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Long-lived autoionizing states of argon, krypton, and xenon atoms, and of singly-charged argon ions,
are observed by the mass-spectrometric method. Special ion sources were used in which atoms
were excited or ionized by electron impact, and the autoionization process was registered by means
of the ions produced in a separate chamber. The long-lived autoionizing states of the atoms lie between the first and second ionization limits, np5 2 P~ ;2 and np 5 2 P~ 12. The low ionization rate
( ~ 106 sec - 1 ) is due to the large values of the principal quantum number n and of the orbital angular
momentum of the excited electron. These states are not observed in optical spectra because of the
selection rules for dipole transitions.
IT is well-known that ions[l- 3 J and atomsl 4 ' 5 J of the
noble gases possess long-lived Rydberg states that lie
near the ionization limits and that can easily undergo
ionization near a metal surface in an electric fieldl 6 J
or in collisions with molecules. l 7 l
The atoms and ions of the noble gases, except helium, possess two or more ionization limits to which
different Rydberg series converge. 1 > Excited states lying above the lowest ionization limit can autoionize.
Photoabsorption experiments have indicated that some
of these states have short lifetimes ~ 10- 13 sec with
respect to autoionization. [BJ In these experiments only
optically allowed states were excited, to which dipole
transitions are allowed by the selection rules; these
were ns and nd states. However, electron impacts
also excite optically forbidden states such as np and
nf, which can possess small probabilities of autoionization. It has been reported in l 9 • 10 J that collisions between electrons and noble-gas atoms produce longlived autoionizing states of Ar+ and xe+ ions having
lifetimes ~ 10-6 sec, but the nature of these states was
not discussed. The given conclusion was based on the
observed way in which the ion intensity was influenced
by the initial gas pressure and electron energy.
The principal experimental results obtained in r 9 ' 10 J
are that 1) in the process
(1)

the intensity of the produced doubly-charged ions A2+
is directly proportional to the intensity of the initial
singly-charged ions A+, and 2) the doubly-charged ions
A 2 + are formed from the singly-charged ions in accordance with (1) when the electron energy slightly surpasses (by about 0.5-1 eV) the threshold for the production of doubly-charged ions from atoms in the process

A+ e-+A2++ 3e.

of A+ ions if the initial A+ ions did not possess additional highly-excited states that converge to the first
ionization limit and are therefore unable to autoionize
although their excitation energies are close to autoionizing states. However, the foregoing discussion points
to the existence of such states, which sometimes behave
like autoionizing states. For example, the ionization
processes of these highly excited states when ions in an
electric field collide with residual gas molecules (forming a background), or occurring near the metallic surfaces of collimating slits, are also directly proportional
to the intensity of the initial A+ ions. Nonuniformity of
the electron beam energy and a large difference (by a
factor of about 105 ) between the intensities of the A+
ions and the A 2 + ions produced therefrom according to
(1) make it difficult to determine the exact small difference between their thresholds.
In r 9 l the ion beams passed through narrow slits. It
was therefore possible that a considerable fraction of
the A 2 + ions, which were attributed only to autoionization of A+, had resulted from the ionization of highly
excited A+* ions; these could include ions in autoionizing states, near the metallic surfaces of the slits.
It is therefore necessary to study long-lived autoionizing states of ions under more determinate experimental conditions. Moreover, if singly-charged noblegas ions should appear in such states, the same should
also apply to the corresponding atoms. The present
work is an investigation of these effects.

(2)

These results would provide a sufficient basis for the
conclusion that A 2 + ions result from the autoionization

!)We shall here consider only the lowest ionization limits, which are
formed by the removal of an outer np 6 electron from an atom or an
outer np 5 electron from an ion.

