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This work reports the multiphoton ionization of cesium atoms, via resonance with the 6F level, by interaction
with a single transverse and longitudinal mode neodymium-glass laser beam. At a low rate of ion production,
when the laser frequency is tuned through resonance, the laser intensity necessary to create a constant number

of ions passes through a minimum, as expected, for a three-photon energy equal to the unperturbed 6S»6F
transition energy. But for a higher ionization rate, involving larger laser intensities, a departure from
expectation is observed which is interpreted as a consequence of an energy shift of the transition. The level

shifts are demonstrated in another way by their strong effect on the experimental order of nonlinearity of the
interaction, K,„pt. A sharp variation of K,„pt is observed when the energy shift of the 6S'»6F transition exactly
compensates the wavelength detuning of the laser. The Iaiter method gives shift values which are found to be
independent of the large variations of the interaction volume under conditions of resonance. Both methods

give a linear dependence of the shifts on the laser intensity. Identification of these shifts with energy shifts of
the 6S»6F transition is subject to theoretical reservations and needs further experimentation.

I. INTRODUCTION

Many experiments on multiphoton ionization of
gases or vapors have been reported in the past
few years. ' " Most of them concerned inter-
action between atoms and the field of multimode
lasers operating at fixed frequencies. The varia-
tion of the number of ions created in the interac-
tion was generally investigated as a function of the
laser intensity. The relatively large discrepancies
observed between experimental results and theo-
retical calculations were mainly attributed to the
poor coherence of the radiation and the possible
contribution of quasiresonant states which enhance
the ionization probability.

It has been recently demonstrated in this labo-
ratory that laser coherence can greatly influence
the multiphoton ionization processes" "; we now

consider it necessary to use a single-mode laser
to eliminate variation in the observed ion yields
owing to photon statistics. Such experimental
measurements have been carried out; presently,
a good understanding of multiphoton ionization
processes depends mainly on an understanding of
r esonance phenomena.

The multiphoton ionization process becomes res-
onant when the energy of K, laser photons corre-
sponds to the energy of an allowed transition to an
intermediate atomic state. From the intermediate
state to the continuum the atom must absorb
another K, photons, K2 Kp Kz where K, is the
oxder of nonlinearity of the direct process; K,
=(W, /hv+ 1), where W,. is the ionization potential
and v is the frequency of the radiation. Generally,
K, is much smaller than K„and the resonant pro-
cess is govexned by the first transition. It can be
considered as a process of the K,th order, and its

probability is much larger than the probability of
the direct process, which is of the K,th order of
nonlinearity. Resonance is therefore character-
ized by a large enhancement of the number of ions
created in the interaction. The second character-
istic lies in large variations of the experimental
order of nonlinearity, which is the slope of the
curves representing, in log-log coordinates, the
number of ions, ¹,as a function of the laser in-
tensity I,

& logN;
exp t

Kexp& has been found to be equal to K, when the la
ser was tuned to wavelength far from resonance,
but significantly greater or smaller than K, when
conditions of resonance were approached by vari-
ation of the laser wavelength. ""'"'" In some
experiments" the large variations of Kexp& near
resonance were explained as resulting from a shift
of the resonant level. In a pxevious paper" we
reported that the maximum of the ionization prob-
ability curve coincided with the position of the
resonance wavelength. It thus seemed difficult to
connect to the shift of the resonant level the K,„„
variations, which extended over several tens of
wave numbers. In all of these experiments, the large
laser spectral bandwidth has been a great irnpedi-
ment to conclusive interpretation of the K,„„vari-
ations by means of level shift.

The purpose of this paper is to report an exper-
imental study of four-photon ionization of cesium
atoms via a resonant intermediate state, 6I", by
a single mode Q-switched neodymium glass laser
beam.

The improvements relative to multimode radia-
tion are typically a definite time-space distribution
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II. THEORY

Multiphoton processes are conveniently handled
by time-dependent perturbation theory. In the off-
resonance case, using a theory developed from the
evolution-operator formalism, the problem can be
easily solved by considering the lowest-order non-
vanishing term which is supposed to describe the
phenomenon of interest. ""'" In this case, for
a given photon energy, the ionization probability
depends on the laser intensity in the following way:

% = 1"E~o,

FIG. 1. Four-photon ionization of the cesium atom (a}
by the direct process and (b} through a resonance on the
6I' level. 60 is the static detuniag, 6&=ESF-E6&-3E&,
whereESFandEez are the energies of the 6F and 6S
levels and E& is the energy of one photon.

of the laser intensity and a narrow laser spectral
linewidth of about 50MHz, which is of the same
order of magnitude as the free-atom-level line-
width. Figure 1 summarizes the two processes
competing in this experiment, (a) a process in
which the atom in the 6S level absorbs four photons
and is therefore directly ionized, and (h) a two-
step process in which the cesium atom originally
in the 6S state absorbs three photons to the res-
onant 6E level and is then ionized by a one-photon
absorption.

where 1 is a coefficient depending on the atomic
characteristics and on the fieM frequency, E is
the photon flux, and Ko is the minimum number of
photons necessary to ionize the cesium atom.

