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To analyze the crossing of the quasienergy levels of a system interacting with an intense alternating field
under conditions of two-photon resonance, we propose an exactly solvable model of a field whose envelope is
of the characteristic interaction switching-on type. The kinetics of the system in the field is analyzed. From
the obtained general relation for the probability of two-photon excitation there follow as limits instantaneous
switching-on of the field and the adiabatic limit (the Landau-Zener formulas). The dependence of the

excitation probability on the field intensity and the detuning of the two-photon resonance is analyzed for
different interaction switching-on regimes and with allowance for possible ionization of the system from the

upper state.

PACS numbers: 42.50. + q, 32.80.Kf, 33.80.Kn

1. INTRODUCTION. FORMULATION OF
THE PROBLEM

Two-photon excitation is one of the first experimental-
ly observed effects of nonlinear optics.'! A large number
of studies have now been made in which two-photon ex-
citation has been observed in both condensed media and
in gases. The theoretical description of the probability
of two-photon excitation of state 2 from state 1 is usual-
ly based on the Weisskopf-Wigner formula, which also
describes single~-photon excitation®:

r (1)

=V, ——— .
W=Vl (E,\—E+20)*+T%4

Here, V,, is the matrix element of the two-photon tran-
sition, E, and E, are the energies of the levels, T is
the homogeneous line width, # =1, and absence of sat-
uration is also assumed: |V,,|<|E,-E, =2w+i[/21.
In the presence of inhomogeneous broadening, expres-
sion (1) must be appropriately averaged.

In the absence of intermediate single-photon reson-
ance, which will be assumed in what follows, the ma-
trix element V,, depends linearly on the radiation inten-
sity I. The energy levels E, , also depend linearly on
the intensity because of the quadratic dynamical Stark
effect.?’ This fact can be taken into account by setting
in formula (1)

E:,:=Exf:)—aml/4, » (2)

where E{°) are the energy levels in the absence of ra-
diation, and «, , are the polarizabilities of the levels at
the field frequency w.

Equations (1) and (2) can be proved by means of
Low’s equations, which describe the natural width of
atomic levels if one takes into account the contribution
to the mass operator of not only the photon vacuum but
alsothefield of the laser radiation.* For this, however,
it is necessary to assume that the electromagnetic field
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is stationary, for otherwise the mass operator, which
is a function of two four-points, becomes dependent on
t and t’ separately and not merely on the difference ¢
~t’, and as a result Eq. (1) cannot be proved.

Since there cannot be strictly stationary laser fields
(if only because of the existence of the switching-on
period), formula (1) is by no means always valid. In-
deed, in recent studies®™® it was shown that in a number
of cases two-photon excitation bears a greater similar-
ity to the transitions between molecular terms in slow
collisions of atoms or adiabatic spin inversion in mag-
netic resonance than to the resonant absorption of a
single photon.

Figure 1 explains the physical situation. Suppose,
for simplicity, that the time dependence of the radia-
tion intensity is due solely to the switching-on of the
field. Then the energy levels El'z(t) vary from Ef'z to
certain stationary values determined by the steady-
state field intensity, as shown in Fig. 1. At definite
values of the detuning from resonance in the absence
of radiation, of the difference between the level polar-
izabilities, and of the intensity in the steady state, it is
possible for the levels E, + 2w and E, to cross at a cer-
tain time £,. As is well known,’ the presence of even
weak interaction between states 1 and 2 leads to quasi-

E
E(t)+ 2w
EZ["
(0)+2w |
| Eolt)
| " Eql)
yd
ENe"" |
J
to v
FIG. 1.
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crossing of the energy levels, as is shown in Fig. 1

by the dashed curves. In the given case, V,, is such an
interaction. If at the same time the motion through the
terms occurs sufficiently slowly, then a system in state
1 prior to the switching-on of the field will be in state
2at t>t,, i.e., the excitation probability is equal to
unity. Thus, the possibility of crossing of the energy
(or rather quasienergy) levels leads to results-that dif-
fer strongly from those obtained in accordance with Eq.
(1.

