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Previous results are extended to obtain the ionization potential of an arbitrary atom in an arbitrarily po-

larized single-mode steady-state laser.

The results come from energy conservation and ideas associated

with the ponderomotive potential. They are used to discuss the width of the energy distribution of elec-

trons obtained from multiphoton ionization.

I. INTRODUCTION

One of the central problems of the theory of laser-atom
interactions is the question of what happens to the ioniza-
tion potential (IP) of an atom inside a laser field. We shall
see that the answer to the question depends on the defini-
tion of the IP, which is not unique in the presence of the
field.! The answer to the question will shed some light on
the electron spectra observed in multiphoton ionization ex-
periments. This note will deal only with the problem of an
atom moving slowly into a single-mode steady-state classical
laser beam. Experiments have so far been done with pulsed
beams which may yield different electron distributions.

The problem has been treated previously in a restricted
way. Muller, Tip, and Van der Wiel? have treated a model
atom in a circularly polarized laser beam and have obtained
results for the local ionization potential (LIP, defined
below) which are similar to the results given here. Tip and
Muller? have given arguments which indicate that similar
results apply for a hydrogen atom in a circularly polarized
laser. The results derived here apply for an arbitrary atom
in an arbitrarily polarized field and depend on little more
than energy conservation. They are obtained in Sec. II and
used in Sec. III to discuss the energy distribution of elec-
trons from multiphoton ionization.

II. DERIVATION OF THE LOCAL
IONIZATION POTENTIAL

Consider an atom in its ground state which moves slowly
into a steady-single-mode classical electromagnetic (laser)
field. The atom can be described classically as a particle
which moves in a potential, A W¢? (I(R)) which is the
shift of the ground-state energy level of the atom. This is a
function of the field intensity, which is in turn, a function
of the position of the atom in the beam. The average velo-
city of the atom inside the field is related to that outside the
field V(oo) by energy conservation

IMV(00) 2= LM [V(R)P+AWD U(R)) . (2.1)

The ionization event is assumed to take place at R at which
point the local ionization potential is X (/(R)). This is de-
fined as the minimum energy that must be supplied to the
atom to lift an electron to the continuum. The energy is
supplied by absorption of N photons of frequency w so en-
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ergy conservation at ionization gives (#=1)
ImlV(R) 12+ T MIV(R) 2= $M[V(R)]?

+No—XU(R)) . (2)

Here V(R) and m are the electron velocity and mass,
V'(R) and M, are the ion velocity and mass, and N is the
number of photons absorbed. Momentum conservation
yields

mV(R)+MV'(R)=M\V(R)+NK , 2.3)

where K is the laser photon momentum. The electron is
expelled from the laser beam by the ponderomotive poten-
tial of the beam which we assume to be monotonically de-
creasing toward the edge of the beam* and slowly varying
(on a laboratory scale). The conservation of energy relation
for this is

ImVR) P+ UCURD =5mlV ()2, (24)

where US® is the ponderomotive potential® acting on the
electron. Its precise form depends upon the polarization of
the field

e2E2(R)
4me?

Uf&=n (2.5
where E is the electric field amplitude and n=1 or 2 for
linear and circular polarizations, respectively. The ion is ex-
pelled from the beam by a polarization potential but we
must also account for the shift of its binding energy due to
the field. The energy conservation relation is

LMV (R 1+ UL (R) +AWE U(R) = MV (0)]?

2.6)
where U is the ponderomotive potential acting on the ion
and A W{? is the shift of the ground-state energy of the ion
due to the field. The difference between initial and final
energies is

AE= 3m[V (o) P+ T MV (o0) 12
— M V() P+ W (0) = W@ (0) ,  (2.6)
which can be rewritten as
AE= No—X(I)+ U2+ UG +awd® (1)

AW (D) — W (0) + W (0) . Q.7
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The fact that the Hamiltonian describing the system is
periodic in time results in the statement® that AE must be
an integer times w. Therefore, X (/) (modw) is given by

X(N-x0)= 09D+ Uu"U)
AW (1) - AW () 2.8

where X(0)= W2 (0) — W2 (0). Finally, the require-
ment that X(I)|;-0= X(0) allows us to drop the modw re-
striction on (2.8). The pondermototive potential does not
depend on the internal structure of the particle, only on its
net charge and mass. We therefore obtain from (2.5)
U’ =20, 2.9)

