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An analysis is made of the influence of a strong electromagnetic field on autoionization
resonances in an atom with N closely spaced discrete levels below the first ionization threshold,
which is in a multiphoton resonance with the ground state, and with M autoionizing levels above
this threshold. The multilevel structure of a discrete state can be in the form of many closely
spaced levels of highly excited states of an atom or it may form a multiplet. A study is made of the
possibility of narrowing resonances as a function of the intensity and frequency of an external

field, and generation of the third harmonic is considered.

INTRODUCTION

The influence of a strong electromagnetic field on au-
toionizing states of an atom is currently attracting much at-
tention.'!! The nature and the origin of the autoionizing
states are as follows: if two or more electrons are excited in
an atom, there may be coupled states whose energies exceed
the energy needed to detach one electron. Such a system is
highly unstable and it is subject to autoionization (preioni-
zation), i.e., one electron may be transferred to the contin-
uum. Autoionization occurs, for example, due to the interac-
tion of electrons as a result of which one of the excited
electrons is transferred to a bound state and the other be-
comes free. The probability of autoionization is many times
greater than the probability of spontaneous emission of radi-
ation by an excited atom. If the characteristic lifetime of an
excited state is 10 ~® sec, autoionization can reduce it to
10~'-10~" sec and it is then autoionization that deter-
mines the total width of an autoionizing state.

The influence of external electromagnetic radiation on
autoionizing states of atoms is not only of theoretical but
also of practical interest. For example, autoionizing states of
atoms and transitions to the continuum have become par-
ticularly important in the processes of laser isotope separa-
tion and generation of coherent radiation in the vacuum ul-
traviolet range.'>"?

An autoionizing state in an external electromagnetic
radiation field was investigated in Ref. 6 and it was shown
there that narrowing of the photoelectron spectrum occurs
near a Fano minimum.'*'* Photoionization from an au-
toionizing state and degeneracy of the continuum are al-
lowed for in Refs. 2 and 3. Inclusion of these transitions,
which always occur, has the effect that complete narrowing
of resonances is impossible and the minimum width in-
creases on increase in the external field intensity. A theory
describing radiative decay of an autoionizing state of an
atom in an external electromagnetic field is developed in
Refs. 9 and 10. This theory allows systematically for radia-
tive decay of the unperturbed continuum. A detailed analy-
sis is made of the effects of radiative decay on the Fano pro-
files and photoelectron spectra. An analysis is also made of
the fluorescence originating from an autoionizing state in an
external field.

An external electromagnetic field may give rise to auto-
ionization-like resonances in the continuous spectrum of a
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one-electron atom. A study of these resonances is desirable
because the width, energy, etc., of these autoionization-like
resonances depend on the intensity and frequency of the ex-
ternal field. A theoretical analysis of such resonances can be
found in many papers, for example, in Refs. 16 and 17.

We shall consider the influence of an external electro-
magnetic field on autoionization resonances and consider
the possibility of narrowing these resonances in the case of N
closely spaced levels below the first ionization threshold of
an atom, which are in a multiphoton resonance with the
ground state, and M autoionizing levels above this thresh-
old. The multilevel structure of a discrete state can be in the
form of a large number of closely spaced excited levels or it
may form a multiplet. In real atoms one frequently en-
counters a situation when the frequency of laser radiation is
close to a resonance with a group of closely spaced autoioniz-
ing levels. Such a situation occurs, for example, in the Sr
atom where the closely spaced discrete levels can be the
highly excited states 5510s(>S), 5s11s(3S), 5s7s(3S), etc.
and the closely spaced autoionizing levels can be multiplets
of the 4d 6p(*P) state. We shall consider also multichannel
decay of autoionizing and discrete states under the influence
of alaser field. As first shown in Refs. 2 and 3, noninterfering
channels have a considerable influence on the final results. A
discussion of the influence of these channels can be found in
§4. In calculations we shall ignore spontaneous transitions
in an atom and assume that the laser field is monochromatic.
Spontaneous transitions and the finite duration of applica-
tion of the laser field may result in partial narrowing (down
to the larger of the widths of radiation and laser pulses).