The quantitative theory of the phenomenon must make
it possible to calculate the probability of adiabatic tran-
sitions between states as a function of the rate of change
of the radiation intensity and the other parameters of
the problem. In a number of studies,®"® the Landau—
Zener model,’ which is widely used in the theory of
atomic collisions, was used to calculate the probabil-
ities. In this model, it is assumed that in the region
of crossing the terms can be approximated by a linear
function of the time and—which is more important in
the given case—the probability of an adiabatic transition
is determined by the immediate neighborhood of the
point of crossing. However, it is readily seen that this
last condition is not satisfied in the problem of two-
photon excitation. Indeed, after the crossing of the
terms, the distance between them increases in propor-
tion to the intensity, but the interaction V,, also in-
creases in accordance with such a law. Therefore, if
there are no special circumstances leading to anom-
alously small matrix elements of V,,, the values of
(a; =a,) and V,, are of the same order. In the frame-
work of the adiabatic approximation, this situation was
considered in Ref. 5 (see also Ref. 10).

It is clear that the solution of the problem when there
are in fact no literal small parameters is possible to
describe a particular form of the laser pulse by con-
structing for the time dependence of the intensity an
exactly solvable model containing a sufficient number
of parameters. In the present paper, we propose a
general method for constructing such models and con-
sider in detail the case of a change in intensity of the
“field switching-on” type.

2. GENERAL RELATIONS

In what follows, we shall for brevity call the quantum
system an “atom.” In the alternating field, the ampli-
tudes of the probabilities for finding the atom in the
states 1 and 2, between which there is resonance at the
frequency 2w, satisfy the equations™

do=/iilad (t)a,+vI (t)e='a,],
3
d,="/ii[a.I(t)a,+vI(t)e™a,]. @
Here,I(t) is the envelope of the intensity, 6 = Eg‘” - E§°)—2w
is the initial detuning from resonance corresponding to
I-0, and vI/4=V, is the excitation matrix element.

Explicit expressions for a, , and v can be readily ob-
tained by the usual methods of perturbation theory. For
example, in the dipole approximation in the case of lin-
ear polarization of the field along the z axis,
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1 1
= 2 + k_.
& ZRkld,ln)l (mnrl-m =" ) ! L2,

_ Z 2ld,InX<nld.1 1>

(4)

’
Wag—®
»

where d is the operator of the dipole moment, w,,
=E”~E/, and the summation in (4) is over the com-

. plete spectrum of the atom.

By choosing the phases of the wave functions, the ma-
trix element v can be made real, as is in fact assumed
in (3). Equations (3) are obtained under the condition
that the field is quasimonochromatic, 11/1 «w, which
is usually the case.

Since spontaneous decay of the atom from the states
1 and 2 is possible, as well as ionization from these
states under the influence of another stationary field,
0 is complex: Imd=(T,-T,)/2, where T, , are the
reciprocal lifetimes of the levels; but if single-photon
ionization from state 2 by a field of frequency w is pos-
sible, then a, is also complex.

Equations (3) are formally analogous to the equations
of the theory of slow collisions,'? in which the part of
the distance between the terms is played by the detuning
A(t)=06 - (a, - a,)I/2, and vI/4 is the interaction be-
tween them, or to the equations that describe the inter-
action of a resonant field of variable amplitude and fre-
quency with a two-level system in single-photon reson-
ance.'® In our case, the detuning and interaction vary
in time in accordance with the same law.

At § =0, Egs. (3) can be solved for any function I(¢).
For the rate of excitation, we obtain in this case

20

a
=—|a,(t) |?= ———
w=gplaOl=r— s

1
10 [ 1()ar. (5)
However, this expression cannot be directly compared
with the expression (1), since the derivation of (1) pre-
supposes that the width of the radiation spectrum is
small compared with the width of the atomic line. The
expression (5) is derived under the opposite assump-
tion, 6=0. Therefore, to find the limits of applicabil-
ity of the expression (1), and also to analyze the case
of level crossing it is necessary to consider nonzero
initial detunings.

In Egs. (3), we replace the time by the new indepen-
dent variable

1 1
o= jl(t’)dt’. (6)

Here, I, is some characteristic intensity which ensures
that x has the dimensions of time. The value of x is
proportional to the area of the intensity. When ¢ varies
in the interval (-=,+»), x varies in the interval (0,x,),
and x,—~ =, if the field is not switched off at large ¢;

if the field is pulsed, then x, is bounded. The transfor-
mation which is the inverse of (6),

)=t [ ™

is a transcendental equation for the function x(z).
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Substituting (6) in (3), we obtain
-idﬂ = ——{a,loa,+vlna2e"°‘(”)

dz )

d
E‘:_ {allvaz+vloa e‘°‘(=)}

i

4

The initial conditions for this system have the form
a,(0)=1, a,(0)=0. (9)

