
Vox,UMs 29 10 JULY 1972 NUMsxR 2

Circular versus Linear Polarization in Multiphoton Ionization

S. Klarsfeld
Institut de Physique ¹cleaixe, Division de Physique 7'heovique,

Laboratoire associe au Centre National de la Reckerche Scientifique, 91 Orsay, France

and

A. Maquet
Unive~site de Pams VI, Laboxatoiwe de Chimie Physique, 75 Pams Se, Prance

(Beceived 81 May 1972}

We evaluate the maximum allowed value of the ratio between the total &-photon ioniza-
tion rates for circularly and linearly polarized incident light. It appears that this maxi-
mum increases very rapidly with N.

Recent experimental observations" indicating
that the total two- and three-photon ionization
rates of unpolarized cesium atoms depend on the
state of polarization of the incident radiation have
stimulated the theoretical interest in this new ef-
fect peculiar to multiphoton processes. ' ' A sim-
ilar effect was discussed a few years ago' in the
case of molecular and crystalline anthracene ir-
radiated with elliptically polarized light.

In this Letter we present a simple method for
evaluating the maximum allowed value of the r'a-
tio (v'/o)„between the total Ã-photon ionization
cross sections for circularly versus Iinearly po-
larized radiation. As prerequisites of our calcu-
lation we assume the validity of the nonrelativis-
tic dipole appr'oximation and of conventional per-
turbation theory. This ia certainly justified in
the Optical range and for light intensities up to
about 10"W/cin'. In addition, we shall use a
simple one-electron central-fieM model, which
provides a fairly good appeoximation for a. large
number of atomic systems, 2nd i"estrict our-
selves to photoeleetrons ejected from a bound s
state. It is very likely' that the complex internal
structure of a many-electron atom will not appre-
ciably affect the inai. h r'esult derived below.

Before considering the general case, it will be
instructive to reexamine the situation for N = 2

and M=3. The total two-photon ionization cross
section for linearly polarized light is"

o = 2w'na, '(I/1, )(u(+i T,.,i'+ —,
'

i T,.J'),
where n is the fine-structure constant, ao is the
Bohr radius, I is the lig'ht intensity in W/cm',
I, = 7.019&& 10"W/crn', v is the photon energy in
atomic units, and T, , and T, , are reduced ampli-
tudes for transitions from the initial s state to
final d and s states, respectively, via interme-
diate p states, as allowed by the selection rule
hl = + 1. For circularly polarized x'adiation the
total ex'Oss section is given by'

cr' = 2v na '(I/f, )(uT'r(r,

Comparison with Etl. (1) immediately yields
max((r/o), = 2.

Although the iota, I transition rates are, of
course, independent of the coordinate system,
the difference between Eqs. (1) and (2) will be
better understood if the latter is conveniently
chosen in each ease. Thus, for linearly polar-
ized incident radiation we shall use spherical
coordinates with the polar axis along the unit
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polarization vector &, whereas for circularly
polarized light it is more suitable to take the
polar axis along the wave vector of the incoming
photons. The dipole interaction operator then
assumes the forms e r = (4II/O)'"r&, ,(I") in the

fiI st case, snd e r =+ (4II/O)'~ t'Y, 1, (t') iII the sec-
ond. Correspondingly, the selection rule fox the
magnetic quantum number will be simply ~m =0
for linear polarization, and &m =+1 (&m = —1)
f01' left (I'1gllt) cll'clllR1' polRI'izRtloll, It Is ob-
vious that from the two possible channels, l =0

1-2 and l =0-1-0, the second one is not com-
patible with the last selection rule.

Similarly, in the case of three-photon ioniza-
tion one finds'

for linearly polarized light, and

0' = II ciao (I/Io) Id ~~ (T12.~( (4)

for circularly polarized light. Again, from the
three channels l =0- 1 - 2 -3, l =0- 1 -0- 1,
and E =0-1-2-1 allowed by the selection rule
b, /=+1, those leading to a finalP state are for-
bidden by the selection rule &m =+1 (or Am = —1)
when the incident radiation is circularly polar-
ized. From Eqs. (3) and (4), it readily follows
that max(o'/a), = ~.