Unfortunately, in the resonant case, i.e., when
the energy of one or several photons approaches
that of a transition line, it can be seen that higher-
order terms which had been neglected in the evo-
lution-operator expansion are no longer negligible.
These higher-order effects have been taken into
account by frontier and Trahins' in a theory using
the S-operator technique. They have shown that
these higher-order terms arising from the S-
operator expansion give rise to a shift and a broa-
dening of the atomic levels. In the particular case
where resonance occurs upon the absorption of
K, —1 photons, they derive an expression for the
ionization cross section which, in our case, can
be expressed as follows:

(r ) 47IrF' (6S Ie p Ii)(ill p Ij)(j is p IGF)(6F I& p If)
Q Fo &op, (Ids~+ (dp —(d( + 4()(&d6g + 2(dp —&d/+ +/)((d6g + 3(op —(dsr + 4~r)

where ro is the Bohr radius, o. the fine-structure
constant, F the photon flux, F, (=c/2wr, ') a refer-
ence flux, ~~ the field frequency, E the field polar-
ization, p the electron momentum,

~
f) the final

state, and p(4&@~) the density of final atomic states.
No account is taken of the structure of 6E and 68
levels. Furthermore, the summation runs over
two complete sets of atomic states, ~i) and

~
j),

rather than three, since in the third step only the
resonant process has been. considered. The quan-
tities 4„h&, and 4,~ are expressed as follows:

E (jib pif)(lie plj)
Fo (u6z+2mp —~&) + &u&

(jim p il)(l le p Ij)
((a)6g + 2 (d p —&d )) —(d p

F~ (6F lc. p im) (m le p I6F)
Fo ~ (&Bs+»~ —& )+~p

(6F le p lm)(m l~ p16F)
+

(~6s +» ~ —~m) + ~ ~
(4c)

(ill p

ik)(klan

pii)
F() ((d~a+ (dp —(dg) + &dp)

(ill p lk)(kle p li)
((d6g + (dp —(dp) —&dp

(4a.)

where ik), il), and (m) are three complete sets of
atomic states.

In all of these formulas 8 =c = 1 and we have ne-
glected damping terms in the process. In the ana-
lysis of these formulas, we point out two different
effects: Since 4,~ is small compared to the energy
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of the 6S-6F transition, when u& approaches w~

3 ((L)6y QJ6 g ) the term (d„~ + 3(d &
—(@6'+ 4„z in Eq.

(3) becomes very small and the cross section very
large. Exact resonance occurs when 3~q matches
the energy difference between the perturbed 6F
level of energy ~.F —4,~ and the 6S ground state.
Here, with no account being taken of the linewidths
of either the atom or the field, the cross section
becomes infinite.

Second, let us consider ~, , 4, , and 4,~. In the
expression of 4,-, the denominator of the first term
in the large parentheses vanishes when resonance
occurs on the 6F level, and 4,. takes very large
values, in contrast to ~,. or ~,~. Then, if an
atomic level is in the vicinity of the virtual state
corresponding to the absorption of two photons, the
expression ~,~+2~~ —~&+ 4,. may become zero,
and an induced resonance may occur. This pos-
sibility is carefully analyzed in Ref. 35.

The formula (3), which is probably one of the
more precise to describe multiphoton ionization
processes, nevertheless contains some short-
comings. First, it does not exhibit any shift of the
ground state, which must certainly appear in the
ease we are considering. Taking into account
these effects involves some renormalization cal-
culations which can be performed only in a more
sophisticated treatment, which is now in pro-
gress. "

Second, no evaluation of 6,. of Eq. (4b) is avail-
able for the case of cesium. Thus, although it is
doubtful that in our case an induced resonance can
occur, the role of these processes is not clear.
They could possibly explain an important feature
of the experimental data on resonant multiphoton
ionization, which is the asymmetry of the cross-

section curves. " There is also the interesting
work of Feneuille and co-workers"' on this
subject. Using a formalism introduced by Fano"
to treat the autoionization problem, they attribute
this asymmetry to interference effects between
resonant and nonresonant, processes. The applica-
tion of their method to our case has not yet been
completed, but it seems rather promising.