EXPERIMENT
In the mass-spectrometric investigation of longlived autoionizing states our basic task is the discrimination of these states from lower-lying long-lived highly excited states. The task is difficult because the two
types of states have very close energies and, as already
mentioned, in some experiments they behave alike. Our
work was done with a mass spectrometer and a specially
designed ion source that enabled us to discriminate
these two kinds of states.
A. Autoionizing States of the Atoms
Figure 1 represents the scheme of the source used

818

LONG-LIVED AUTOIONIZING STATES OF NOBLE-GAS ATOMS AND IONS

~OliO

lJIIL_jll
K,DR

Kz

EF

FIG. 1. Scheme of the ion
source. In the first chamber K 1 gas
A atoms are excited by the electron
beam E. Ions are retained by the
retarding electrode T and the deflecting electrode E. Ions formed in the
second chamber K 2 are extracted,
focused, and accelerated by means
, of voltages applied to the corresponding electrodes E, F, and A.
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to investigate long-lived excited states of the atoms.
The two-chamber ion source that was used in [ 51 had
FIG. 2. A portion of the argon mass spectrum. The dashed peak
been changed in the following way. The second chamber
resulted from reversal of the potential applied between S 1 and K 2 •
Ka was lengthened to 13 mm in order to permit a larger
FIG. 3. Intensities I of Ar+ ion peaks versus argon pressure. I, 2, 3
number of decays; its entrance and exit slits were en-intensities of peaks I, 2, 3 in Fig. 2; 4-intensity ratio of peaks 2 and 3.
larged to 4 x 16 and 6 x 16 mm, respectively, so that
For curve 2 the scale of the ordinate axis has been doubled.
the atom beam collimated by the slit S1 = 1 x 8 mm
would not come into contact with the edges of the chamber slits. The narrow slit Sa = 1 x 9 mm behind the secExperiments were performed with a reversal of the
ond chamber was covered with a ""70% transparent fine
potential between S 1 and Ka. The dashed curve in
copper grid. This was followed by the exit slit of the
Fig. 2 shows that in this case peak 1 was completely
ion source. The ions were retained in the first chamber
absent. This result was to be expected, because Ar+
by the retarding field VR =50 V, the field Vc =50 V of
the deflecting condenser, and a ""250-gauss magnetic
ions from the ionization of highly excited Ar* at S1
field that also collimated the electron beam.
were retarded and could not enter chamber Ka. Only
A 3.05-kV accelerating potential was applied between peaks 2 and 3 remained.
Completely analogous results were obtained with
the slit S1 and the electrode A; the potential at the
krypton and xenon; with He the results were entirely
second chamber was 2.8 kV, and that at the slit Sa with
the grid was 2. 5 kV. These quantities could be regulated different, except in the experiments with reversed polarity. Helium possesses no autoionizing states that lie
in order to study the influence of the electric fields on
a little above the ionization threshold, as in the cases of
the ionization of the highly-excited atoms. The gas
the other noble gases. However, helium does resemble
pressure in the source region was usually,.., 10- 5 the other atoms in possessing highly excited states ly10-4 Torr. The ion current was registered with a U1-2
ing a little below the ionization threshold. [ 4 ' 51 Thereelectrometric amplifier.
fore
helium was a good object for the performance of
Figure 2 shows a section of the mass spectrum in the
comparative measurements.
mass-40 region when argon ions are admitted into the
When helium was admitted to the source three peaks
source. We see that there are three peaks: peaks 1 and
3 are caused by the Ar+ ions produced respectively upon were again observed in the vicinity of mass 4. As in
Fig. 2, at low pressures the intensities of peaks 1 and
ionization of the highly excited Ar* atoms on the slit S1
and the grid Sa, while peak 2 belongs to the ions obtained 3 were directly proportional to the pressure; this was
the result that had been observed for argon, krypton,
in the second chamber. They can be produced as areand xenon. However, the intensity of the middle peak 2,
sult of the autoionization of the highly-excited argon
which represents ions from chamber Ka, is quadraticalatoms and when these atoms collide with the unexcited
ly dependent on pressure in this case. The origin of the
atoms. We can see that the peaks are not symmetrical.
This is due mainly to the ionization of the highly-excited peak thus appears to lie in the collisions between highly
excited helium atoms and unexcited atoms.
atoms in the electric fields in the iriterelectrode space.
When deuterium is added to the helium peak 2 is
When these fields are decreased, the peaks become
augmented by D; ions produced in the ionization procmore symmetrical. An increase of the electric field in
ess studied by Penning:
the space between Ka and Sa leads to a splitting of the
second peak.
(3)
Figure 3 shows plots of the intensities of all three
peaks as functions of the argon pressure. It can be seen We here find additional confirmation that peak 2 is prothat the intensities of all peaks vary linearly with the
duced in chamber Ka•
pressure in the region of low pressures. The nonlinear
A similar picture results when helium is added to
dependences at high pressures result from collisions in
argon, krypton, or xenon. In these instances the middle
which ions and excited atoms are scattered. The linear
peak, representing Ar+, Kr+, or Xe+, is also augmented
dependence of the second peak on Ar pressure provides
by the ionization process (3).
an argument for its formation by the autoionization of
The dependence of the peaks on electron energy was
excited Ar*. The very slight pressure dependence found also investigated. Here the results were less decisive,
for the intensity ratio of peaks 2 and 3 (curve 4 in
for the following reasons. 1) Highly excited autoionizing
Fig. 3) indicates that the second peak receives only a
states, like highly excited non-autoionizing states, are
small contribution from ionization that occurs when exionized in an electric field near metallic surfaces and
cited Ar* atoms collide with unexcited argon atoms.
in collisions between gas molecules and atoms; there-
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fore they can contribute to all peaks. 2) The excitation
thresholds of autoionizing states lie very close to the
excitation thresholds of the lower-lying non-autoionizing
states. 3) Autoionization produces very small ion peaks.
The foregoing circumstances complicate the task of
determining differences between the excitation thresholds of the two groups of states and of observing the
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FIG. 4. Excitation curves of xenon.
The electron energy scale Ee was not
calibrated. 1-Xe+ ions produced in
chamber K2 , 2-Xe+ ions produced at
slitS 1. The arrows point to the excitation thresholds of au toionizing and
highly excited states.

