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Atomic continuum-continuum transitions appear to be saturable at realistic light intensi-
ties. We discuss some consequences in multiphoton ionization.

PACS numbers: 42.50.+q, 32.80.Kf

The atomic unit of electromagnetic radiation in-
tensity is I„=ce /2matt —10' W/cmz. This inten-
sity corresponds to an electric field strength equal to
the Coulomb field of a proton at the distance of one
Bohr radius. In such radiation fields one expects
the bound-state structure of the atom to begin to
break down. Continuum-continuum (C-C) transi-
tions can become dominant, and a range of new
photon absorption phenomena may be opened.

It turns out that this estimate is surprisingly far
off the mark. As we indicate below, C-C transitions
have not only been observed in atomic multiphoton
absorption experiments' carried out over the past
five years, but most probably have been observed
to be saturated (i.e., having upper and lower states
nearly equally populated), as has been speculated. z

The theoretical support for this speculation is pro-
vided by a reformulation of Fermi's "golden rule"
(FGR) for transitions between a discrete state and
several continua.

First we introduce (see Fig. I) the simplest
model of C-C photoabsorption. There is a discrete
state ~0) connected by the matrix element Vpt to
states in a continuum labeled 1. These states,
which carry the index p, are coupled by another
one-photon matrix element V~2 to states in continu-
um 2, which carry the index d (for example, one
can think of p and d as angular momentum labels).
That is, V~2 is the C-C coupling strength in this
model. Schrodinger's equation gives the following

cd(t)

state-amplitude equations:

Co ———(Vp) X C~,

Cp= —ih~C~ —i VMCp iVtz X C&,

Cg= —ihdCg iV2t x—C~.

(la)

(Ib)

(Ic)

) V»~'P(z;a)
1+&P(z;S) (2)

Here P(x;y) =X (x+imy) '= (m/y) coth(mx/
y), and 5 is the uniform level spacing in (quasi-)
continuum 1. We must take the limit 6 0, and
we recognize that I/h=pt, the (uniform) density
of states of continuum 1.

In the numerator of (2) we have the usual FGR
result for transitions from discrete state ~0). The
full result is easily found:

The effect of continuum 2 is to act as an absorp-
tive reservoir for continuum 1. What is surprising
is that the reverse is also true, and the reverse leads
to the possibility of C-C saturation. In our simpli-
fied model this can be shown by solving (lc) adia-
batically (with use of the Weisskopf-Wigner or pole
approximation) and substituting it into (1b), there-
by eliminating Cd. Then the last term in (lb) is re-
placed by the amplitude-coherent sum —yX C~,
where y=~l Vtzl p2 is the FGR linewidth for a
transition from a typical p state into continuum 2.

The solution of (la) and (Ib) is easily carried
out, by use of Laplace transforms for example, and
one finds for the amplitude of the discrete state the
Laplace domain solution Ctt(z) = I/(z+ yp), where
the "coherent" amplitude decay rate is given by

cp{t)

~
I Vot I'p&

I+ ~'I Vt21'p&p2
(3)

co(t)

FKJ. 1. Model for two-continuum absorption.

Equation (3) shows that the C-C matrix elements
V&2 affect the FGR expression for the discrete-
continuum V~0 transition through a dimensionless
parameter Zt2 = n ( Vt2 ~ p& p2.
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Through Z we can define a new saturation inten-
sity I„,via the relation Z = I/I„, N. ote that as Iin
creases above I„, the decay rate 2yo from the
ground level decreases. This is because continuum
1 has a coherence time or "linewidth" that can be
power broadened as a result of transitions into con-
tinuum 2, as we discuss below. Some C-C matrix
elements are available in the literature. 4 They show
that I„,—10"-10' W/cm, much lo~er than 10'
W/cm, the intensity level at which one might first
expect novel C-C effects.