Expressing a, in the second of Egs. (8) in terms of
a, and substituting the result in the first equation, we
obtain

I (z) da,

i, [ .5+—(a,+a )I(z) ]
+, [E(v —a‘ag)l(z)——[:ﬁaz] 0,=0. (10)
It is readily seen that a behavior I(¢) of the interaction

switching-on type

}—>—

w={> 77 (11)
corresponds to the limits
0, z=0
={,; (12)

A simple case of such a dependence that ensures analy-
tic solution of Eq. (10) is given by the function

I(z) =L/ (z+1), (13)
which makes Eq. (10) hypergeometric:
d”‘ [a+ —-(a.+a,)1,, d“’+_1°[—(u —aa) L,
—8a,— o0t ] a,=0. (14)
x

The parameters /, and 7 in (13) determine the nature
of the growth of the field: I, is the limiting value of the
intensity, and 7 is the switching-on time. Note that the
solution of Eq. (10) can also be expressed in terms of
hypergeometric functions in the more general case
when

I(z)=(az+b)/(cxt+d).

The case a=c =0 or b=d =0 corresponds to a mono-
chromatic field. For ¢ =0,d =1 we obtain Nikitin’s
model'?:

I(t)=bexp (at/ls).

Using (7), we can readily find the form of I(¢) corre-
sponding to Eq. (13). For this, we express x in (13) in
terms of I:

a=Iv/(I,~1)
and using (5) we obtain a differential equation for I():
Hoex (I—1)2=1/I,.
The solution of this equation gives implicity the depen-
dence I(¢):

t=t[ (1=1/I)~*~In (I/1-1)]. (15)

This solution is determined up to a constant term that
determines the instant of switching-on of the interac-
tion in the limit 7= 0. In (15), this instant is taken at
t=0.

The function I(¢) for different values of the parameter
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FIG. 2. Dependence I() for different values of the parameter
T: 1) 7=01, 2) T=1,

7 is shown in Fig. 2. It can be seen that in the limit
7— 0 the I(¢) dependence becomes ever more pronounced
in the neighborhood of the point £=0. The limit 7~ 0
corresponds to sudden switching-on of the field, and

7— o to adiabatic switching-on.

In what follows, we also need the x(¢) dependence,
which can be determined from (5):

(16)

T
t=x+7In—.
T
The solution of Eq. (14) with the initial conditions

(9) can be written in the form
a,(z) =0 [ /it (1+A/Q), i, iQz],

__l__( vtl, ) ( 1_) i gite+0)
1+ig 4 T
X 1+—1—ig(1+ 4 ) 2-+iE, iQz

[ 2 Q 1 'l ] 1

A=6+(au—a)[o/4, E=bT, e=—b+(A—Q)/2+0,1/4,
Q=[A*+(v],)%/4]",

a,(z)=

(17

Here & is the confluent hypergeometric function,' the
parameter £ plays the part of Massey’s parameter in the
theory of atomic collisions, 4 is the distance between
the adiabatic terms after establishment of the stationary
value of the field, and the x(¢) dependence is deter-
mined by (16). Thus, the parameters of the problem
are the dimensionless interaction switching-on time

£, the detuning 4, and the Rabi frequency £ after the
field has been switched on.

3. KINETICS OF THE SYSTEM IN THE FIELD

Using Eq. (17), we now consider some features of the
behavior of the level populations #, ,(t) of the system
and also the total excitation probability:

na(t) =la, (1) 12, W=1limn.(t). (18)

t+oo
The results of numerical calculations in accordance
with the relations (17) and (18) are given in Fig. 3 for
different values of the parameters of the problem cor-
responding to different field switching-on regimes. At
small values of £, the time dependence of n, corre-
sponds to Rabi oscillations of the populations, and the
mean value {2,(¢)) cannot exceed 3, i.e., inversion is
impossible. At larger values of £, as can be seen in
the figure, the amplitude of the oscillation decreases,
and the mean value {1,(f)) can become greater than 3
because of the possibility, noted in the Introduction, of
adiabatic inversion when the levels cross. This is con-
firmed by the different values of the population of level
2 for different signs of A: crossing occurs for A<0
but not for A>0, since the sign of § is chosen to be
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FIG. 3. Time dependence of the population of the upper level
for different interaction switching-on regimes when v /|, —
—a4A=0.1: a)mt =1, b) =10, In both figures, curve 1 cor-
responds to A<0 and curve 2 to A >0,

positive.

