
VOLUME 41, NUMBER 26 PHYSICAL REVIEW LETTERS 25 DECEMBER 1978

~ See, for example, J. 0. Hirschfelder, C. F. Curtis,
and R. B. Bird, Molecular Theory of Gases and Liq
Nids bailey, New York, 1966).

~At room temperature for He the estimate can be
performed classically as quantum effects are very
small and can be neglected for our purposes.

For the L-J potential parameters see Hirschfelder,
Curtis, and Bird, ref. 10.

F. Barocchi, M. Neri, and M. Zoppi, Mol. Phys.
34, 1391 (1977).

The expressions for the moments is given in H. B.
Levine, J. Chem. Phys. 56, 2455 (1972).

Theory of Atomic Motion in a Resonant Electromagnetic Wave

R. J. Cook
University of California, Lawrence Llvermore Laboratory, Livermore, California 94550

(Received 6 November 1978)

A new theory of atomic motion in a resonant standing or traveling electromagnetic wave
is presented. It is shown that, when effects of spontaneous emission are negligible, the
motion of a two-level atom in the resonant radiation is determined by two noninterfering
wave functions, each of which satisfied a time-dependent Schrodinger equation with time-
independent potential energy. An experiment is proposed to test the theory.

There has been renewed interest in recent
years in the theory of atomic motion in resonant
and near -resonant electromagnetic waves. This
interest was initiated by the development of high-
power tunable lasers, and interest has continued
because of possible application of the theory to
problems of laser isotope separation, ' ~ atomic
trapping and cooling, ' ' neutral-atom accelera-
tion, ' ' and atomic-beam-deflection spectros-
copy 10 12

An atom il.luminated by resonant radiation ex-
periences at least two types of radiation force:
a force associated with spontaneous emission,
and a force due to interaction of the induced atom-
ic dipole moment with the amplitude gradient of
the applied field. The radiation pressure asso-
ciated with spontaneous emission has been exten-
sively investigated both theoretically" and ex-
perimentally, '""and will not be discussed in
this Letter. A theory of the induced-dipole force
has been developed by Ashkin for the case where
the atomic response may be described by a po-
larizability, ' and a certain off-resonance focusing
effect associated with this force has recently
been detected experimentally. " A description of
the atomic response in terms of a polarizability
also involves spontaneous emission to the extent
that it is spontaneous decay that causes atomic
relaxation to the near —steady-state condition de-
scribed by a polarizability. If the atom-field
interaction is brief (less than a natural lifetime),
a theory based on the steady-state polarizability
is no longer appropriate, and, in general, Schro-
dinger's equation must be solved to determine
the atomic response. In this case, effects of

iR ' = — V'g, +E,g, —p, S(x) cosset p, ,~t 2M

iA'= — , V2$, + E,y, —pS(x) cosset P, ,

(2)

where p = (1 ~ p ~ i~ 2) is the transition dipole mo-
ment. In the case of exact resonance, &u=(E,

spontaneous emission are negligible.
The purpose of this Letter is (1) to present a

new theory of atomic motion in a resonant elec-
tromagnetic wave, applicable when effects of
spontaneous emission are negligible, and (2) to
propose an experimental test of the new theory.

The Hamiltonian for an atom in a classically
prescribed electromagnetic field, in the dipole
approximation, takes the form

H = P'/2M + Ho —p, ~ E(R, t ),
where P'/2M is the kinetic energy associated
with the center-of-mass momentum P, H0 is the
Hamiltonian for the internal motion of the atom,
p, is the dipole-moment operator, and E(R, t) is
the electric field evaluated at the center-of-mass
position R. Consider first the motion of a two-
level atom with energy levels E, and E& in a
monochromatic standing wave E(x, t) = egx) cosset.
Here the amplitude S(x) will be a solution of the
time-independent wave equation V'S+ (&u/c)'tt' = 0,
but is otherwise arbitrary. Let P,(x) and g,(x) be
the amplitudes for the atom to be located at posi-
tion x. and occupy energy levels E, and E„re-
spectively Then i.t follows from Eq. (1) that the
Schrodinger equation for the two-component wave
function is
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(3). Under usual experimental conditions of well-
collimated atomic and optical beams, these terms
represent a simple Doppler shift. If the detuning C

&= e —&u' [e'= (E, —E,)/8] is adjusted to cancel
the Doppler shift, the above theory [Eqs. (3) and
their consequences] is recovered to an excellent
approximation.