A qualitative interpretation of (3) must be made
in order to understand how the saturation described
here can be expected to work in situations more
complex than our model. In order to do this we
identify the role of the transition's "Rabi frequen-
cy" 2 Vot. From (3) the population transition rate
2yo out of IO) has the value

2yo= I2 votl /[2(~pt) '+2~I vt21'p2l

That is, the transition rate is given by the ratio of
the square of the transition's "Rabi frequency"
I2 Vot I to the total transition "linewidth. "

Such an expression for a transition rate is univer-
sal in resonance physics. 5 It shows that in this
model discrete and continuum transitions are simi-
larly "resonant. " As in the discrete case, part of
the total linewidth is the inverse of the coherence
time of the level and the other ("dynamic") part
contributes po~er broadening and is exactly equal
to the stimulated rate for population to leave the
level, in this case to go from continuum 1 to con-
tinuum 2. Note carefully that the static
"linewidth" 2/apt is compietely different from the
total width of the continuum (which is infinite in
this model anyway).

The traditional role of power broadening has
been almost completely unexpected in ionization or
in above threshold ionization (ATI), although Kruit
et al. , mention an apparent similarity with bound-
bound saturation effects in discussing their data.
This may be the key to interpreting ATI effects re-
ported since 1979,'2 as we now show.

One need not restrict one's attention to situations
with only two continua. If one adds an infinite
ladder of continua beyond continuum 2, the model
equations remain tractable as long as the continua
are perfectly flat. Actual physical continua studied
so far' appear to have no structural features that
are important, and so a flat continuum should not
be a bad working hypothesis for a first study of C-C
saturation effects. Equations (la) and (lb) remain
valid, and in place of (lc) one has (allowing j to in-

dex the second and higher continua):

CJ tkiCi iVji —] X CJ —J iVjj + 1 X Cj+ I

(4)

These equations can be solved as before, both for
the bound state decay rate and for the individual
continuum populations, by introducing the con-
venient quantity Ki(t) = g Cl(t), and the Laplace
transforms E& and C&. We always take the limit

0 in interpreting the P(z;/3. ) functions that
arise from the detuning sums over the individual
continua.

For ease in writing we will assume that the C-C
matrix elements between various continua are not
only independent of energy, but also independent
of the continuum index j. This mean that only one
V and one saturation parameter Z arise for the C-C
transitions in the theory. One finds, for example,

C, (z) = —iV(z+i/3i) '(K, , + K, +,)
= —iV(z+i/3i) 'Co(z) G, , (5)

where the Ki are easily shown to satisfy E&/
K& ~= —iver V/(1+i7r VKJ+t/Kz), and Kt= —im
x VCo/(1+8). Here F is the infinite continued
fraction implied by the K's, i.e., F= Z/(1+ Z/(1
+Z/(1+. . . ))).

Several consequences are immediate. Our model
gives yo as an infinite continued fraction:

yo = ~ I vot I Pl/(1+ z12/(1+ z23/(1+ ~ ~ ~ ) ) ),
(6)

where we have temporarily resupplied the C-C in-
dices dropped above. We must remember that Vo&

is quite distinct from the C-C V's. We note that
Eq. (6) provides a derivation and an all-orders sum-
mation of the empirical Gontier-Trahin7 power
series for ATI rates, and if I))I„, for all transi-
tions we obtain the new result that yo —IM ' if
I Voi I

—I, where M is the number of photons re-
quired to exceed the ionization threshold.

Now consider short-time (undepleted, d'or (( 1)
ionization, when we can take Co = 1/z, and invert
the transform given in (5) and compute the jth
peak population rate: R, =dIC&I2/dt One finds.
easily Ri= 2m

I G, I2, where Gi can be obtained from
(5) and the relations among the Ki given below
(5). It can be thought of as an effective matrix ele-
ment from the ground state to the j continuum
which contains all orders of C-C transitions. Note
that RJ is an important quantity for the model be-
cause its multiphoton index ki = 8 InRJ/8 lnI can be
compared with experimental ATI observations al-
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ready made. 2 We find k~ =M —1 (M= 11 for xe-
non and 1.06-p, m photons). This result has been
obtained in a different way by Edwards, Pan, and
Armstrong, and is in remarkably good agreement
with one experiment. 2