It is obvious that these features in the behavior of
the system arise if the Stark shift of the levels can
compensate for the initial detuning: (@, - @,)I,/4%2 6.
The quantity

I.=|46/(a—a) | (19)

is, thus, the threshold intensity for excitation of the
system. For example, for atoms of alkali metals in
the optical range of frequencies the polarizabilities of
the lower levels have a value ~10° atomic units.™ In
this case, the threshold intensity of the electric field
of the wave corresponding to I . is ~10° V/cm for &
~0.1cm™. This order of magnitude of 6 is charac-
teristic of the Doppler frequency detuning of the atoms
of a gas at temperature ~10°°K.

4. THE LIMITS OF INSTANTANEOUS
AND ADIABATIC SWITCHING-ON

These limiting cases can be obtained from the general
relations (17). For simplicity, we assume here, as in
the previous section, that 6 and A are real. In the limit
£ -0, which corresponds to instaneous switching-on of
the interaction, we use the equation

lim @ (as, cs, z) = (1+a/c) (e*—1),
=0

which can be readily obtained from the expansion of the
confluent hypergeometric function in a power series.
Noting also that in the limit 7 -0 the relation x(¢)~¢
follows from (16), we obtain

a,(t)=exp {/2i[—8+"/i (as+a) 1]t}
X[cos (Qt/2)+i(A/Q) sin (Q1/2) 1,
a, (t) =i (v1,/2Q) exp {*/:i[6+*/ (e Fa) I, 1t} sin (Q/2), (20)
(g (8) Y= (1£AY/Q) /2.

The dependence of (#,) on I, is shown in Fig. 4 by the
dashed curve. The nonmonotonic dependence of the
population of the upper level on the intensity is due to
the possibility of tuning the levels to resonance for cor-
responding parameters of the problem.? The maximum
on the curve at the point I,=I, will be sharper the more
important the resonance for the excitation of the sys-
tem, i.e., the smaller the nondiagonal element v of the
interaction compared with the diagonal a, - @,. In the
opposite case a, =a,, 5=A and the dependence of {#,) on
I, determines the usual monotonic saturation curve.!®

If the interaction switching-on time 7 is appreciably
longer than the other characteristic times of the prob-
lem, the amplitudes &, ,(t) go over into the well-known
expressions for a monochromatic field corresponding
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FIG. 4. Dependence of the population of the upper level on the
field intensity for v/| @y—a4|= 0 and 1. The dashed curve is
the dependence corresponditig to instantaneous switching-on of
the interaction. Curve 1 is the result of calculation in accord-
ance with Eq. (22 (adiabatic limit), curve 2 corresponds to the
exact expression (24), and curve 3 to the Landau-Zener ap-
proximation (27). For curves 2 and 3, =10, &2/(ay—a,)?

= 0.1. The result of the calculation in accordance with the ex-
pression for £=500, §V2/(a2— az)z = 5 agrees with the result of

the adiabatic limit (curve 1) and is approximated well by the
step function (30).

to adiabatic switching-on of the interaction.’'!® The
wave function of the atom describes in this case a state
with definite quasienergy:

W (t)=a,(t)1>+a,(t) 12>

e L ()] o[ L (1-2)]Fen),

E=E" +/.a,I(t)+'/,(A—Q), 21)

where & is the quasienergy, which depends adiabatical-
ly on the time, and A and  are determined by Eqgs.
(17), in which it is necessary to replace I, by I{¢). For
5<0, it is necessary to reverse the sign of £ in (21).

The populations of the upper and lower levels change
adiabatically in time in this case in accordance with
the expressions

(nya(t)Y=(1£A/Q)/2. (22)

The dependence of (2,) on the intensity determined by
Eq. (22) is now different from the case of instantaneous
switching-on, and is shown by curve 1 in Fig. 4. The
threshold nature of the dependence of (n,) on I, is due to
the possibility of crossing of the quasienergy levels.

It corresponds to the possibility of complete population
of state 2 when the field is switched on and is analogous
to spin inversion in the case of a slow passage through
resonance.'” As in the case of instantaneous switch-
on of the interaction, the curve is steeper the smaller
v.

