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A previously presented narrow-bandwidth theory is used to interpret recent data on
the four-photon ionization of Cs near the 6I" resonance. The theory is based on treating
the amplitude of the radiation field as a constant relative to its rapid phase oscillations.
The ionization rate adiabatically follows a pulsed amplitude leading to maximum ion-
ization for times at which the pulse develops sufficient intensity to shift the 6S 6I
transition into resonance.

In a previous paper' (I) a formalism was pre-
sented based on treating the amplitude of the
classical radiation field b(t), which is slowly
varying in the time, as a constant relative to the
oscillatory part of the field, which is rapidly
varying in the time. Using this adiabatic approxi-
mation, the Fourier integral of the field A(t)
is proportional to a 5 function in frequency space,

a((u) = (2~) ' J „dte' 'A(t) = b(t) b(( —(up), (1)

where a~ is the constant photon frequency and
only the absorptive component of the field is con-
sidered. Thus the field depends on b(t) paramet
apically. This form illustrates the single-mode
character expected for a very-narrow-bandwidth
field such as that of the recent experiment by
Morellec and co-workers' (II), where the band-
width is about 2x10 ' cm-'.

In the experiment of II the flux E depends on
the time. This time dependence is described by
multiplying I" by a dimensionless Gaussian shape
function G(t), with a 37 ns width at half maximum,
which generates a maximum I' corresponding to
an intensity of 10' W cm ' at the center of the
pulse t,. It is the purpose of the present paper to
evaluate the slowly varying field amplitude b(t),

proportional to [G(t)E]' ', as adiabatically follow-
ing the rapidly varying oscillatory part whose use
in the dynamical problem has led to a rate. That
is, we replace b(t) in Eq. (1) by [2m G(t)E/u&usP 'e.
This quantity occurs as a parameter in the time-
independent rate. The success of the present
adiabatic-following approximation in describing
the time dependence of the ionization yield data
of II will be demonstrated below and illustrates
how a time-independent rate theory" ' can be
used to describe temporal phenomena in laser-
induced ionization.

The flux also depends on the focal volume (Figs.
3 and 11 of II). This dependence is given by multi-
plying the maximum flux (corresponding to an in-
tensity of 10' W cm ') developed at t, by a dimen-
sionless shape function Es(x, y, z), where this
function is normalized to 1 at the center of the
focal volume, or Es(0, 0, 0) = 1 (Appendix of II).
In this paper we multiply G(t)E above by Es(0, 0,
z), where G(t) and Es(0, 0, z) are constructed
from the information given in II I»gs. 11(a), 11(b),
and 14]. Our rate" '

P,,(z, t) for the four-photon
ionization of Cs near the 6I resonance, for a
given time t in the development of the pulse along
a path z through the center of the focal volume,
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—,'0, '(z, t )R„(z, t )

[& —~(z, t))'+[R„(z, t)/2]' '

l&.(z, t)= .
'

ig,E' l&y. ~lP &IX,&l,
[2~E(z, t) o,a,'] '/'

1/2E

4

g(z, t) = — ' ' Ite P [J jd'rd'r' y, z+(r)(p ~ V)g'"'(r, r', 2(E„+nE))(P ~ v')p, z(r')],

(2b)

R,~(z, t) = — — ' ' Im Jfd'rd'r'p, ~*(r)(p ~ v)g~"i(r, r'; 2(E, ~+4E))(p V')iI, „(r'),BmF(z, t)ua, '
(2d)

6 = ((d6 s —(dsp-) + 3cup,

Where the v, 's are the atomic eigenfrequencies in s ' (corresponding to the E&'s in atomic units), E is
the photon energy in atomic units (for ~~ in s ), P is the unit vector in the direction of polarization of
the photon, F(z, t) =G(t)Es(0, 0,z)F, and the prime on the sum means that n =3 is omitted by parity con-
servation. The parameters of Eqs. (2) are displayed in Table I. These have been calculated using nu-
merical Hartree-Pock functions. ' The atomic field Green's functions g " are calculated explicitly for
energies nE above the ionization continuum (n =4) with use of

g ~i =(4w) 'Q, (2l+1)g, "~(r,r'; 2(E,s+4E))P, (r" r '), "

g '"'= — [G'"'(k )E " (k )+tE, "(kr)E, "(kr')],1

(3a)

(3b)

(4)

and by numerical solution for the regular and irregular waves E, "~ and 6,'", respectively, in an ef-
fective atomic field V (the static potential plus the semiclassical local exchange potential' appropriate
for Cs ). For energies nE below the ionization continuum (n=2) g ~ is found by defining the function

X2" (r) = fd'r'g" (r, r', 2(E,s+2E)) 2(p 'V')(ez(r')

which obeys the differential equation,

[&'-U(r)+ 2(E.S+ 2E)] X.™(r)= 2p. &4.~(r),
where II=(2m, /h ')V. X, [see Eq. (2b) above] is
the second-order perturbative function of the 6S
state. It is calculated from m. equation obtained
from Eq. (5) by replacing (,~ by X„ the first-
order perturbative function of the 6S state. y, is
calculated from an equation obtained from Eq. (5)
by replacing P,z by (,s and 2E by E. The radial

This work Experiment

0,=1.735x10' s '

&6& ——1.569x10 0 s-'
4=2.767x10" s '

o&~~r R&z/p'=2. 942x 10 ~8 cm2
0, ) 2 720x10-1.8 cm~6F

~ =4.308 x10 s

'The superscripts on the photoelectric'cross sections
designate velocity (Q and length g, ) forms.