§1.GENERAL ANALYSIS

For the sake of simplicity we shall assume that the con-
tinuum is nondegenerate and that noninterfering transi-
tions, such as photoionization from autoionizing states or a
transition to a second continuum (when an ion is in an excit-
ed state), are absent. The influence of these transitions will
be discussed in §4.

We shall consider a many-electron atom in the field of
strong electromagnetic radiation. The first field couples the
ground state to discrete levels v and the second field couples
intermediate levels v to autoionizing states x and to the con-
tinuum (Fig. 1).

The basis wave functions for the discrete spectrum of an
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FIG. 1.

atom in a field are assumed to be quasienergy wave functions
derived in the approximation of a multiphoton resonance in
the case when the following periodic perturbation is applied
adiabatically:

Vi(§)=V e +V,mem " (n

These functions are described by
@, (1) =exp[ - —; xot]( Co°wo+e"""’"2 Cis )
i

@, (t)=exp [ — % (M—nho,) t]( Coklp0+e—fnw,12 C,-"\p,.) ,
0.0 =exp| - L E,1t] .

X (i, k=0,...,N; p=N+1,...,N+M), (2)

where A, (v =0,1,...,N) are the quasienergies of an atom in
an electromagnetic radiation field, which are described by
an equation of degree N + 1. When the interaction is
switched off, i.e., when V,(¢) -0, the quasienergy A, re-
duces to the energy of levels of a free atom, and the wave
functions are reduced to functions of a free atom:

O, (t)—>pe~ov't (v=0,...,N). (3)

Discrete states ¢, (k = 0,...,/N) have energies below the first
ionization threshold and states Y, (u=N+1..N+M)
have energies above this threshold.

The Schrodinger equation for this problem is as follows:

i = AV FVL0 D) ¥ O), 4)
where H,, is the free Hamiltonian, ¥, is the interaction with
an ionizing electromagnetic field, and U is the “configura-
tional” Fano interaction.' The complete solution of the
Schrodinger equation allowing for the continuum will be
represented as follows:

v (i)=Y, a0 0.0+] da® e, )

k
where @, (1) = @, exp( — iAt /#) is the unperturbed wave
function for a continuous spectrum of an atom of energy 4.
Substituting Eq. (5) into Eq. (4), we obtain a system of
differential equations for the coefficients a,(?)
(k=0,...N + M) and a,(¢), which is converted by the
Fourier transformation
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a,.(t)=exp[ —;--E,,t]j dE ah(E)exp[ — ;;—Et],

a,_(t)=exp[-—;.i—}»t]j dE a,,(E)exp[—-%Et ]

X (k=0,...,N+HM), (6)

where
Ao+nhm,+hﬁ)z, k=0!
Ey=] Mthos, k=1,...,N,
{ g, k=N+1,...,N+M @

to a system of algebraic equations for their Fourier trans-
forms. The solution of these algebraic equations can be
found in Ref. 18. Using the results of Ref. 18, we shall de-
scribe the complete system of orthonormalized quasienergy
wave functions by

W¥(t) =z(E)( —zz_(fi'1)—-i-—:t_z-)% exp[ ——;’Et]
x{L( L Ate)

xaxp[—%—E,‘t]O,‘(t)’i- j‘dl exp[ —;—At]

x Ei’—x; 2‘:62:' +6(E—1) ]Cpx(t) } (8)

where
2(E) =2 [i,: 2”‘_(?" ", (9)
T (E) =201|Fms]?, (10)
Frem DO, (11)

The system of equations for the determination of the ele-
ments of a unitary matrix 4 and of E,, is as follows:

Endt 3y Fon (E) Aym A, (12)
where *
Grm "
Fun(E) =0 +P | *E_‘l dh (13)

and P denotes the principal value. The matrix elements ¢,
and 4, are described by the following expressions:

’ Vieove, ir o=,
K 13

8= ’ U it RSN (14)
0, if n<N. kN,
Do = 2 C"Vi in the remaining cases. (15)
1
where

V= Ve l@d, V=] Vo |90, Uni=<| Ul o).
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The general solution of the Schrodinger equation can be
represented in the form of an expansion in functions W (7).
We shall assume that the exciting resonance field is applied
adiabatically, whereas the ionizing field is applied at a mo-
ment ¢ = 0. Then, at the time of application of the ionizing
field an atom is in a quasienergy state ®,. The solution of the
Schrédinger equation subject to this initial condition is

qr(t)=-f (W4 (0) | @, (0)> W (2) dE. (16)

-0

Using Egs. (2) and (8), we find that the wave function is
described by

W (1) =_ZdE exp | o2

{L(Ege)

i i
Xexp [—;Et ](D,.(t)+5 da, exp[-—glt ]

A OmA'ﬁmEO )
m E —'Em

P\ SunOen’
" (17)

We shall assume that all the matrix elements, including
F,, (E),depend weakly on the energy E and that they can be
‘regarded as constants. As pointed out in Ref. 19, the depen-
dences of these functions on the energy E is indeed weak,
since the characteristic interval for the variation of the func-
tions (~Ry = 13.26 eV) is large compared with the values
of the functions.

Projecting the wave function W(¢) on &, (1)
(n=0,....,N+ M) and on ¢, (¢), we find that a,(¢) and
a, (t) are described by the following expressions:

(g BaE) [
a,(t) _£ dE B E) e.\p[ — —h—-(E—E,.)t] R (18)
_ - B(E) ao. (E) e—i(E—A)t/h Z(A.) Aum.am‘
a () _J dE f(E)f(E) E-A—i0 z(A)+in “= A—E,
(19)
where
s =2 [Tl e-5.], (20)
1@ =1 E—s.. @1
an(B)= 2 4.8, [ [T -20]. (22)

k==m

The quantities s,,, in Eq. (21) (where m =0,...,N + M) are
roots of a complex equation of degree N + M + 1:

GH | RERCSERC) W | RUS:SY B
" RN (23)
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which in turn is a characteristic equation of the matrix

D= || E. 8 Foy—isthe O] (24)

It is shown in Ref. 18 that the roots of Eq. (23), which is of
degree N + M + 1, lie in the lower complex half-plane of E.
Integration with respect to E in Eqs. (18) and (19) yields
the following expressions for a,, (¢) (n =0,...,N + M) and
a; (t):

&o’ (Sm) & (Sm)

a, (t) =—2ni - m ex

p[ - %(sm—En) t],

(25)

Ao (Sm) 1—exp[—i(sn.—A)/h]

ax(t)= - f’ (sm) s

(26)

We shall consider the case when all the roots of Eq. (23) are
different; the case when there are some multiple roots will
require a separate investigation.
In the limit 1 — « we find that the amplitude of the dis-
tribution of photoelectrons is described by
o' (Sm) 1
a () —Z 7 (sm) 3\‘:1.1 ’

m

(27)

which shows that this amplitude has N + M + 1 different
maxima located at points 4 =Res,, and with widths
2Ims,.

The total probability of ionization at a moment ¢ is de-
scribed by the following expression:

W)= | o) |2 0.

—oc

Substituting here a, (¢), we find that the total probability of
ionization as a function of time ¢ is described by

o' (sm) [ 20" (5) |7
?’(s,sn) [(fz’(sj) ]

(- exp] - se])
paCEPY 1 —exp > (sa*—sm)t] ).