5. ASYMPTOTIC POPULATION OF THE LEVELS

We now consider the total probability of excitation of
the system without any assumption about the value of the
parameter £. This can be done using the asymptotic be-
havior of the confluent hypergeometric function,* since
as t—e and x—

Jim lay (2) [P = — + -2 SXR(ZEA/Q) —ch a§
shng

e 2 2Q
—Re{A exp[i(QJ: +%§1n(z/r) )]}, (23)

Ae 25 exp (—nEA/2Q) (Qr) 1ave
Eshag T[iE(1+A/Q)/21T[iE (1—A/Q) /2]

It can be seen that the population is a sum of two
terms: one constant in time and another that oscillates
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with a frequency equal up to a logarithmic term to the
Rabi frequency. The amplitude of the oscillating term
A is rapidly damped with increasing £. Averaging over
these oscillations, we obtain finally

(W= lim¢ny (£) y= — + 2 €xPp(—nBA/Q) —chnf
- PR e

(24)

This formula gives the exact value (in the framework
of the chosen model) of the probability of two-photon
excitation. Let us consider its limiting cases, assum-
ing, as before, 6> 0.

In the case of instantaneous switching on of the in-
teraction, £ - 0, we obtain
(Wr=(1—-A%/Q*)/2,
which agrees with formula (20).

In the case of slow switching-on, £ -, retaining in
(24) only the increasing exponentials, we obtain

<W>=%{1—%—[1-2 exp(—-nE 1? )]} .

(25)

The exponential retained in (25) can take arbitrary
values irrespective of the value of £&. The expression
(25) thus gives the probability of excitation of the upper
level in the case of slow switching-on of the field. Com-
paring (25) with (22), we see that the latter holds only
when

E(1+A/Q) >1, (26)
which signifies either the absence of level crossing or
that vl, is not small compared with [A].

But if the inequality (26) is not satisfied, i.e., &
=~ -0, which can occur in the case of level crossing and,
in addition, for small value of vl,/4A, then

(W>=1—exp [—2at (v],/44)*]. (27

Equation (27) corresponds to the Landau—Zener ap-
proximation for the given problem. Thus, the Landau-
Zener approximation is valid in the region of param-
eters values determined by the inequalities (sign &

= -sign 0)

(28)

Let us consider in more detail the dependence of the
excitation probability on the field intensity in the case
of smooth switching-on, £> 1. The regions of [, values
in which the different approximations are valid are de-
termined by the ratio v/ la, —a, |.

E>1, g (vl/A)*<1.

Suppose v << |a, —a,|. Then in the region I,<I the
inequality (26) is satisfied; therefore, the relation (22)
holds. With further increase in the field, the param-
eter vl,/A decreases rapidly, and if £° < (a, - a,)?,
then the probability of excitation is determined by Eq.
(27). The limiting value of the population of the upper
level for I>> I is

(Wr=1—exp [—2nEV*/ (ca—a1)?] (29)
and does not depend on I,.

But if £v®> (@, - a,)?, then the excitation probability
is determined by (22), and since v<< la, = a, |, (W) is
a step function in I;:
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0, I<l—AI

1, L,>I+Al (30)

W (L)>r= {

where Al is small compared with I_.
We estimate Al:

a vl, v Al
AI"’“lﬂz(lo)/ = 7

FIT,I ,a,;e~,|az—oc‘l - (oa—auy)?

1. el
Thus, if the conditions

B>, B/ (—o)?>1, v<|a—a,

are simultaneously satisfied, Al can be omitted in (30)
and (W(,)) can be assumed to be a step function.

Now suppose v 2 la,-=a;|. Then the inequality (26)
is satisfied; therefore Eq. (22) holds for all I,. How-
ever, the approximation (30) for the excitation probabil-
ity is now invalid. Graphs of {W(l,)) corresponding to
the above cases are shown in Fig. 4. Curves 2 and 3
describe the excitation for £v°< (a, - @,)?. It can be
seen that for I, >/, the Landau—-Zener approximation
(curve 3) is virtually identical with the exact result
(curve 2). The result of calculations in accordance
with the exact formula for £&°> (a, - a,) is close to
the adiabatic approximation and is well described by
a step function.

We now consider the dispersion dependence of the ex-
citation probability. This dependence is determined
by the expression (24), in which the independent var-
iable is the dimensionless detuning £. As the indepen-
dent variable, it takes values from -« to +« and,
therefore, for the same switching-on time 7 there are
corresponding field switching-on regimes for the dif-
ferent regions of 0 values.