The shift of the energy of the 6$-6F transition,
due to coupling with the discrete spectrum, has
been estimated and is found to be linear in the la-
ser intensity, at least in the range considered in
this paper (=10' W/cm'). Thus it appears that
within the limit of the approximations used here
our experimental results must be mainly relevant
to the frequency shift of the 6$-6F transition.
Therefore a large part of this paper is devoted to
its experimental measurement. Two different
methods were employed. The first one is very
similar to the classical method, which consists
of measuring the shift of the maximum of the ex-
perimental resonance curve. The second one,
proposed and already used by Bakos," takes ad-
vantage of the effect of this resonance shift on the
curves logN, =f(logf).

III. EXPERIMENTAL CONDITIONS

A. Laser beam

Figure 2 shows the experimental setup. The
oscillator has already been described in a pre-
vious publication. " The laser beam is of a single
transverse and longitudinal mode, Gaussian, and

linearly polarized. Wavelength can be tuned from
10560 to 10600 A by means of a birefringence fil-
ter inserted in the cavity. Transverse mode se-
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lection is achieved by means of a circular dia-
phragm placed close to the back spherical mirror.
Longitudinal mode selection is due to the combined
action of the dye Q switching, the birefringence
filter, and the output Fabry-Perot interferometer.
Good single-mode operation is checked by a fast
photodiode and a spectrograph. The pulse is of
Gaussian shape and its duration is 37 nsec (full
width at half-maximum).

B. Cesium atomic density

As reported previously, "the collected atomic ions
are produced either by ionization of atoms or by a
two-step ionization dissociation of cesium mole-
cules. The two species of atomic ions, both orig-
inating in the interaction volume, cannot be sepa-
rated by the time-of-flight spectrometer. As the
molecular process involves the simultaneous ab-
sorption of only three photons, its probability is
much higher than the ionization probability of
atoms, and the laser intensities needed for the
atomic process are large enough to saturate the
molecular process. Then

N, (C,s') =. n (Co)sV~,

where n, (Cs, ) is the density of molecules, V, is the
interaction volume for a kth order process, and

N,.(Cs, ') is the number of molecular ions created
in the interaction.

The ratio R of molecular density n, (Cs,) over
atomic density n, (Cs) in the vapor strongly de-
pends on the temperature of evaporation. 4' There-
fore the atomic beam flowing from an oven heated
to a temperature of~' 152 'C has been replaced by
cesium vapor in the saturated-vapor-pressure
condition a,t a, temperature of 25 'C. The ratio R
in the atomic beam, assumed to be the same as
that in the oven, was R =8 && 10 '. In the new con-
ditions, the atomic and molecular densities de-
duced from the vapor-pressure tables'o are n, (Cs)
=6x 10" and n, (Cs,) =1.1x 10' cm '. The ratio R
has been minimized by a factor of 40. In fact, the
molecular process will be neglected in the experi-
ment to be reported, which deals, furthermore,
with a selectively resonant phenomenon for the
cesium atoms.

~&~r "&og
/gg/

FIG. 3. Experimental arrangement, focusing and ion
collection.

of the interelectrode space around the center 0.
The good angular resolution of the system is dem-
onstrated by comparing the ion signals on the col-
lector and on the electron multiplier (Fig. 4). The
dispersion in time on the Fig. 4(a) oscillogram
corresponds, for the ions measured on the collec-
tor plate, to a dispersion in speed (in direction and
in intensity), depending on the shape and size of the
interaction volume. On the other hand, the small
time duration of the electron multiplier signal means
that the ions collected have the same speed and
that they were created in the same region of the
interelectrode space, and they were therefore
accelerated by the same electric field. This good
angular resolution will be very useful when mea-
suring the effects on the interaction volume of the
large variations of K„„(see the Appendix).

D. Laser intensity

The laser energy is measured by a TBG thermo-
pile and allows, as reported below (see the Appen-
dix), the determination of the space-time distribu-
tion of the laser intensity by means of photometric
measurements.

We can now define the different quantities to be
considered in the experiment: N, , is the number
of ions collected through the slit by the electron
multiplier, N,.& the number of ions measured on the
collector plate, and N,- the number of ions created
when no discrimination on the method of collection
is necessary. X~ is the laser wavelength, and X„

C. Laser beam focusing and ion coHection

The laser beam is focused by a planocylindrical
lens of 350 mm focal length (Fig. 3). Because of
the pla, ne shape of the interaction volume, the ion
flow moving through the field-free space of the
time-of-flight spectrometer has a small diver-
gence. The slit (1X 10 mm) can be X or Z orient-
ed and selects the ions created in a small region

]
I

lV

(b)

FIG. 4. Ion signals on (a) the collector plate and
{b) the electron multiplier. Time scale: 2 p. secjcm.
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is the 10589.6-A wavelength of resonance. ~, is
the E,~ —E,s —3E~ static detuning, also called
field-free detuning; 0E is the energy shift of the
transition 6S —6F; and &=b, + &E is the dynamic
detuning. I„ is the peak laser intensity, $~ the
laser energy in a pulse, K, =(W,./kv+1) the theo-
retical order of nonlinearity, and K, , = 8 logNI/

logI is the experimental order of nonlinearity.
K,„„is the slope of the curve representing the
number of ions as a function of the laser intensity.
n, is the neutral density, and V, and 7, are the
interaction volume and interaction time, respec-
tively, defined in detail in the Appendix.