W (t)=2ni

X (28)

§2.EFFECTS OF NARROWING OF AUTOIONIZATION
RESONANCES IN ASTRONG ELECTROMAGNETIC FIELD

As pointed out in §1, the amplitude of the distribution
of photoelectron energies has N + M + 1 maxima at points
A = Res, with widths 2 Im s,. In the present section we
shall show that the positions and widths of these maxima
(resonances) may depend not only on their atomic charac-
teristics, but also on the intensity of an external laser field.
For simplicity, we shall ignore noninterfering channels such
as spontaneous decay,’'® photoionization from autoionizing
states,> photodecay to a different continuum,'' etc. We
shall also assume that the laser field is monochromatic.®
Photoionization from autoionizing state degeneracy of the
continuum, and inelastic transitions will be discussed in §4.

In the present section we shall show that complete nar-
rowing of resonances is possible under the assumptions
made above.

We shall only consider the case when the eigenvalues of
the matrix |E, 8,,,, + F,.. | are different. Narrowing occurs
if Eq. (23) has at least one real root E. Substituting this real
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root E into Eq. (23) and separating the real and imaginary
parts of the equation, we obtain
N+M

I &-zy=0 Y. .11 &-£0=o0.

= o (29)

It fol_l~0w5 from the first equation in the system (29) that
E=E, (k=0,...N + M) and then, substituting this into
the second equation of the system (29), we obtain

o] &£ -0
(m:-k)

(30)

Since we are assuming that all the values E, are different, it
follows that

=0, (31)
whereas Egs. (10) and (11) give
Zﬂ,.A,.h=0. (32)

The c'E)ndition (32) can be interpreted as follows. The sec-
ond field mixes discrete levels causing “splitting” of each
level (Autler-Townes effect). Each new ‘‘dressed” state
contains “old” discrete states with amplitudes 4. A transi-
tion to the continuum from each old state occurs proportion-
ally to 3. Hence, we find that the effective matrix element
which links a dressed state with the continuum is propor-
tional to the sum X, 4,4, ; if this matrix element vanishes
because of interference, it follows that narrowing of a
dressed resonance takes place.

Moreover, we can show that the condition (32) is a
generalization of the condition derived by Rzazewski and
Eberly.® They stated that narrowing occurs if zero of the
ionization amplitude coincides with the energy of a dressed
state. In fact, if 1 = E, is substituted into Eq. (27), we ob-
tain

oo (Ey) =5kA0hH (Ex—E,)=0.

(nwkk)
According to our hypothesis on the multiplicity of E, , we
obtain 3, =0or =, 3,4,, =0.
Substituting the eigenvalues E, into Eq. (12), we shall
represent the condition (32) in a more convenient form. If
all the roots E, of the characteristic equation

|(EH_E)6nm+an|=0 (33)

are different, then—as is known—the coefficients 4,, are
Eroportiona] to the cofactors of the determinant (33), where
E is replaced by the corresponding value of E,. We shall
denote these cofactors by A, [p is selected so that one of the
cofactors A, (k =0,..,N + M) differs from zero; the exis-
tence of such an index follows from the assumption about the
multiplicity of E]. It follows from this assumption that the
matrix ||E,S,,, + F,,, || isof rank N + M. This allows us to
write down

Awm=C.Ap (E=E,). (34)

where C, are deduced from the condition of unitarity of the
matrix 4. Substituting Eq. (34) into Eq. (32), we obtain

Y s.a,=0.
1.3
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(35)

We can find the narrowing condition if we solve simulta-
neously Egs. (35) and (33) or, in other words, Egs. (35)
and (33) should have at least one root in common. We can
show that Eq. (35) applies irrespective of the index p. If we
represent the left-hand sides of Eqgs. (35) and (33) in the
form of polynomials, we can readily formulate the condition
of simultaneous narrowing of k resonances. This is true
when and only when the matrix (2n — k) X (2(n — k) + 1)
(n=N + M + 1), composed of coefficients of the polyno-
mials (35) and (33), is of rank smaller than 2(n — k) + 1
(Ref. 20). It follows from this formalism that, in general,
one can expect simultaneous narrowing of N + M reson-
ances. It should be pointed out that if the matrix D of Eq.
(24) is normal, i.e., if DD* =D *D,thenk=N + M.