differences between their excitation functions. For argon and krypton the experimental differences between
the thresholds were found to lie within the experimental
error limits± 0.5 eV. Only in the case of xenon do we
find, as is shown in Fig. 4, that Xe** atoms in autoionizing states appear at an electron energy that is about
1.5 eV above the production threshold of highly excited
Xe*. The corresponding excitation curve descends
somewhat more rapidly as the electron energy is increased. For a detailed investigation of the excitation
functions and thresholds we clearly require a good monoenergetic electron beam ( AE < 0.1 eV) and highly
sensitive registering equipment.
B. Autoionizing States of the Ions
We investigated only singly-charged argon ions,
which are the most suitable for the present purpose.
Long-lived autoionizing states were observed with a
mass spectrometer and a special ion source which is
sketched in Fig. 5.
Our source enabled us to distinguish between doublycharged Ar2+ ions resulting from the autoionization of
Ar+ * and other Ar 2 + ions resulting from different processes, such as ionization at the edges of the collimating
slits or ionization in collisions with Ar and background
atoms. The source functioned as follows. Ar+ ions accelerated to 2.8 keV entered chamber K2, to which a
certain potential ± V K was applied. The doubly-charged
ions formed in this chamber from singly-charged ions
received the following energy: 2.8 'f VK (the energy of
the singly-charged ions entering the chamber) plus
± 2VK (received by doubly-charged ions leaving the
chamber); the total was 2.8 ± VK. The peak representing these ions could therefore be shifted along the mass
scale to a position that is free of overlapping peaks.
This peak could be formed by Ar 2+ ions produced from
Ar+* ions by only two processes-autoionization and
stripping when argon atoms collide with residual gas
molecules.
Ionization of highly excited Ar+* at the edges of the
chamber slits was excluded because these slits were
very much wider (23 x 23 mm) than the nearby collimating slits S1 (1 x 7 mm) and S2 (10 x 10 mm). The
dimensions of the remaining slits were 1 x 4 mm.
Chamber K2 was 210 mm long, and was preceded by a
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FIG. 5. Scheme of the ion source. In the first chamber K 1 highly
excited ions are produced by collisions between electrons (E) and atoms
(A). These ions are extracted (B), focused (F) and directed into the second chamber K 2 , where autoionization occurs. The dashed line connects grounded electrodes.
FIG. 6. Relative ion intinsities (in arbitrary units) vs. argon pressure.
1-Ar+ ions from charge exchange, Ar+ + Ar ~ Ar + Ar+; 2-Ar2 + ions
from chamber K 2 ; 3-Ar2 + ions formed at the grid.