It is obvious that the singularities in the dispersion
dependence associated with the crossing of the levels
are in the region of § values where & and A have op-
posite signs. In accordance with the previously adopted
notation, =0+, where 5 = (a, — a,)I,/4 is the re-
sulting Stark shift (0,<0). Then the region of crossing
is 0<s0<161.

We consider slow switching-on £,=18_17> 1. Then
there is a region of 6 values such that 67> 1, namely,
71« § <|6,|, for which the expression (25) is valid.
If in addition the inequality (26) is satisfied in this re-
gion, then the formula of the adiabatic approximation
(24) is valid for the excitation probability. The graph
of this function is shown in Fig. 5a by the dashed curve.
It can be seen that the maximal population holds in the
limit 6 = 0. Curves 2 and 1 of this figure, which have
a similar nature to the one mentioned above, are con-
structed in accordance with the general expression
(24) for vI,/A=1. One can say that these curves de-
scribe the dispersion curve in the adiabatic inversion
regime (see Ref. 10).

But if the inequality (26) is not satisfied (for vI,/A
<« 1), then in the region 7" <« < |§,| the Landau-Zener
relation (27) holds. If 6 is sufficiently close to 151,
A decreases so much that the conditions (26) are satis-
fied and inversion occurs in this region, too. Graphs
of the excitation probability corresponding to this case
are shown in Fig. 5b. It can be seen that the maximal
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FIG. 5. Dispersion curves for probability of excitation (ioni-
zation). a) Adiabatic inversion reglme /| ay~ay| =1): curve
1 corresponds to £, = 5, £,0%/(a,—a)?=5, curve 2 to £ = 10,

£5v%/(ag — )%= 10; the dashed curves show the limits of instan-
eous (£5 = 0) and adiabatic ({5 —*) switching-on of the inter-
action. b) Landau-Zener reglme W/l ag—0y|=0.1): curve 1
corresponds to & = 5, £40%/(@y—a,)?=0.05, curve 2 to £,
=10, £v?/(a;—a;)?=0.1; the dashed curve, to £4=0.

value of the population is in the region® §~-5,. It is
natural to call this regime the Landau—-Zener inversion
regime.

For sufficiently large I,> I, the nature of the excita-
tion regime is determined by the ratio v/ la, - @, |,
namely, for £, ¢?/(a, - a,)*> 1 we have the adiabatic
regime and for £, v*(a, - @,)*<1 the Landau—Zener re-
gime, but if 7,27_, then the nature of the regime is
determined by the ratio vl,/A.

6. DISPERSION DEPENDENCE OF THE PROBABILITY
OF THREE-PHOTON RESONANCE IONIZATION

Now suppose that ionization can take place from the
upper state of the atom under the influence of the con-
sidered field. This possibility can be taken into account
by assuming a, in Egs. (3) is complex. Then the width
of the upper level is determined by

Y2=[Im a,/2.

We determine the frequency dependence of the rate of
ionization w; of the atom under conditions of two-photon
resonance in the time interval 7« ¢<y;', which cor-
responds to a stationary regime:

wim 2l =yl (31)
dt

In addition, we shall assume that ¢> [A|™, 1Q]7,

These inequalities make it possible to average the ion-

ization probability over the Rabi oscillations. In fact,

there are often many reasons leading to the averaging

of such oscillations without the assumptions we have

made; as examples, we may mention transverse relaxa-

tion processes and spatial inhomogeneity of the field.

For the considered time interval, the asymptotic
population of the upper level with allowance for the
possibility of its decay plays the main part in the ex-
pression (31). In the theory of atomic collisions, the
problem of nonadiabatic transitions between decaying
levels has been considered on a number of occasions.!'®
Formally, our formulation of the problem is similar
to the problem of taking into account coherent interac-
tion in charge exchange processes in atomic collisions.
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To calculate the ionization probability (31), we use the
relations (17), assuming now that A and € are complex.
If the obtained states are to describe states of decay
type, it is necessary that Im(4, )< 0. Using the
asymptotic behavior of the confluent hypergeometric
function, we obtain for I Qlx>1
UIo ﬂ
59| Shag

(Q‘l’) —'hit/(1+A/ Q) 2 E

"{l T[1—"/.e(1-4/9)] 2
(QT) hik(1-A/ Q)

T[1+Y.88(1+A/Q) ]

{ny(t)>= | ———exp[—2z(t)Ime]