We shall illustrate this method by considering the case
when N +M=1 and N +M=2. The case when
N + M =1, i.e., when there is one discrete level below the
first ionization threshold of an atom and one level above this
threshold, has been considered by many authors.® This
case is illustrated schematically in Fig. 2.

In this case the matrix D of Eq. (24) is normal subject to
the following condition which is both necessary and suffi-
cient:

Fl)i
000,
It follows from Eq. (36) that there are always such frequen-
cies of the laser field that narrowing cannot be achieved sim-
ply by altering the radiation intensity. Consequently, it
would be of interest to investigate the narrowing of reson-
ances by varying the radiation frequency.

If N + M = 2, we can distinguish three different cases
illustrated in Fig. 3. The cases labeled a and b are obtained if
the first perturbing field is weak; then, a transition from the
ground state of an atom can be allowed for by using pertur-
bation theory in respect of the interaction V. In the case of
narrowing effects we need to consider only the “upper part”
of the ionization process shown in Figs. 3a and 3b. The case
when the interaction ¥, mixes strongly the states 0 and 1 is.
illustrated in Fig. 3c.

It is particularly interesting to derive the condition en-
suring that the amplitude of the distribution of photoelec-
trons obtained in the case of ionization exhibits simulta-
neous narrowing of two resonances. The necessary and
sufficient condition is that the matrix D of Eq. (24) is nor-
mal. Hence, we obtain

Ex“Eo=Foz'02‘/ﬁo"leﬁz/ﬁt,

Ex’*Eo= (I'ﬁllz"lﬁolz)' (36)

(37)
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Ez—Eo=Fozﬂz/ﬂo—Fozﬂo/ﬁz"pm'ﬂ:/ﬁ;z- (38)

We can readily show that the condition (37) of simulta-
neous narrowing of two resonances is not satisfied in the case
illustrated in Fig. 3c. In fact, it follows from Eqgs. (14), (15)
and (7) that

Eg_Eo=}\,1'—}\u—2ﬁ(l)1=O. (39)
Substituting 4, and 4, of Ref. 21 into Eq. (39), we obtain
e +4|fu|*=0, (40)

where £’ is two-photon detuning and f;,, is an effective matrix
element which couples atomic states ¢, and ¢,. Since f;, #0,
it follows that the condition (40) cannot be satisfied. This is
due to the fact that the state ¢, is not coupled directly to the
continuum. We can similarly consider the cases when

N+M=34,...

§3. GENERATION OF THE THIRD HARMONIC

We shall consider nonlinear mixing of frequencies of
the w; = 2w, + w, type for the scheme of transitions shown
in Fig. 4. The interaction ¥, is in resonance with the two-
photon transition 0 1. For the sake of simplicity, we shall
allow for ¥, using perturbation theory and include the inter-
action V,, which couples the states 1 and 2, in a resonance
approximation. In the present section we shall show that
when the condition (36) is satisfied, the signal at the fre-
quency 2w + w, increases. This is due to the fact that the
ionization losses decrease’ if the condition (36) is satisfied.

A complex nonlinear polarization P, (¢) at the fre-
quency w; = 2w, + , is given by

Py (t)= {ao e, exp[ — %Aot]

+a,(t)C,! exp[— —ﬁl— (M—2ho,) t]}

i

X{a;'(t)exp[ 7 Ez'l]pog-i-j. d}»exp[%kt]a{(t)um}.
(41)

Here the coefficients a,, (¢) (n = 0,1,2,4) are found from the
relationships (25) and (26); u,, is a matrix element of the
dipole moment between the ground and autoionizing levels;
Mo, 1s a matrix element of the dipole moment of a transition
from the ground state to the continuum. When the first reso-
nance interaction is weak, i.e., in the limit ¥, -0, it follows
from Eq. (2) that

N\
\

/

FIG. 3.
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Coo_*l, Co’_>0, Cll_>1, Cio_>0, }\40*(1)0,, }\11")(!)1,. (42)