Laser intensity
(arbitrary units }

+~~+

t o

10—

,.~ (d)

(c)

(b)

(a)

Nj

relat. values

10

(b)

L

{c} {o)
lx

10 ~ 4

l I I I IIII I I IIII I I

'l0 I„
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FIG. 5. Number of ions as a function of the laser in-
tensity (relative values) for three different values of the
laser wavelength (Az = 10 589.6 A. ) . (a) ~z = 10 558.1 A & Az,.
(b) AJ =10588.9 A. &Ag (c) Ay=10590.85 A &A~. Inter-
sections with horizontal lines for four values of N; wilL

be used to determine the lines of constant ion yield of
Fig. 6.

IV. EXPERIMENTAL RESULTS

A. Ion-yield measurements

The experiment consists of measuring the num-
ber of ions as a function of the laser intensity, as
represented in log-log coordinates in the diagrams
of Fig. 5. The experiment is repeated over a num-
ber of laser wavelength values around resonance.
The data shown cover the useful range of the de-
tection system, where both linearity and a favor-
able signal-to-noise ratio prevail. As can be seen
in Fig. 5, the curves are translated in the intensity

I I I I I I I i j I i I I I I & I i

static -5 -1 0 1 50 cm
detUAIOg

FIG. 6. Laser intensity vs static detuning for four
values of the parameter N; (number of ions); lines of
constant ionyield. (a) Ng=1, (b) N;=10, (c)N)=10, (d)
N

&
=-103 (relative values).

range and their slopes are considerably increased
near resonance. Plotting the number of ions
against the laser wavelength, the laser intensity
being a parameter, would have then required ex-
trapolations over orders of magnitude. We have
therefore chosen to demonstrate resonance by the
functional dependence upon the static detuning of
the laser intensity necessary to create a constant
number of ions (Fig. 6). The curves are lines of
constant ion yield which exhibit minima when A~

=X„and a, =0.
Moreover, this representation is similar to the

threshold-flux curves calculated in one theoretical
paper. ' These minima of laser intensity have the
same meaning as the maxima of ionization proba-
bility. They are supposed to represent the exact
resonance. The shifts of minima for rising values
of the parameter N, , as indicated by the dashed
line in Fig. 6, are therefore considered as shifts
of resonance, and, within some restrictions dis-
cussed further, give the correspondence between
the laser intensity (absolute values} and the shift
of resonance. These results will be compared in
Fig. 10 with other shift values obtained by another
method.

B. Interpretation of E,„,variations

Resonant ionization is not only characterized by
an increase of the ionization probability but also
by important variations of the experimental order
of nonlinearity, K,„„previously defined. In Fig.
7, K,„„is expressed as a function of the static
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FIG. 7. Variation of Ecxpt as a function of the static
detuning.

detuning. The diagram shows a slight increase of
K,„„from the value of 4 for a static detuning 4,
= —40 cm ' to the value of 10 for 40= —4 cm '.
From there, K,„„rises increasingly rapidly up to
30 when 40= 0. Then K,„„decreases sharply down
to the value of 2; this phenomenon marks the res-
onance point. The curve then rises smoothly

I)
'll s a s a a ~ al

Io 1 '10 10
orb, units

ho=-20cm ~ 6
3Ep

SE

FIG. 9. Compensation of static detuning by level
shifts. The upper part of the diagram refers to the case
(c) in Fig. 8; the lovrer part corresponds to the case @).
The bend in the curve corresponds to the exact dynamic
reso~~~ce 4 = 4(}+M =0, 4& =-M. The cross denotes
a situation described in space and time in Fig. 11.

(b)

6o=-2cfA
h, =-1crn

3Ep ',&o+
BE

xo-4
/

h, o=lem"
h, =2crn1

3Ep

BE

FIG. 8. Schematic representation of three typical sit-
uadons demonstrating the strong effects of the l,evel
shifts on the experimental order of nonlinearity. (a)
The static detuning 40 is large and negative; Eexpt =4.
g) 60 is negative and of the same order as the level
shift; &exp& = 15. (c) 40 is weak and positive; Kexp& = 2.
E& is the photon energy, 4 is the dynamic detuning;
DE=1 cm ~ in the three cases.

toward the value of 4 for large positive detuning.
We must observe that contrary to the multimode
conditions previously reported" the present sin-
gle-mode character of the radiation prevents the
damping of resonance. Therefore resonance ap-
pears as a sharp phenomenon.