It is an easy matter to generalize the above for-
mulas for arbitrary N. For the present purposes
it will be sufficient to notice that the total N-pho-
ton ionization cxoss section for linearly polarized
light has the form

o = 4II'IIa, '(I/2I, ) 'u1 (C„~T12....A ~'+ ~ ~ ), (5)

where the omitted terms are all positive and rep-
resent contributions of the channels leading to fi-
nal states with angular momenta I.= N- 2, N-4,
~ ~ . On the other hand, for circularly polarized
light the total N-photon ionization cross section
reduces to

count the expressions of the dipole interaction
operator given above, one gets

or, in terms of Wigner's 3-j symbols, o

which explicitly means

For %= 2 and 2, this gives for the maximum ra-
tio the values p and ~, respectively, obtained pre-
viously, ' which happen to be very close to the ex-
perimental ratios of 1.28+ 0.2 and 2.15+0.4 re-
ported in the case of cesium irradiated with ruby-
laser light. " A very remarkable feature of Eq.
(9) is that the right-hand side increases expo-
nentially with the number of absorbed phgtons.
For large N one can use the asymptotic fo'rmula
max(II'/II)„- 2 (111') '", giving a maximum ratio
of about 1.8 ~ 10' for N = 10, and about 1.3 ~ 10'
for K=20.

Of course, the result stated above represents
only a theoreti. cal maximum, and has been ob-
tained by assuming an initial s state. However,
the detailed analysis performed in the case of
two-photon ionization strongly suggests that it
also holds for an arbitrary initial bound state,
and that the actual ratio mill stay in the zone of
high values near its maximum for a very large
range of incident photon energies. Thus, it may
be expected that in practice circularly polarized
radiation will often prove much more efficient in
multiphoton ionization than linearly polarized ra-
diation. This point certainly deserves further ex-
perimental investigation, especially in the case
of rare gases, where absorption of a large num-
ber of photons occurs. "" Accurate measure-
Illellts of tile 1'Rtlo o'/0 1111del' VRI'lolls coIldltloIls
should also contribute to the understanding of the
actual mechanism of multiphoton transitions.

since the other channels are forbidden by the se-
lection rule for m. Comparing Eqs. (5) and (6),
one immediately sees that the maximum allowed
value of the ratio II'/II is equal to the ratio of the
coefficients C&' and C&. These are determined
exclusively by the coupling of orbital momenta in
the channel l =0-1—2- ~ ~ ~ -Ã, according to the
additional selection rules &m =+1 (-1) or &m =0,
respectively. More precisely, taking into ac-
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We report the scattering of CO&-laser light from driven cyclotron-harmonic waves in
a collisionless plasma of density 4 && 10'" cm . Using light-mixing spectroscopy, we ob-
serve scattering from waves with frequencies of several hundred megahertz, wavelengths
from 2.0 to 0.75 mm, and associated fractional electron-density modulations as small as
10 '.

Microwave scattering and electrostatic probes
have a limited range of utility as probes of short-
wavelength fluctuations in plasmas. Electrostatic
probes disturb the plasma for a distance of the
order of the sheath size and are impractical in
high-temperature plasmas. Microwave scatter-
ing is capable of resolving only wavelengths larg-
er than half the microwave wavelength (& 1 mm),
which is a serious limitation in many controllable
laboratory plasmas and in plasmas suitable for
fusion where the Debye wavelength A. D is consider-
ably less than 1 mm (i.e. , in the Tokamak An=5
&10 ' mm). In principle, scattering with a laser
of suitable wavelength X, is a technique which is
capable of resolving short-wavelength plasma
fluctuations without perturbing the plasma. As
we discuss below, in order to maximize the scat-
tered power (which is proportional to A. ,') and
still resolve the wavelengths of all collective phe-
nomena, A. , should be of the order of A.D. In view
of these considerations, the high-power CO, la-
ser with A. , of 1.06~10 ' mm is an excellent scat-
tering source not previously utilized as a probe
of collective phenomena in plasmas. Previously,
light scattering from collective phenomena has
only been done with visible lasers from highly

transient, dense plasmas' whose properties are
not easily controllable. In this Letter, we report
CO, -laser scattering from externally driven cy-
clotron-harmonic waves (Bernstein waves)' in a
steady-state plasma whose properties are vari-
able in a controlled manner. Using light-mixing
spectroscopy, ' we observe waves with frequen-
cies of several hundred megahertz, levels of
modulation of the electron density as low as 6
&10' cm ', and plasma wavelengths between 2.0
and 0.75 mm (which was the shortest wavelength
we were able to generate with an rf voltage ap-
plied to a probe). In principle, this technique is
capable of resolving wavelengths between 2 mm
and 5&&10 ' mm (one half the laser wavelength).

The experimental apparatus is shown in Fig. 1.'
The plasma is produced by a dc discharge be-
tween a filament and grid in 7~ 10 ' Torr of He
gas. Plasma leaks into a region of uniform mag-
netic field between two magnetic mirrors located
90 cm apart. The plasma density is uniform to
within +15% and the magnetic field B is uniform
to within + O. leuc over a region 5 cm in diameter
and 5 cm long located halfway between the mir-
rors. Depending on the magnetic field, the elec-
tron temperature varies between 4 and 6 eV, and
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