(H-Re —) 8(z(t)—t)Im ——]
(32)

exp| -
exp[ (1 Re—)+2z(t)l Q]}

In the region ¥;!'> t> 7, we have x(t)
therefore finally obtain

=t, and we

(QT)-I;|5(1+A/H) 2
I[1—"7,ig (1-A/Q) ]

I,
(wpd= *{,’U i {

shng (33)

(g).[)/ E(1-A/Q) 2 n§ A

1+ Re — P 1—Re =
( ¢ )] ,r[1+=/,zg(1+A/g)1 e"p[z (1 Red )]}

If in this formula we set £ =0 (instantaneous switch-

ing-on of the interaction), we obtain the formula
| vl,

Xexp [

(wd>=21, (34)
which can also be obtained directly from (31) and the
expression (20), which determines the mean population
of the upper level with allowance for the fact that  is
now complex.

In the case of adiabatic switching-on of the interac-
tion, £ -~ =, we consider, as before, two cases. If the
values of 1+Re(4, Q) are not small, then from (33) we
obtain relations analogous to (22):

<w,>__-| 1——| (35)

To obtain this expression, one must use Stirling’s for-
mula for the I'" function and note that in the formulation
of the problem considered here Im(A, Q) < Re(4, 2),
since the opposite inequality corresponds to a trivial
case of perturbation theory. Therefore, we can assume
that

A ReA A

Re—§~ Re2’ "o~

ImA
—_— ,
Re Q

ReA
ReQ °

If lvl,/4A1<1, then the Weisskopf—-Wigner formula
follows from (34).*’

(36)

The case of crossing of the levels whenRe(4/ )
=~ -1 leads to the following expression for the ioniza-
tion probability of the atom:

vl, { exp[—ng(1+Re(A/Q))]

{w)=
R 7o) 1—Re(A/Q)

—% Im(8/2)

XI (QT)iE(HA/Q)‘z[_E_(i__Re(A/Q)) ]

exp[—!/,nE (1+Re(A/Q))—E(1— Re(A/Q))argQ]}
IT[1+4.i8 (1+A/Q) 11 '

+2n% (37)
From this expression for ImA=Im{ =0 we obtain the
expression (27) and the Landau—~Zener formulas, which
are, thus, a special case of the relation (37) without
allowance for the width of the level.

The form of the dispersion curves under conditions of
not too large ionization width is close to that shown in
Fig. 5. As in the case of excitation, fulfillment of the
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inequalities permits one to distinguish the adiabatic
regime with maximum at & ~0 and the Landau-Zener
regime, when £ 0?/(a, - a,)*< 1, with narrow maximum
at 6~ 16 1.

S

1) The linear Stark effect in an alternating field can occur in
some cases in systems which are not centrally symmetric,
but this possibility is not taken into account here.

%) Nonmonotonicity of the saturation curve in the case of single-
-photon resonance due to rearrangement of the multiplet
structure of the atomic levels in a monochromatic field was
considered in Ref. 15.

%) The possibility of a maximum of the dispersion curve at a
point other than 6 = 0 was noted by Fedorov.®

4 To obtain Eq. (1) in the case of instantaneous switching-on
of the interaction, it is necessary to use the smallness of
lv1,/44[ already in Eq. (32) and then set £ >v;!; this is the
usual procedure when one considers decay with instantaneous
switching-on of the interaction (cf. Ref. 19).

3

lw. Kaiser and C. G. Garrett, Phys. Rev. Lett. 7, 229 (1961).

N. Bloembergen, Nonlinear Optics, Benjamin, New York
(1965) [Russian translation published by Mir (1966)].

3B. A. Zon and E. L Sholokhov, Zh. Eksp. Teor. Fiz. 70, 887
(1976) [Sov. Phys. JETP 43, 461 (1976)].

Y. Gontier and M. C. Trahin, C. R. Acad. Sci. Ser. B267, 357
(1968).

M. L. Ter-Mikaelyan and M. A. Sarkisyan, Preprint No. 75—
26 Engineering Physics Institute, American Academy of Sci-
ences (1975); Izv. Akad. Nauk SSSR, Ser. Fiz. 42, 2574
(1978); D. Grischkowsky and M. Low, Phys. Rev. A12, 1117
(1975).

SA. Lau, Phys. Rev. 14A, 270 (1976).

'S. I. Yakovlenko, Prepring IAE-2824 [in Russianl], Institute
of Atomic Energy, Moscow (1977).