An interpretation of the K,„„variations is given
in Fig. 8. In a small region of the atomic spec-
trum around the 6F level, the respective positions
of the perturbed ai d unperturbed 6F levels, as
well as the virtual state corresponding to the ab-
sorption of three photons, are shown. In each
case the unperturbed level is denoted by the dashed
line and the perturbed level by the solid line. Let
us see in the three diagrams how the K, , varia-
tions are governed by the level shifts:

(a} The static detuning 4, is so large that the
shift of the resonant level cannot affect the ion-
ization probability which is then governed by the
law I~&.

(h} The static detuning d, is negative and of the
same order of magnitude as the level shift 5E.
An increase 6I of the laser intensity produces a
corresponding increase of 5E which reduces 6,
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the dynamic detuning. The ionization probability
rises not only because of the increased 5I of the
laser intensity but also because of the reduction
by a factor of 2 of the detuning. Instead of assum-
ing the value 2 on the line of slope K„ the number
of ions rises to a value 8, which occurs on a
straight line with a slope much greater than K,.

(c) Now the static detuning is positive and there-
fore has the same sign as the level shift. This is
the opposite of the previous situation a.nd leads to
a K, , value smaller than K,.

It must be noted that in this rough description
the shift of only the 6E level has been considered.
In fact, 5E is the energy shift of the transition
68 6E.

8E
cm'

2

~ Total collection
o Collection through the slit

C. Dynamic resonance study

The previous survey allows us to introduce the
most interesting case, which is the exact compen-
sation of the static detuning by the energy shift of
the transition (Fig. 9). The lower part of the Fig-
ure is comparable to the (b) case of Fig. 6, where
an increase of the laser intensity tends to a,chieve
the exact resonance. The upper region is similar
to the (c) picture, where an increase of the laser
intensity raises the detuning from resonance. The
transition between the two cases, respectively
characterized by high and low values of the slope,
is marked by the bend in the curve of Fig. 9, which
therefore has the following features: 4=0, and dy-
namic resonance is a,chieved; and 6E= -4,
=+0.2 cm '. I„ the abscissa of the bend, is the
laser intensity, which has shifted the energy of
the 68»6E transition by 0.2 cm '.

If the static detuning is increased, the laser in-
tensity which allows the compensation is raised
too, and the abscissa of the bend gives another
pair of (I„6E)values. The ion-yield measure-
ments on the collector plate, less sensitive than
electron-multiplier measurements, exhibit the
same phenomenon, but for higher values of laser
intensity and static detuning.

D. Resonance-shift measurements

Gw/cm

FIG. 10. Resonance shift vs the peak laser intensity.
(a) Dynamic compensation measurements; (b) minima of
lines of constant ion yield. The coefficients of linear de-
pendence of M on the laser intensity are e, =4.3,
n&=2.2 cm ~/(6%'cm ~). Theoretical estimate: 2.9
cm «/(GWcm 2).

in the laser wavelength 5k~ =+0.0V A. Larger un-
certainties on the (b) curve are due to the broaden-
ing of the minima of the lines of constant ion yield
for high values of laser intensity (see Fig. 6).
Theoretical estimates show that level broadening
does not have to be considered. Nevex theless, an
intense laser field can remove the degeneracy of
the levels involved here, and a small splitting may
occur. As the components cannot be separated,
this effect can only appear as a broadening which
is too small, however, to explain the total widening
of the lines of constant ion yield about their mini-
ma. Finally, both the broadening and the discrep-
ancy between the two values of n given by the two
methods of resonance-shift measurements lead
one to suspect an effect arising from the inter-
action volume variations. This suggests a de-
script1on, ln time Rnd spRce of the 1onizRtlon rRte
through conditions of dynamic resonance. For this
purpose, a set of diagrams (Fig. 11) qualitatively

The energy shifts of the 68-6E transition, as
measured by the dynamic compensation method,
are compared in Fig. 10 to the shifts of the minima of
the lines of constant ion yield (Table 1). The laser
intensity plotted in the abscissa is the peak laser
intensity. The two curves show a variation of the
energy shift linear in the laser intensity, but the
dynamic compensation method gives a coefficient
o. = 4.3 cm 'j(GWcm '), twice as high as the other
method. The errors in the points of the dynamic
compensation curve result from the uncertainties

Curve
(Fig. 6)

~+SS-@
(cm ~) (109 %'cm 2)

10 589.60
10 589.56
10 589.47
10 589.30

28 329.68
28 329.79
28 330.03
28 330.48

~p
0.11
0.32
0.80

0.02
0.05
0.15
0.35

TABLE I. Shifts of minima of lines of constant ion
yield for four values of the laser intensity.
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shows how the temporal and spatial distribution
of the laser intensity acts on atoms in the inter-
action volume, taking into account the dynamic
compensation of the static detuning.