grid C at a specified potential. Ar+* ions that passed
through the grid lost an electron and were thus converted into Ar 2 + ions that were registered on the mass
scale in accordance with the potential applied to the
grid.
The described apparatus was used to study how the
intensities of Ar+ produced in chamber K2 by collisions
of electrons with argon atoms, and of Ar 2+ produced
from singly-charged ions traversing the collimating
slits, grid, and chamber K2, were influenced by the following factors: Ar pressure, the background, and the
electron current and energy. The background pressure
was varied by closing valves to reduce the rate of evacuation. The pressure effect of air admitted into the
chamber was also studied. Some results are shown in
Fig. 6, where we observe that the straight line 2 does
not extrapolate to zero with decreasing pressure, which
would indicate the absence of autoionization, but intersects the ordinate axis to represent Ar 2+ ions produced
by the autoionization of singly-charged argon ions and
by ionizing collisions with residual gas molecules of the
mass spectrometer. (Line 1 passes through the origin.)
By studying how the pressure of the background and of
air admitted to the mass spectrometer influence the intensities of singly- and doubly-charged Ar ions we are
enabled to distinguish the foregoing two processes. At
the background pressure ~ 1.5 x 10-7 Torr the stripping
of singly-charged ions contributes little to the intensity
of Ar 2+ from Ar+*. Therefore most of the Ar 2+ ions are
produced in chamber K2 by the autoionization of highly
excited singly-charged Ar+*. This result is consistent
with the conclusion reported in [ 9 • 10 l that when electrons collide with Ar atoms a fraction of the Ar+ ions
are formed in long-lived autoionizing states.
DISCUSSION OF RESULTS
Our results indicate that multielectron atoms and
ions of noble gases exist in long-lived autoionizing
states having lifetimes ~ 10- 6 sec and lying close to
the corresponding ionization limits. In the case of noble-
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gas atoms these states lie between the two ionization
limits 2 P~;a and 2P~; 2 to which respective Rydberg
series converge. These states result from the excitation of only a single atomic electron.
The ground level of doubly-charged noble-gas ions
is a triplet; the three sublevels 3 Po, 3 P1, and 3 Pa of
Ara.- are 43.58, 43.53, and 43.93 eV, respectively.[ 111
These ions will therefore possess Rydberg series converging to these three ionization limits. The levels
that converge to the lowest limit 3 P 2 , are highly excited
long-lived states, [ 21 which do not autoionize. The levels lying above the first ionization limit will autoionize.
The energy En of the Rydberg states is represented
by
(4)

821

electronic configurations that autoionize through magnetic interactions. For the noble-gas states of present
interest it is known [ 143 that LS coupling breaks down
because of strong spin-orbit interactions of atomic
core electrons. Then j l, or possibly jj, coupling is
the more suitable type. The approximate selection rules
for autoionization through Coulomb interaction will here
be different, of course, and will be derived by a calculation that is outside the scope of the present article. We
note only that the strict selection rules (conservation of
total angular momentum and parity) hold true for the
other types of coupling also.
The considered states of the discrete spectrum lie
above the first ionization limit 2 P~ 121 and the total angular momentum of their atomic core is J = 1/ 2 ( 2P~;2).
Thus, as a result of autoionization the total angular momentum of the atomic core should undergo a unit change
( 1/2 - 3j 2 ). This transition can occur only through Coulomb or magnetic interactions between core electrons
and excited outer electrons, but not through interactions
between electrons within the core. 2 >
Let us consider the case of autoionization due to a
Coulomb interaction:

where E 00 is the ionization potential of an atom or ion,
IH is the ionization potential of a hydrogen atom, and Z
is the charge of the atomic core whose field acts on the
highly excited electron. For highly excited atoms Z = 1,
while for singly-charged ions Z = 2; n* is the effective
principal quantum number of the excited state. The latter is somewhat smaller than the principal quantum
number n, but when n is large the difference is unim(5)
portant and also decreases rapidly as the electron orV=L;~.
1.-/lj
bital quantum number l increases. In the cases of present interest we can therefore assume n* Rj n.
where the subscript j pertains to the excited outer
If E 00 in (4) is taken to equal the energy required to
electron. As the principal quantum number is increased
produce an ion in the excited state np 5 2P~ 12 this equathe rate of Coulomb autoionization for highly excited
tion will give us the energies of the autoionizing atomic
states decreases as n- 3 .[ 153 When we start with the
levels that we are considering here. Two spontaneous
normal rate "'10 14 sec - 1 of Coulomb auto ionization, we
decay modes are possible for an excited autoionizing
can hardly expect that the described experiments will
state: 1) a nonradiative transition into the continuous
reveal states with values of n that are high enough to
spectrum (i.e., autoionization), and 2) a radiative tranreach the required autoionization rate "'106 sec- 1 • This
sition to a lower level or the ground state. For an alcould occur for n :=. 100, but only a negligible probabillowed transition of the first kind, induced by interelecity exists that such states will be excited; moreover,
tronic Coulomb interaction, the transition rate is
the states could easily be destroyed by electric fields
"'10 15 -10 14 sec-\ while for allowed transitions of the
and collisions in the ion source. According to a provisecond kind it is "' 109 sec - 1 • In the cases of the exsional calculation, under the given experimental condicited atoms and ions that we registered both transitions
tions the observed effect could include a contribution
must be forbidden, or their probabilities are considerfrom states with n ~ 40. For these values of n the obably reduced. This follows directly from the experiserved lifetimes can be accounted for by associating
mental result that autoionization of the excited atoms
autoionization with the quadrupole and higher-order
and ions was observed ,..10- 6 sec after their formation.
terms in the multipole expansion of (5).
All the foregoing considerations with respect to the
For a radiative transition the mean lifetime Tn of a
autoionization of atoms can be applied to singly-charged
highly excited hydrogen-like state is dependent on n:
T n "' 10-9 n4 • 5 • [ 123 Therefore with n > 6 the lifetime
ions.
Taking [ 2 • 4 • 5 • 9 • 103 into account, our investigation
will be sufficiently long to permit observation of the
therefore shows that when electrons collide with the
described states in our experimental work.
multielectron atoms of noble gases two groups of longThe situation is different with regard to autoionizalived highly excited atoms and ions are formed. The
tion, which can result from either Coulomb or magnetic
interaction between electrons. In both instances the con- first group of excited states consists of high-lying Rydberg states that converge mainly to the first ionization
servation of parity and of the total angular momentum
limit np 5 2 P~ 12 of an atom, or np4 3 P 2 of a singlycomprise strict selection rules. [131 For Coulomb autocharged ion. These are not autoionizing states. The
ionization in the case of LS coupling it is also necessecond group includes autoionizing states that lie besary to conserve the total orbital angular momentum L
tween the first and second ionization limits. The first
and the total spin S ( ~L = 0, ~S = O). However, these
group includes optically allowed and forbidden states
are not strict rules and can be violated as a result of
with n :=, 6 and various values of l. The second group
magnetic interactions, which lead to an autoionization
includes optically forbidden states with high n and l.
rate that is reduced by a factor of about 108 , as has
been observed in the autoionization of alkali atoms.[l31
We observe that autoionization induced by magnetic
interactions occurs at the required rate "'106 sec- 1 •
2>we neglect the interaction that induces very small hyperfme splitting in the atomic core. [1 3 ]
Therefore in this case we have the problem of finding
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We are indebted to 0. B. Firsov, S. I. Grishanovaya,
V. S. Senashenko, and B. M. Smirnov for discussions.
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