See Table I of II, based on a measured shift of'0.8
cm for an intensity of 0.35x10~ W cm

TABI Z I. Atomic parameters in units of frequency,
~(~/2n =c/A), at an intensity of 10 W crn ~ or %=0.5335
x10 cm s at &=0 s

(5)

!
equations derived from these equations are solved
numeric aQy.

The rate R4(z, t) of Eq. (2a) is in agreement with
that of Eberly and co-workers ' at high power
levels or when —,R,~'» 20,' (see Table I) and when
A, ~ is dominant over A and 8'., the Einstein spon-
taneous decay width md 3.aser bandwidth, respec-
Uvely. It is also in agreement with the rate cal-
culated by Crance' when the nonresonant back-
ground is ignored close to resonance. When we
find InR~(z, t) and take its derivative with respect
to lnF(z, t) (the order of nonlinearity), we find
agreement with Eberly' in this same high-power
11Dllt

~

(6)

In Fig. 1 this result is plotted at the centers of
the Gaussian pulse and of the focal volume [for
G(t, )Es(0, 0, 0) = 1] for the atomic parameters
given in Table I. The shift is located at the point
5=6=1.469 cm ' (see Table I for 6 ), where Ki'~
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FIG. 1. Order of nonlinearity for the parameters
shown in Table I using Eq. (6) at to and x=y =z =0 (cen-
ter of the Gaussian pulse and center of the focal volume,
respectively) .

passes steeply through 2.
g,(z, t) is plotted in Fig. 2 for an F(z, t) dis-

tribution corresponding to an intensity distribu-
tion shown in Fig. 3 and 5= 1.35 cm '. ft (equaL
to -bo of II) is chosen to approximately yield a
maximum ionization rate, produced by "dynamic
compensation'" at 6= 6, obtained for an intensity
near to —8 ns rather than at go, where a maximum
intensity of 10' W cm ' occurs at z = 0. That
dynamic compensation is not precisely reached
at to —8 ns is reflected in the small splitting of
the peak at z = 0. The t, minimum at z = 0 (where
the full 10' ~ cm ' intensity is deveLoped) illu-
strates that dynamic overcompensation has oc-
curred (the 6E level has been repelled out of reso-
nance at this power level). Figure 3 should be
compared with Fig. 11(b) of II along z, where the
origin (z = 0) at the center of the focal volume is
located at the center of the intensity distribution
in the latter figure (point of the largest peak) Fig-
ure 2 should be compared with Figs. 11(e)and 11(f)
of II a,long z, where in the latter figures the cen-
ter of the focal volume is located at the center of
the ¹ distribution. The behavior shown in Fig. 2

is in qualitative agreement with the experimental
space-time behavior of the ionization rate near
resonance.

We obtain an ionization probability for any point
along z, the path of the beam through the center
of the focal volume (Fig. 3 of II), by integrating
the rate over the time,

P;(z) = J dt's, (z, t) exp( —f dt'R (z, t'), (7)

where the exponentia, l factor gives the probability
of finding an unionized atom along z at t. We de-
fine an order of nonlinearity K,„z, along z by nu-
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x x
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merically taking the derivative of Lnp, (z) with
respect to Ln E(z, t) in the limit as t —~. These
results are plotted in Fig. 4 for the values of z
shown. Also plotted is the order of nonlinearity
averaged over z by integrating K„p, over z and
dividing the result by the interval of integration,
—10 mm z-+10 mm. Figure 4 should be com-
pared with Fig. 7 of II. However, the experi-
mental K,„~, (Appendix of II) is an average value
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FIG. 3. Laser intensity distribution at to (center of
the Gaussian pulse) along a path in the beam direction
running through the center of the focal volume {x=y =z
=o).
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FIG. 2. Ionization rate [R4(z, t)] for the times shown
along a path in the beam direction running through the
center of the focal volume (x=y =z =0). Circles, at to.,
crossesg at to —8 ns.
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E pt ne eds further the oretical exp lanation, we
are inclined to conclude on the basis of our Fig.
3 that the parametric dependence of the rate on
a flux time surface Es(x, y, s, t) and the calcula-
tion of the ionization probability in an adiabatic-
following approximation would provide a physical-
ly correct description of the space-time behavior
of the ionization process studied in II. Thus we
are inclined to agree with Eberly and co-work-
ers' ' that the data represent a "smoothed time-
integrated signal "4 in which the temporal features
of the dynamical process do not occur; thus a
time-independent rate theory" ' can be used to
interpret such data. On the other hand, we are
inclined to disagree with the conclusion of Gontier
and Trahin' on the interpretation of the same
data that "the notion of a time-independent rate
can be seen to be inadequate. "

1.8 I.O

S(cmi)
FIG. 4. Order of nonlinearity based on the derivative

of 1nP;(g) [Eq. (7)] with respect to lnF(s, t) at large
times when the Gaussian pulse is sufficiently damped
that there are no further contributions to P;(z). Solid
circles: z =0.034 mm; open circles: z =1.27 mm; dia-
monds: z =3.86 mm; triangles: z =8.18 mm; squares:
results averaged along z.

in the entire focal volume, requiring the construc-
tion of a flux surface G(t)Es(x, y, s)E and the cal-
culation of an ionization probability surface P, (x,
y, s). Although a precise comparison cannot be
made for this reason, we note that our average
order of nonlinearity for values 6 ~0 tends to
show better agreement with the data than our Fig.
1 or Fig. 2 of Ref. 6, where the latter are calcu-
lated at a single flux. Although the measured
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