8B. A. Zon, Zh. Eksp. Teor. Fiz. 75, 834 (1978) [Sov. Phys.
JETP 48, 422 (1978)].

°L. D. Landau and E. M. Lifshitz, Kvantovaya mekhanika,
Nauka (1974); English translation: Quantum Mechanics,
Pergamon Press, Oxford (1974).

10M, V. Fedorov, Zh. Eksp. Teor. Fiz. 77, 2200 (1979) [Sov.
Phys. JETP 50, 1056 (1979)].

111,. P. Rapoport, B. A. Zon, and N. L. Manakov, Teoriya
mnogofotonnykh protsessov v atomakh (Theory of Many-Pho-
ton Processes in Atoms), Atomizdat (1978).

RE, E. Nikitin, Teoriya elementarnykh atomno- molekylyarnykh
approtsessov v gazakh Khimiya (1970); English transla-
tion: Theory of Elementary Atomic and Molecular Process-
es In Gases, Clarendon Press, Oxford (1974).

135, Allen and J. H. Eberly, Optical Resonance and Two- Level
Atoms, Wiley New York (1975) [Russian translation published
by Mir (1978)]; A. O. Melikyan and K. T. Saakyan, Preprint
No. 76-16, [in Russianl], Engineering Physics Institute,
Armenian Academy of Sciences (1976).

YA, Erdélyi et al. (eds.), Higher Transcendental Functions
Vol. 1 (California Institute of Technology H. Bateman MS
Project, McGraw Hill, New York (1953) [(Russian translation
published by Nauka (1973)1.

15, A. Zon, V. G. Katsnel’son, and V. Ya. Kupershmidt,
Kvantovaya Elektron. (Moscow), 2, 1055 (1975) [Sov. J.
Quantum Electron. 5, 575 (1975)].

183, G. Rautian, Tr. Fiz. Inst. Akad. Nauk SSSR 43, 3 (1968)

¥, Bertin, Fundamentals of Quantum Electronics [Russian
translation], Mir (1971).

181, M. Kishinevskii and E. M. Parilis, Zh. Eksp. Teor. Fiz.
55, 1932 (1968) [Sov. Phys. JETP 28, 1020 (1969)]; V. A.
Bazylev and N. K. Zhevago, Zh. Eksp. Teor. Fiz. 69, 853
(1975) [Sov. Phys. JETP 42, 436 (1975)); A. Z. Devdariani,
V. N, Ostrovskii, and Yu. N. Sebyakin, Zh. Eksp. Teor. Fiz.
71, 909 (1976) [Sov. Phys. JETP 44, 671 (1976)]; V. P.
Krainov and A. V. Kruglikov, Ukr. Fiz, Zh, 35, 834 (1980).

15w, Heitler, The Quantum Theory of Radiation, 3rd ed.,
Clarendon Press, Oxford (1954) [Russian translation pub-
lished by IIL (1956)].

Translated by Julian B. Barbour

Self-focusing of laser beams at various spatial profiles of

the incident radiation

Yu. K. Danileko, T. P. Lebedeva, A. A. Manenkov, and A. M. Prokhorov

P.N. Lebedev Physics Institute, USSR Academy of Sciences
(Submitted 17 April 1980; resubmitted 2 October 1980)
Zh. Eksp. Teor. Fiz. 80, 487-495 (February 1981)

The character of formation of a nonlinear focus was investigated for a media with a Kerr type nonlinearity,
under subthreshold conditions as well as in the regime of developed self-focusing at various spatial profiles of
the incident radiation. A numerical experiment was used to determine the influence of the profile of the
incident radiation and of its intensity on the character of the field distribution in the region of the nonlinear
focus and on the power flowing into the first nonlinear focus in the case of beams of the supergaussian type.
The dependence of the self-focusing threshold on the initial beam divergence is obtained for both bounded and

unbounded media.

PACS numbers: 42.65.Jx, 42.60.He

INTRODUCTION

Even though the main laws governing the self-focusing
of laser radiation have by now been sufficiently well-
investigated, many aspects of this phenomenon remain
unclear. Thus, the process investigated in greatest
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detail was self-focusing of light beams with Gaussian
intensity profiles, which were found to have a multi-
focus structure.! The question of deviation of the inci-
dent radiation from gaussian as it affects the main
characteristics of wave propagation in 2 medium with
Kerr type of nonlinearity remains open. Thus, for
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