In addition, we determine
I C, Iz at long times,

after the ground-state population is completely dep-
leted (»t)) 1). In this case we must use the
solution Ca = I/(z + yc) in (5) when inverting the
transforms, and we find a photoelectron peak at
every multiple of photon energy above the first
("normal" ) photoelectron peak. These peaks were
first found numerically in a similarly simple model
by Biafynicka-Birula. 9 Our photoelectron spectra
are shown in Fig. 2 for three different values of Z
(i.e. , of I). We also give here the first compact ex-
pression for the photoelectron peak line shape:

Ic,I'- I v„/ VI'(sf+»') -'. (7)

From (7) two more distinct predictions are also
made. First, the peak's line strength (integral over
AJ) scales with intensity as I V&a/ VI2ya ', i.e. , in-
dependent of V&0, and the peak width is proportion-
al to yo. According to the continued fraction above,
and if Z is roughly independent of j, the width
should then scale with intensity as I~ ', for xe-
non an extremely sensitive I dependence for peak
width. This might be tested experimentally, but it
is not clear that experiments have been carried out
entirely in the depletion time regime yet. The far

Z= I

wings of (7) obey the short-time predictions given
above.

The effect on spectra of V's (and therefore Z's)
that change from one C-C transition to the next is
illustrated in Fig. 3. We show the short-time
growth rate of population in the first several con-
tinua and also indicate the intercontinuum Z values
by vertical bars. The evident prediction is that
Z = 1 acts as an effective cutoff. That is, only con-
tinua connected to the lower continua by Z values
greater than unity will be appreciably excited. This
suggests a "fluid dynamic" interpretation of the ex-
citation process which we discuss elsewhere. '

In summary, we have shown that, in multiphoton
absorption, the saturation of the usual FOR transi-
tion rate formula due to rapid C-C transitions has
very broad and largely unexpected consequences.
We have shown that this breakdown can be inter-
preted as a dynamic two-level-type resonance ef-
fect, even though the continuum is perfectly flat
and featureless. We have identified the saturation
intensity I„„and Eq. (6) indicates the crucial roles
played by the C-C dimensionless parameter Z. We
have also obtained the first indication of photoelec-
tron behavior in two important time regimes, both
before and long after ground-state depletion occurs.

Estimated values of I„, indicate that Z & 1 can
be expected in a variety of realizable situations. We
point out that all absorptive transitions in atoms and
molecules are connected to C-C transitions via one
or a few further photon absorptions, which are
often dominant in multiphoton experiments. Thus
some effects of Z on bound-bound transitions, for
example modifications of k values, might be ob-
servable. There are also evident consequences for

Z=5 10

10

N
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PHOTOELECTRON ENERGY

FIG. 2. Photoelectron energy spectra predicted by the
theory. The dependence on Z = I/I„, agrees qualitative-
ly with the data of Kruit et al. (Ref. 2), and the form of
the top curve is similar to the observation of Agostini
et al. (Ref. 1). The first peak is highest because V has
been chosen independent of continuum energy in these
examples. The peak widths are appropriate to the short-
time undepleted regime.
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FIG. 3. Photoelectron energy spectra showing the ef-
fect of a decreasing sequence of Z values from one con-
tinuurn to the next. The intercontinuum Z values are
given on the right axis. One sees the cutoff character of
the value Z= l.
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laser pumping of regions deep in the continuum,
which suggest a new inversion mechanism for
short-wavelength laser action. The wavelength of
the emission would be tunable with the pump
wavelength. Investigations of these effects, as well
as of C-C time dependences and other behavior
under more realistic assumptions about the energy
dependence of C-C matrix elements, will have to be
presented elsewhere 'o
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Note added. —Since submission of this note we
have learned of a recent nondynamic, purely statist-
ical theory of similar phenomena which is also of
interest [M. Crance, J. Phys. B 17, L355 (1984)].
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