The shifts of the ground-state energies of the atom and ion
are difficult to calculate exactly as a function of /. Howev-
er, they are typically small compared to U,® and can be ob-
tained by a second-order perturbation theory as

2 W%,
AWr=—_E. 3 ___7n0

2 % (Wio)?—?

x (0B, - TIn) (n¥E_-T10%) ,  (2.10)
where the superscript x can be (a) or (i) denoting atom or
ion. Here the-electric field has been decomposed as

E= (B e~@+E_elv) (2.11)

and W,o= W,— W,. Implicit in the entire discussion, and
in (2.10), is the assumption that no resonances occur So

that :0 Z w.
}

ey= M [No—X(0)— AW (D+AWe® (1)]1— A’;
a a
m (a) M,
+2u 7 [E;— AW ()] 17 [No—X(I)]—- 177
a a a

where X(I) is given by (2.8) and w= V(R)-9(R). The
dependence on the ponderomotive potential U,,” is weak.
It enters in (3.2) through X (/) which is multiplied by the
small factor m/Ma. Its primary dependence is canceled due
to the fact that the LIP contains U,® so the ionized electron
has its energy diminished by this amount but it reacquires
this energy from its expulsion from the beam by U,,(")
(This fact has been pointed out by Muller efal?) The
remaining sources of the width for the electron energy are
(1) the dependence of the energy shifts of the ground states
of the atom and ion on the intensity, (2) the dependence on
the direction of the electron velocity at the ionization event
and (3) the dependence on the initial energy of the atom.
All are small effects. The first is small since the shifts of
the ground states themselves are small, and the effect is
made even smaller by the fact that ey must be averaged
over the probability of producing.the ionization by N pho-
tons. Typically this is a very steep function of I so only the
very high values of I near the center of the beam will con-

m

[E,— AW (D]1(1—p?)
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Equation (2.8) shows that the LIP is essentially increased
by the ponderomotive potential U,(e), which is of the order
of 1 eV for o~ 1 eV at an intensity of about 10®> W/cm?.
The requirement that Nw — X (I) be positive can then elim-
inate the lowest value of N which would be present in the
absence of this effect. A result similar to (2.8) was ob-
tained by Muller efal? and they used it to explain the
suppression of the lowest value of N (N=11) in the exper-
iment of Kruit er al.” in Xe.

Since the ionization potential is intensity dependent there
is more than one possible definition! of the ‘‘ionization po-
tential.”” If it is defined as the minimum energy required to
ionize, then it is intensity or position dependent and given
by the LIP. However, if it is defined from the energy of the
electron outside the beam, which is the experimentally ob-
served quantity, then it is X (0) which is the ionization po-
tential. The latter seems to be preferable on these grounds.

III. ELECTRON SPECTRUM

The experimentally observed quantity is the distribution
of the energy of the electrons which have absorbed N pho-
tons outside the beam

en=1mlV(e)]? | (3.1
We may use Egs. (2.1)-(2.4), (2.8), and (2.9) to obtain as a
function of the initial energy of the atom, E,= %Af{,, V2(o0)
and the point at which the ionization occurs, R, which
enters through the intensity /(R ). After some algebra and
the neglect of relativistic corrections arising from the photon
momentum term in (2.3), the result is

[E,—AW{? (1)1(1 —2u2)

12
, (3.2)

r
tribute appreciably. The last two are associated with the
translational velocity of the atom when the ionization takes
place. This is usually small and this is the reason for the
appearance of the small factor m/Ma is (3.2) multiplying
the terms containing F, and u.

The cancellation of U,® depends crucially upon the fact
that a steady-single-mode laser has been treated here. Ex-
periments are so far done with pulsed, and possibly mul-
timode, lasers. In those cases (2.8) is still expected to hold
provided that the laser amplitude changes slowly on the
atomic time scale. However, Egs. (2.1), (2.4), and (2.6)
may not hold and then the cancellation of U,(® that occurs
for the steady laser may no longer occur. This will be more
fully discussed subsequently.
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