16.716 134820
3519 16.849 . 135890
18.65 - 150500 38, *3p[4], 18.38 148260
3D, «3p[24]5 18.555 149660
3D, *3p[24], 18.57 149830
3D, *3p (i3], 18.61 150120
D, +3p[13], 18.64 150320
tp, *3p’[13]; 18.69 150770
3p, «3p’[14), 18.70 150860
3Py *3p[ilo 18.71 150920
3p, «3p'[4]; 18.73 151040
1Sq *3p'[$lo 18.966 152970
19.75 159500 *4s[1313 19.66 158 600
4s[13]9 19.689 158800
*4s’[418 19.76 159380
45" 1413 19.780 159540
20.10 162000 »3d[%]3 20020 161510
3d(419 20027 161530
*3d[34]% 20.034 161590
*3d[34]% 20.034 161590
+3d[14]3 20.037 161610
3d[13)} 20041 161640
*3d[2413 20.048 161700
»3d[2413 20048 161700
*3d4'[23]9 20.136 162410
*3d'[28]3 20.136 162410
*3d’[14]9 20.115 162420
3d'[13]8 20.140 162440
ss[14]¢ 20.57 165907
Here selected levels 6s[l§]‘6’ 20.95 168972
only are listed 7s[lﬂ‘1) 21.14 170504
8s{1%]9 21.26 171472

2Data mainly taken from A. R. Striganov and N. S. Sventitskii, Tables

of Spectral Lines of Neutral and Ionized Atoms (Plenum, New York, .

1968).

see transitions to 23S, 215, and 23P—violating AS =0, L
= L’ =0, and AS = 0, respectively—and many other ex-
amples. Transitions to 3D and 33D are probably present
(AJ > 1) although at lower intensity than for lower AJ
values. Of particular interest is the direct observation of the
238-218 energy difference with its implications in terms
of the pairing energy of electrons.

Spectra obtained with this simple teaching apparatus are
not too inferior to those observed with more elaborate
electron impact methods. In curve (c) of Fig. 2 we reproduce
results similar to those obtained by Brion and Olsen’ in
which SFe, which has a high electron-capture cross section
only for energies <0.02eV, is used to “scavenge” the low-
energy electrons; the concentration of SFg ions is measured

in a negative-ion mass spectrometer. The performance of -

the resonance potentials tube when detecting Het ions is
clearly far superior to methods using “electron tubes,” due
in part to emission stabilization.
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Fig. 2. Electron-impact spectra of helium: (a) this work; (b) He* current;
(c) electron impact with SF¢ scavenging (after Brion and Olsen”).

Neon

In Fig. 3 we compare our resonance potentials (a) with
those obtained using SFg scavenging (b) and high-resolu-
tion electron-energy-loss spectrometry (c).2 The neon res-
onance potentials tube performs very well and results are
quite similar to those obtained using the more complicated
scavenging technique.” We have included curve (c) to en-
able some prediction to be made of the relative contributions
of various transitions. In Table II we list a selection of en-
ergy levels for the neon atom and the corresponding reso-
nance potentials we observe. The designations are generally
in J./, notation and are of the form n/’[K]; where the /
value of the optical electron is “dashed” only when J, = 1,
otherwise J. = 3,. The superscript ° recognizes odd parity,
and its absence even parity. In addition LS term symbols
are given for the 2p>3p configuration for reasons mentioned
in Sec. II1. We see the strong contributions of transitions
from the ground state to the parity-forbidden 2p33p con-
figuration and most likely similar contributions to higher-p
states. Examination of the LS term symbols for this group
indicates more simply the presence of transitions forbidden
by the AS = 0 selection rule. The 3P, | ¢ states are degen-
erate at the LS extreme as also are 3D3 5 ; and we see ac-

2p°3s 26°3p 4s,3d etc.
— —

4s,
s

current

i M) y‘xﬁ'\,-"i"‘.n»./‘af)
17 8 19 20 21

. electron energy (eV)

Fig. 3. Electron-impact spectra of neon: (a) this work; (b) with SFs

scavenging (after Brion and Olsen’); (c) high-resolution trapped-electron
excitation (after Roy and Carette8).
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cording to Cowan and Andrew’ the effects of predomi-
nantly core spin-orbit terms in splitting these levels. The
peak at around 16.7 eV most probably involves predomi-
nantly the optically allowed transition from the ground state
to 3s2[1] but the detail of (c) indicates the presence of a
contribution from all other states of the 2p3s configuration,
thus including a J = J’ = 0 and AJ = 2 transition. There
are numerous other contributions which may be discussed
in a similar way.

The neon tube may also be operated to collect Ne* ions.
In this mode the performance in detecting the onset of
ionization is again superior to methods using “electron
tubes.”

V. CONCLUSIONS

We have demonstrated that with relatively simple ap-
paratus, resonance potentials tubes are capable of supplying
interesting information concerning the energy levels of
electrons in noble gases. In particular, emphasis can be
placed on complementing emission spectra and on the op-
eration of optical selection rules since many violations may
be directly observed. In addition the implications of various
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coupling schemes in determining the patterns of levels for
various configurations can be introduced to students. Fi-
nally, singlet-triplet energy differences can be resolved and
serve as an interesting basis for a discussion of electron
“pairing.”
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