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The quantum-mechanical method developed earlier is applied to the four-photon reso-
nant ionization of Cs. Comparisons of the present calculations vrith the experiments by
Held et al. are given, and good agreement vrith the experiments is obtained. The appli-
cation of the present theoretical method to the six-photon ionization of hydrogen is indi-
cated ~

Recently Held ef gl. ' published experimental results on the four-photon ionization of Cs by light of
frequency near that required to produce three-photon excitation of the 6f state. They found very rapid
variation of the transition probabi. lity with frequency and with incident intensity. This Letter describes
briefly a theoretical calculation which reproduces the experimental results on the two sides of the
resonance and at exact resonance. The calculation very near resonance is numerically complicated
and is being carried out. The main features are, however, already clear.

The method developed earlier" is used straightforwardly. The electron propagator in the presence
of the incident radiation field, including forward scattering processes, can be written in the notation
of I and II as

(l)

The tilde denotes the renormalized quantity; H„„(-Q) is the resonant part of H„„(-Q), the nonresonant
part being incorporated in the shifted energy E„. Use of this propagator leads to the four-photon ion-
ization amplitude in the form

C;. -(t) = (e'&~/2&)' 2 (Elr[n, &&n, [riff,&(n, lrlng&n, lr [6s&
nln2n3

x 1 (dQ/2si)e'"'f(E+ Q+ i0)(4u&+ E„+&a+i0)[E„+co+ Q+H„„(-Q —&u)]

x [E„+»+Q+ H„„(-Q - 2&v)][E„,+ 3&v+ Q+ H„, ,„,(- Q - 3~)]j-'. (2)

The factor E„+v+ Q+H„„(—Q —e) is the energy denominator coming from the state after absorption
of three photons, and when l8„)= 16f) is particularly important. This term is therefore separated out:

C,-, ;(t)=W(E, t)+B(E, t).

B contains all contributions other than the resonant one:

X(E, t) = (W/2~i) f d Q e* '((E+ Q)(E„+4~+ Q)[E„+~+ Q+ H„„(-Q —~)])-',

B(E, t) = (B/2wi) f d Q e' '[(Z+ Q)(E„+4~+ Q)] ',

&=(e»/2~) ~ «Ir[6f&&6flrlnd&n. lrlmk&n. lr[6s&[(E., -2~-E..)(E., -~-E..)] ',
tip ~rt3

B= (O'Ncu/2V)' P (E[r [n,)(n, [r [ng(n2[i'[n, )(R, [i'[6s)
n2, n3, na + ef

(4)

(6)

(6)

x[(E —3(u —E )(E —2(o —E )(E —&u —E )] '. (7)

The quantity II6f 6f is obtained principally from the forward scattering process in which three photons
are emitted leading to 6s and then three photons are absorbed:

H,t t( Q) = —$'/'(E„+—3++ Q), $' I'.
The shifted energy E,f can be written

E6f Eaf lP efy

(6)
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where y« is positive and comes from the imaginary part of the single forward scattering process l6f)
+ v-IE)-ef)+ &u. It is proportional to I=N&u/V, the laser intensity.

In units with h=e =1, and measuring I in cm ' (1 W/cm'=1. 058 x10 ' cm '), the desired quantities
are'

y«= e'E'I[p(E)~(E~i"[Gf)~'] =0.35xl0 "I cm ', (10)

, + (6fl erin, )(n, lei'in, )(n, lerl 6s)
,gs (E« —(0 —E„)(Eef—2(d E„)—

E6, —EB,=II8,„'=—( 277 x10 ' I+1.33x10 I'+8.2x10 ' I ) cm ',

E6f' —E«=HGt«'=(0. 72x10 "I+1.6 2x10 I'+1.3x10 ' I ) cm ',

P = B/A = 0.021 cm.