If we retain in Egs. (25) and (26) only the terms of the first
order in ¥, and assume that the interaction time satisfies the
conditions

B/ Im s,.| <E<h/|80]?, (43)
where 3, = C 94, we find that simple transformations yield
ay(t) =1,

fos
1 (E)

s (1) = 0 (Po—ind 02 exp | - (Ee—En)t ],

j dha, (¢) exp [— —%M]

—_ iﬂf{n

"~ f(Ey)

[0,(Be—E:) +0.F sleoxp| — - Et] "

where
f(Eo)=(Eo—s,) (Eo—s.),

whereas f;, is an effective two-photon matrix element cou-
pling the states O and 1 (Ref. 21). Substituting Eq. (44) into
Eq. (41), we find that Pw,(?) is described by

foi"
(Eo—s:") (Ey—s,")
X{!Joz (Faz+ iﬂﬁx‘ﬁz) +iﬂuok[ﬁ1' (Eo—Ez) +‘32‘F21]}-

Pm,(t) =exp[i(2m1+0)z) t]

(45)

The expression (45) and the narrowing condition (36)
were obtained in Ref. 7. However, the condition (36) was
deduced in Ref. 7 on the assumption that the interaction
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between the levels 1 and 2 is many times greater than the
Fano configurational interaction.'® It is clear from the re-
sults of the preceding section that the condition (36) is inde-
pendent of this assumption.

If the two-photon interaction ¥, is weak, it follows—as
pointed out already—that only the “upper part” of the ioni-
zation process (Fig. 4) isimportant in the narrowing and the
field frequency is then to be found from the expression

EZ_El=62F12/.ﬁ1_ﬂ1F21/‘02- (46)

If the condition (46) is satisfied, the polarization of an atom
reaches its maximum when

E,—E,=0,F.,/0,. 47)

It follows from Eqgs. (46) and (47) that the frequency of the
output radiation is

201+ 0, =11 (B —hoy —0.F,/0,). (48)

If a two-photon resonance transition is strong or the
conditions of Eq. (43) are not obeyed, an analysis of the final
results becomes very difficult and further calculations for
these cases must be carried out numerically on a computer.

§4.INFLUENCE OF NONINTERFERING DECAY CHANNELS
ON THE RESONANCE NARROWING EFFECTS

As pointed out in Refs. 2 and 3, the noninterfering
channels of decay of autoionizing states can alter significant-
ly the results obtained in §2. If a transition from autoionizing
states to the second continuum (when an ion is in an excited
state) occurs only at a specific frequency of a laser field, the
photoionization with a transition to this continuum and the
degeneracy of the continuum always occur. However, the
photoionization from autoionizing states [such as transition
(2) in Fig. 2], which is due to a two-electron dipole transi-
tion, is forbidden in the one-configuration approximation
because autoionizing states belong to a shifted term of an
atom (when two or more electrons are excited simultaneous-
ly). Little study has been made of such transitions and they
can be resolved only if we allow for the configurational inter-
action. The matrix elements for such transitions consist of
two parts. The first (factorized) part describes transitions
following the absorption of an additional photon in the con-
tinuous spectrum [such as transition (3) in Fig. 2] after
autoionization. Such a transition can occur and experimen-
tal investigations of the above-threshold ionization®? dem-
onstrate that a free-free transition V. is really observed. It
reduces by a factor [1 + 77| Vg |*]"/? the matrix elements
of transitions®® from discrete and autoionizing states to the
first (lower) continuum?® and gives rise to an additional
peak, proportional to | V¢ |?, in the photoelectron distribu-
tion. The second part of the matrix element which corre-
sponds to a two-electron transition is due to an integral rep-
resenting the principal value in the composite matrix
element and is clearly small. Usually the oscillator strengths
of two-electron transitions are 1073-10~* (Refs. 11 and
15).