Peak laser intensity

W/crn2

laser
intensity

]0 - W/cm2

.5x]Q

(b)

t ns

II

10-

1

Ni

t, -Sns

ion
colleeten ~

slit

FIG. 11. Variation of the ionization rate as a function
of time, in different sections of the interaction volume,
taking into account the effects of level shifts. (a) Time
distribution of the laser intensity for one laser shot;
@) spatial distribution at t =t

p (maximum intensity). The
four diagrams (c), (d), (e), and (0 represent at differ-
ent times tp- 24 nsec, tp —16 nsec, t p- 8 nsec, and t p,
the spatial distribution of the ions created duI ing smal. l
time intervals dt. All of the spatial contributions are
integrated over t and y by the slit represented at the
bottom of the figure.

E. Space-time dependence of the ionization rate near resonance

Figure 11(a) represents the temporal distribu-
tion of the laser intensity, while ll(b) gives the
spatial intensity distribution at t =t, along the y
and z axes. The intensity is assumed to be roughly
constant along the x axis, because of the cylindri-
cal focusing (see Fig. 3). In Figs. 11(c), 11(d),
11(e) and ll(f), four instantaneous situations are
distinguished, corresponding, respectively, to the
times t, —24 nsec, t, —16 nsec, t, —8 nsec, and t,
refers to the time of Inaximum laser intensity.
For each value of the parameter t, the number of
ions created along the y and z axes during the time
interval (f, t+df) is given in linear coordinates.

Fig. 22(c), f = f, —24 nsec. The low value of the
laser intensity allows us to neglect the level shift.
The static detuning 4, is the same over the entire
interaction volume, A. „=Ko= 4.

Fig. ll(d), f = t, —16 Nsec. In the brightest spot
of the interaction volume {for @=0), the level
shift 5E(2) is no longer negligible compared to
the static detuning 4„ the slope is increased,
E„„&E,. In the other xy planes, where the inten-
sity is low, the level shifts are negligible and

+expt +0'
Ffg. 22{e), f=f, —8 nsec An.ew increase of the

laser intensity makes the level shift large enough,
for y = z = 0, to exactly compensate for the static
detuning; exact resonance conditions are locally
achieved and a sharp dependence of the ionization
probability on the laser intensity is obtained.

Fig. 22(f), t= f, . The laser intensity is maxi-
mum. During the last 8 nsec, dynamic compensa-
tion has successively affected concentric zones
increasingly distant from the center. %hen the
laser intensity is higher than necessary for exact
compensation, the 6I' level is repelled out of
resonance. This overcompensation regime is
characterized by a large interaction volume and
a low dependence of the number of ions on the laser
intensity.

Since the depletion in atoms owing to the high
ionization rate can be neglected, the second half
of the interaction time leads to new contributions
symmetric in space and time with those described
above.

In our experiment, the collection slit has been
chosen narrow enough to prevent any integration
of the ions created along the z axis while the cylin-
drical focusing allows us to consider the laser in-
tensity constant along the g axis. But the detector
still integrates all of the y distributions during
the whole interaction time. It must be noted that
the description given in Fig. 11 typically corre-
sponds to the cross in Fig. 9. %hen the laser
intensity increases from I, &o I„, the number of
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second resonance

first resonance

collimated beam. There, the same absolute inten-
sity difference in the interaction volume leads to
an energy difference of several tens of mJ, which
is easily detectable. Figure 12 shows a curve ob-
tained with a collimated beam in the close vicinity
of the resonance. It obviously exhibits two bends
instead of the four expected. Their abscissas are
separated by 4 && 10' %cm '. This intensity differ-
ence corresponds to a shift of 0.1V cm ', which
is of the order of magnitude of the level splitting
involved here. Although the respective roles of the
different sublevels involved here is not clear, we
think that this particular result, which needs fur-
ther investigation, must be attributed to the inter-
nal structure of 6S and 6E levels.