The quantities A and 8 are

ge - iEt alt 2iz+y„l
A(E, t) =

g . ,—

g —, 1 —exp(-izt —2y«t) cos —+ — "-'-~sin~

B(E, t) = [Be 'E'/(E —E„+4(u)][exp[—i(E„+4(u —E)t]- I],
where

z = —,[(E —E,z' —&o) + (E —E„—4u)],

rl'= (q, +iri, )'= (a —zy«)'+4]',

6 —E ' —E —3m6f 6s

n. ' = l[[&'+ (y« —2()']'[&'+ (y«+ 2()'1'k+ &'-y«'+ 4('),

(12)

(13)

(14)

(15)

(16)

(17)

(18)

(20)

(21)

(22)

(23)

Off resonance the exponentially damped term in (11) can be neglected. Then

P(d, I) = [4' p(0)/y«]f[h '+ 2&(2+ W2)]'+ 4r'[y~p —2(3+ 2v 2 )]].,

with 7 = (71Ml'/8kT)'&. At resonance, b, =0, (16) can be neglected, and (24) may be approximated by

(25)

The transition probability is found by squaring the amplitude, summing over final states, and aver-
aging over the interaction time, which is the time spent by the atom in the focal volume. The velocity
is distributed according to v times a Maxwellian speed distribution. Finally the result is averaged
over the laser frequency width y, . Thus

P(t)= f«p(E)~C;, -(t)l',

(P(&o)) = ',M'(k T)'f -dv v'P(l/v) exp( —Mv /2kT),
0

P(A, I) = (y, /2E) f dx(P((a+ x))/(x'+ ~,').

P(0, I) = EA'p(0)w/4y, ~'.

In a log-log plot of P(b, , I) for fixed b., the slope is given by

K = 8 logP(b. , I)/9 logE.

(26)

(27)

Let the effective interaction length l =0.5x10 ' cm, T=1200 K, and I=1.4x10' W cm ', then ~=10 '
sec. We find (25) has a minimum at 6= —28 cm '. Remembering A ~I' and y«O-I, we find the values
of %=8, 5.5, and 3.2 at 4= —28, —60, and 30 cm ', respectively. The ratio of the minimum to the
maximum calculated from (25) and (26) is found to be about 4x10 '. All these quantitative results are
in satisfactory agreement with experiments. ' The functions P(b, I) and K are plotted in Figs. 1 and 2,

There are some features of the calculation just sketched of special interest. The intensity depen-
dence is not a simple fourth-power law as it would be far from resonance because the intensity enters
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FIG. 1. Variation of four-photon ionization probability
P(~, I) as a function of the laser frequency detuning for
a given laser intensity I =1.4X10 W cm", assuming
the number of Cs atoms crossing the focal area to be
10 sec '. The experimental points are taken from Bef.
1. The relative level shift bet&veen 6s of 6f levels is
found to be about 0.3 cm '.

FIG. 2. Variation of the slope X as a function of the
laser frequency detuning. Minimum occurs at laser
frequency 9444 cm ~, K =2. Maximum occurs at laser
frequency 9452 cm, E ~8. I=1.4X10 W cm as in
Fig. 1. The experimental points are taken from Bef. l.

Because of the angular momentum of the reso-
nant state, the resonant contribution to the four-
photon ionization comes from transitions with Al
=+1, but with no definite Am required. Circular
polarization can be just as effective as plane po-
larization.

the level shifts and widths. The minimum in the
transition probability comes from the interfer-
ence between the resonant and nonresonant am-
plitudes. It is near this minimum that the inten-
sity dependence is greatest. The form of the ex-
pression (15) for the resonant amplitude results
from the presence of three poles in the 0 inte-
gration of this term. The form of (15) is much
like that of the Rabi formula for a two-level sys-
tem but is complicated by the presence of the
width y«absent in the Rabi formula' where no
transition to the continuum is included. In the
case of six-photon ionization of hydrogen, ' the
laser frequency is far from resonance with the
bare hydrogen levels, but the intensity-dependent
shifts cause the physical states to be near reso-
nance with the laser frequency at a sufficiently
high intensity. The method here indicated can
therefore be directly applied. The details will
given elsewhere.
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