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Theory of the Ionization of Gases by Laser Beams
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The ionization of gases by intense pulsed laser beams is discussed. In particular, the production of ions and
electrons by direct multiple absorption of photons is considered in simple terms and it is concluded that the
experimentally observed gas break. down is probably initiated by this process, but that the subsequent
growth of electron population is governed by some other process, such as inverse bremsstrahlung, or the
acceleration of electrons in the oscillatory Geld. The theory predicts that the variation of threshold photon
intensity for breakdown of a gas should exhibit almost pressure-independent low and high limits, that the
rs,nge oi intensities between these limits should be approximately (10")'js',, where E„ is the number of
photons required to raise the atom to its lowest excited state, and that the threshold Qux density will vary
with change of focal volume as V '/~. .

I. ImRODVnION

'WO recent papers" describe experiments in which
brightly luminous ionized gas is produced when

red light (6943 A) from a pulsed ruby laser is focused by
means of a lens. Meyerand and Haught used a 30 nsec
pulse, giving peak powers of 30 MW to produce between
10" and 10" charged particles in a volume of about
10 ' cm' of argon and helium at pressures between 2
and 150 atm. Minck, operating over a pressure range
from 0.3 to 1.00 atm, produced "sparks" in H2, N2, He,
and Ar with a 25 nsec pulse having a peak power of 2
MW in a volume of about 10—' cm'. Minck has sought
to explain his results in terms of an extrapolation of the
microwave breakdown process' and obtained good
agreement with theory for nitrogen. Wright4 has de-
veloped an approximate expression for the cross section
for the inverse bremsstrahlung process in He and Ar,
and has shown that calculations are in good agreement
with the results of Meyerand and Haught. '

Both the inverse bremsstrahlung and the "micro-
wave" processes can operate only on free electrons and
both Wright and Minck Gnd it necessary to assume the
presence of an electron in the discharge region at the
time of application of the laser pulse. However, the
equilibrium density of ions in air is typically less than
10' cm ' and the rate of production is approximately
10 per sec.' ' The chance that a free electron occurs
naturally in the focal region at the time of the pulse
must therefore be considered negligible. Indeed, the
presence of a random electron in a volume 10 ' cm'
implies a mean charge density in the region of that ob-
served in tenuous glow discharges.

Clearly, then, before the problem of gas ionization
by laser beams can be resolved the origin of the first
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electron must be determined. In this paper the rate of
production of ions and free electrons by multiple photon
excitation to the lowest level of the atom, and subse-
quent excitation to the ionization level, is considered
in simple terms. Wright4 has shown that an atom which
has been raised to its lowest excited state is very rapidly
ionized, and consequently the discussion here centers
upon the production of excited atoms. The consideration
of statistical Quctuations in photon density, at the
atomic scale, strongly aGects the theory, and the argu-
ment of Meyerand and Haught' that an electric Geld
strength ratio of 10' between He and Ar breakdown
strengths, appears to be in error.

II. THEORY

According to the quantum theory of matter a gas
atom can exist only in one of a series of stable states.
Therefore, an atom cannot interact with a photon unless
that photon can raise the atom to one of its excited
states. However, if the atom is subjected to a suKciently
intense bombardment by photons, it is possible for the
"simultaneous" absorption of several photons to occur,
resulting in the atom reaching one of its excited states.

1. Direct Excitation of a Single Atom

Consider an atom undergoing bombardment by
photons with an average Qux n„cm ' sec '. The photon
energy is hv, and if the lowest atomic excited state lies
E(ergs) above the ground state, then the number of
photons which must interact "simultaneously" is
Ã„=E/hv. Suppose the cross section for "simultaneous"
excitation of the atom by E„photons is 0. cm'. From the
uncertainty principle, the time of interaction between
an electron and a photon is uncertain by the amount
t It/Itv= 1/v. If, during time t, the area o is crossed by
Ã„photons, an excited atom will be formed.

The average number of photons crossing area 0 in
time t is e„o-t. However, although the photon distribu-
tion over distances comparable with the laser wave-
length is governed by the Geld distribution, it appears
to be reasonable to treat the distribution as random
over atomic or subatomic dimensions. A Poisson dis-
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