10-:8

10

2 4 8, 2 4 6 8

10 10 W. cm
:2

FIG. 12. Double resonance stemming either from the
hyperfine structure of the ground level. or from the
doublet 6F&~2-6F 7~&.

ions created at the best focus, in a given time in-
terval dt, decreases. Because of the summation
on y and t, the collector slit detects only a slower
rise in the dependence of N, on I„. The expansion
and distortion of the interaction volume consider-
ably complicates the relation between the number
of ions collected and the laser intensity and can,
at least qualitatively, explain the broadening of
the minima in the lines of constant ion yield. In
contrast, when dynamic resonance is achieved
[Figs. 11(d), 11(e)] the ionization probability rises
so sharply that the position of the bend in Fig. 9
is not significantly affected by the changes in the
interaction volume.

F. Influence of the 6S- and 6F- level structure

Both ground and resonant levels have, in fact,
an internal structure. The 6E is a doublet whose
two sublevels 6'E, &, and 6'E, &, are separated by
0.1 cm '. The 6$,&, exhibits hyperfine structure"
of 0.3cm '. In the case of cylindrical focusing, no
experimental evidence has been given of the in-
fluence of these structures. This can be easily
explained by the fact that the energy difference
necessary to achieve the resonance on one or the
other transition is of the order of 5 mJ, which is
about our experimental error of energy measure-
ments. The situation is different in the case of a

V. CONCLUSION

The resonant multiphoton ionization of cesium
atoms by a single transverse and longitudinal mode
laser has been investigated. The large variations
of the experimental order of nonlinearity K,„„
have been interpreted as stemming from shifts of
resonance which strongly affect the ionization
probability.

According to this interpretation, the break of
K,„„from high to low values for rising laser in-
tensities marks the achievement of the dynamic
resonance, which is the exact compensation of the
static detuning by the intensity dependent level
shift. This particular feature of K,„„gives a cor-
respondence between the shift of the resonance
and the laser intensity which perturbs the atom.
Shift values deduced from dynamic compensation
measurements do not depend on the large interac-
tion volume variations. In contrast, these varia-
tions significantly affect the number of ions mea-
sured under conditions of resonance.

The results obtained in this way lead us to make
several remarks. Both methods give shifts linear in
the laser intens ity, and the agreement with the theo-
retical estimates seems rather good. This proves
that no account need be taken of a resonant sixth-
order shift owing to the three-photon coupling be-
tween 6S and 6I' levels, at least in the intensity
range we are working in. %e point out that in this
paper the energy shift of the 6S- 6I transition
has often been reduced to a shift of the 6E level.
In fact, it results from the shifts of both 6S and
6E levels, which must be separated. Furthermore,
an essential point is that all of these shift mea-
surements are based on the assumption that the
maximum of the ionization probability coincides
with the exact resonant wavelength (taking into
account the level shifts). We have seen in the the-
oretical survey that this is only an approximation.
No experimental evidence of its validity has been



14 RESONANCE SHIFTS IN THE MULTIPHOTON IONIZATION. . . 309

given yet, and the theoretical estimates are rather
uncertain. Thus an ambiguity remains between the
two usual acceptances of the word "resonance":
wavelength at the maximum of ionization probabil-
ity, or energy of the E, photons which matches an
atomic transition energy. For all of these rea-
sons, we are inclined to think that an accurate
spectroscopic measurement of the real level shifts
involved here will be necessary. This will allow
separation of the 6S and 6F contributions to the
energy shift of the transition. Moreover, agree-
ment or disagreement of such spectroscopic mea-
surements with our measured "resonance shifts"
should be decisive in deciding the importance of
other effects in these resonant ionization proces-
ses.
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APPENDIX

From the formula (2), we can deduce the number
of ions dN,. created in a small volume dv during the
time dt.

dN, =n FI'dvdt, (6)

Focal volume

If z is the light-propagation direction, and if we
neglect the field depletion owing to the ionization,
we know that the energy h(z) which crosses any
plane perpendicular to the z axis during a laser
shot is conserved. Thus if g~ is the measured
laser energy, we have

d =d(*}= Jtt*, d, *,ttd*dydt,

where the integration is extended to the entire

where no is the neutral density and I is the local
field intensity. In fact, the experimental number
of ions is instead obtained as a function of the
laser energy in a pulse, and the problem is to de-
rive from this energy the field intensity or the
photon flux, which are generally used in theoreti-
cal calculations. Moreover, if we want to obtain
an experimental value of the ionization cross sec-
tion from the total number of ions, we have to know

the interaction volume, which, since the phenom-
enon is not linear, is different from the focal vol-
ume.

xy plane and to the pulse duration. In the case of
a Gaussian pulse, after integration over t, we
have

I x, y, z dxdy, (8)

where r is the 1je' ~ width of the pulse. I(z, y, z)
can be expressed in the following form:

where I„ is the maximum intensity in the focal
volume and F( z, y, z) is a dimensionless shape
factor. If the origin of coordinates is chosen at
the point of best focus, we have

F(0, 0, 0) = 1 .