The theory may be tested as follows, Consider
a well-collimated atomic beam of ground-state I I J j

two-level atoms that propagates in the z direction
and intersects a collimated Gaussian optical
beam $(x) = S,exp[-(x'+z')/~, '] propagating in FIG. 5. Total atomic flux J =J++J vs ( in the focal
the y direction. The resonant radiation acts as plane s = &.

a cylindrical lens that tends to focus atoms in the
wave u and defocus atoms in the wave u„as
illustrated in Figs. 1 and 2, respectively. In
crossing the Gaussian beam, the initial plane waves u, =exp(ikz —ivt) acquire phase factors exp[+i8(x)],
where 8(x) = v'I'+, gh, exp(-x'/e ')/2hv„and subsequently propagate as free-particle wave functions.
Let g=x/e„s=z/f„and m=v' 'v, p8, /28v„where v, is the atomic velocity, f, =2~,e/v' 'pb, (e
= 2&v, ') is the "focal length" of the Gaussian lens, and m is a dimensionless measure of the strength
of the resonant field. Then the waves u, on the downstream side of the radiation (neglecting inessen-
tial phase factors) are given by

u, (g, s) =(m/ms)'~' exp(im[s '($ —$,)'+exp(-$, ')]]d(, . (7)

Equation (7) is the result of a Fresnel approxi-
mation and is valid when atomic deflections are
small. To the same approximation, the atomic
flux associated with u, is J,((, s) = v, ~ u, $, s) ~',

the flux associated with u is J ($, s) =v, ~u ($,s)~',
and the total flux is J= J++J .

To be specific, consider a 1- Gaussian laser
beam focused to waist ~, = 50 LLtm. The peak in-
tensity is then I, = 2.5 x104 W/cm' and ho=(8', /
c)' '. Let the atomic beam issue from an oven
at temperature 7"=1000 K, apd select velocity
component v equal to yp th of the most probable
thermal velocity. Then for "typical" atoms of

mass M=50u=8X10 "g and transition dipole
moment p, = 1 D, the focal length of the radiation
lens is fo =0.8 cm, and m = 7.2 &&10'.

The atomic fluxes J ($) and J,(t) in the focal
plane (s = 1) are plotted in Figs. 3 and 4, respec-
tively. The dominant feature of J ($) is the sharp
peak at )=0. This is the primary focal line of
the radiation lens. The flux J,($) shows two
peaks, formed by atomic trajectories that are
repelled by the resonant field. The total flux J
= J,+J, Fig. 5, shows quite clearly the effects
of both focusing and defocusing of atomic trajec-
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FIG. 4. Atomic flux J+ vs $ in the focal plane s = l.
FIG. 6. Splitting of an atomic beam by the amplitude

gradient of the resonant field.
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tories. As s increases beyond s = 1, the peaks
of J+($) become sharper and form two secondary
focal lines in the plane s-"2.3 at )=+1.8. These
focal lines are a result of focusing by the wings
of the negative Gaussian radiation lens. As s
varies from 1 to 2.3, the central focal line of
J ($) spreads into a band of width b, (~ 1.0. The
focal lines of J,($) lie well outside of this band.
The structure of the atomic flux would be well
resolved by a detector of resolution M =10 p,m.

A direct measurement of the splitting of an
atomic beam by the amplitude gradient of the
resonant field may be accomplished by placing
a narrow slit immediately upstream of the inter-
action region, as illustrated in Fig. 6. The maxi-
mum splitting occurs when the center of the slit
is off-axis by the amount 0= ~,/v2, and, in the
above example, has the value 0=0.31'. For a
slit width of 20 p, m, the divergence of each of
the deflected components is less than 0.03 .

The present theory is valid when effects of
spontaneous emission are negligible, i.e. , when
the interaction time is less than the natural life-
time of the atoms (st=2+, /u, &v„). In the above
example, this condition obtains when the resonant
frequency is less than 2.5 &10"Hz or p 2 0.7 p,m.
This constraint may be relaxed somewhat by de-
creasing p, , M, and/or uo.

A measurement of the total atomic flux in the
focal plane (s = 1) showing the triple-peaked struc-
ture of J($), or a direct measurement of the
splitting of an atomic beam by the amplitude grad-
ient of the resonant field, would provide a con-

vincing test of the present two-component theory.
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We report an electron-beaxn study of dissociative attachment from excited hydrogen in
the energy range of 1—5 eV. A marked dependence of H /Hq and D /Dq cross sections on
initial vibrational (o =0—5) and rotational (j =0—7) states is observed. These results pro-
vide a new mechanism to interpret the anomalous H density recently observed in a hydro-
gen plasma.

In dissociative attachment by electron impact,
earlier experiments on selected molecules (e.g. ,
0» N, O, CO„.. .)' ' have shown a large in-
crease in cross section with temperature, at-
tributed to the dominant role of vibrationally

and rotationally excited molecules. The vibra-
tional effect was first predicted a priori' and a
detailed theoretical study~ on 0 /0, yielded good
agreement with experiments. ' A large rotational
effect has also been theoretically predicted' on
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