Thus we can write

/~=I„~ F x, y, z dxdy,

=I~~S, ,

where S„which has the dimension of a surface,
must not depend on z. Thus we have

I„=g /zw ,S. (12)

S.=(Q „dd (13)

and must be found constant for each value of z.
The method, whose principle is summarized in

Fig. 13, gives the following values:

So = S, = (0.38+ 0.04) m mz .
In Fig. 14 the maximum value of F„ in each plane
of constant z is plotted vs z. It represents the
variation of the intensity along this axis.

Interaction volume

The total number of ions created in the inter-
action can be found via integration of Eq. (6) to be

The value of S, is obtained by photometric mea-
surements. An infrared-sensitive photographic
film is placed perpendicular to the z axis, and
moved millimeter by millimeter on each side of
the best focus. One photograph is taken in each
position, the laser energy being kept constant. The
photographs are then analyzed with an isodensi-
tracer which draws the isophot lines representing
the intensity distribution in the beam. Each area
S„ included between two isophot lines corresponds
to a small interval of optical density b, d centered
around an optical density d„. Taking account of
the fact that F„ is normalized to unity at its maxi-
mum, F„ is known in everypoint of the focal volume,
and S, can be easily calculated as follows:
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FIG. 13. Focal volume measurements. In a set of
planes perpendicular to the laser axis, a photograph is
taken and then analyzed by an isodensitracer. The in-
tensity distribution is characterized by isophot lines.

Xgp=I 'go I xygyzqt @fdic~ QI y

(z, z + dz) to the ion creation. Contrary to S„ it
strongly depends on z and can be obtained from
our photometric measurements as follows:

The interaction volume is

V~= S~ z dz. (20)

Since the effective order of nonlinearity, K,„p1,
can be very different from the off-resonance K,
(equal to 4 in our case), it appears that the inter-
action volume must depend strongly on the laser
wavelength, through the value of K,zpt This de-
pendence is experimentally demonstrated in the
following way: The laser is successively operated
at three different wavelengths corresponding to
three different values of () 0 (-20, -1, and +1 cm ')

ARBITRARY
UNITS

G" t dt,

g„(z) represents the contribution of a slice

F{o,o, z I
]O Zmm

,
ARBITRARY

I l

—1 0+1

2 fl1m

FIG. 14. Intensity distribution along the laser axis,
normalized to unity, vs the distance to the best focus.

FIG. 15. Z distribution of the number of ions measured
by thoro methods. (a) From photometric measurements,
the contribution of each ~ =const plane to ion creation is
ca1.culated in three cases, (1) k =-2, (2) k =4, (3) k = 15.
(b) Ion distribution is analyzed by moving the s1.it of the
ion collector in front of the interaction volume for
three values ofEexpt. (13 &expt=2, (2) +expt=4 (3) +&xpt
= 15. The three curves are normalized to unity.
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and, respectively, to the three orders of nonlin-
earity, 4, 15, and 2. The ions created are col-
lected by the electron multiplier through a 1-mm-
wide slit which is moved in front of the lens focus
from shot to shot, millimeter by millimeter, the
laser energy being kept constant. The number of
ions collected, N„, must then be proportional to
S„(z)Lz, where A, is the slit width.

Close to resonance, where we have seen that
K pt can depend strongly on the las er intens ity, we
have made sure that for the chosen value of the
laser energy the exact resonance conditions are
not achieved in any point of the interaction volume.
Therefore K, pt which is an average value on the
whole interaction volume, can be accepted as rep-
resentative of the phenomenon in this volume. In

Fig. 15 the comparison of the two experimental
dependences of S,(z) is made. Figure 15(a) shows
the dependence of S,(z) on z, where S,(z) is cal-
culated from the photometric measurements. Fig-
ure 15(b) shows this dependence derived from the
ion measurements. The very good agreement be-

tween these two results demonstrates the depen-
dence of the interaction volume on the experimev, -
tal order of nonlinearity. Three values of V„have
been calculated, and we have found

6 m, p&~ =0.05 IQm, V =-' l.2 InID

This explains why we are reluctant to give a value
of the ionization probability instead of a, number of
ions created. We insist on the fact that if the exact;
resonance occurs at any point the rather simple
image we have given of the interaction volunle be-
comes completely false (Fig. 11). In particular. ,

@expt is then a function of space aIlcl tlB1e cooI'di
nates; this must be taken into account to perform
the integrations which lead to the expressions of
the interaction time and interaction volume. The
calculations become rapidly intractable, alld have
not been performed. Therefore we feel the, t «reaI;
precautions must be taken in this case before iden-
tifying a number of ions to an ionization probabil-
ity.
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