In the present section we shall consider the influence of
these channels on the narrowing condition. We shall do this
by investigating the behavior of the eigenvalues of the matrix
D of Eq. (24):
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D=”E,.6,,,,.+F,,,,.—in2, 9. 0, | , (49)
where ¢ {” is a matrix element which couples a discrete or
autoionizing state (n) to the continuum (7).

It is shown in Ref. 18 that the imaginary parts of the
eigenvalues of the matrix D of Eq. (49) lie within the interval
from min{A,} to max{A,}, where A, are the eigenvalues of
the matrix C which is of the following form:

C=~‘/zi(D—D+)=—n||Z, 0. 0n || : (50)
:

Since each — 77| *°¢ (|| matrix is of rank 1, the rank of
the matrix Cis r, < K, where K is the number of continuums.
Hence, it followsthatthematrix C hasN + M + 1 — Kzero
eigenvalues. Consequently, in narrowing of resonances it is
essential that the number K of the continuum should be less
than the number of discrete levels in the continuum. How-
ever, it is difficult to achieve such a situation unless such

“selection rules” as those suggested by Bethe'® reduce the
number of continuums.

For the sake of simplicity we shall consider a scheme
(Fig. 3b) allowing for photoionization from an autoionizing
state or for photodecay from this state. Simple calculations
give the following narrowing conditions:

E=E,, Fy=F, (T,/Ty)". (51)

The second condition of Eq. (51) can be satisfied at random,
since it is independent of an external magnetic field. The
condition (51) can be derived on the basis of the following
considerations. An external field mixes discrete states with
amplitudes 4. One of the states becomes narrower if 4, = 0
(Fig. 3b) if naturally the matrix element of the photoioniza-
tion does not vanish, and moreover if 4;, = — A, 3,/9,.
The condition (51) is obtained by substituting these ele-
ments into Eq. (12).

We shall now consider the case when there is one au-
toionizing level and one discrete level, and photoionization
takes place [transition (2) in Fig. 2) ]** or the transition (1)
to the second continuum takes place from an autoionizing
state.'! In this case the matrix D becomes

E,—il'y/2 Fo.—i(I‘oI‘.)"’/ZH (52)
Fy—i(T,)"/2 E,—i(T,+T;) /21"

where T'; is the photoionization width of an autoionizing
state. In this case the matrix C of Eq. (50) becomes

—TI'w/2 _(Fori)‘h/zn (53)
— (I %/2 —(Dy+Ty) /2110

whereas the eigenvalues are

-

e=||

AF =—![{T+ Tt Tox[ (I'+T—T,) 2441, T, 1%}, (54)

The narrowing condition can be obtained if we assume that
the matrix (52) is normal, which gives

E,—E0=F.,,(I‘1+I‘,»—I’o)/(FoF;)"’- (55)

This condition is identical with the conditions in Refs. 2
and 3. Since the matrix ( — C) is positive definite, it follows
that an increase in the intensity increases the eigenvalues,
i.e., the minimum width increases the intensity of the exter-
nal field.
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CONCLUSIONS

We investigated narrowing of the photoelectron spec-
trum and the influence of such narrowing on generation of
the third harmonic. Ignoring spontaneous transitions and
using the approximation of a monochromatic wave, we
found the conditions for narrowing of the photoelectron
spectrum in respect of the detuning and intensity of the ex-
ternal field. However, as first shown in Refs. 2 and 3, in the
presence of noninterfering channels such as a two-electron
transition to the first continuum and a one-electron transi-
tion to a higher second continuum accompanied by the ab-
sorption of a photon, or in the case of degeneracy of the
continuums we found that the minimum width obtained due
to interference of the channels rises monotonically with in-
tensity of the external field, i.e., there is no narrowing of the
intensity in the photoelectron spectrum.

The authors are grateful to M.L. Ter-Mikaelyan and
participants of a theoretical seminar at the Institute of Phys-
ics Research of the Armenian Academy of Sciences for dis-
cussing the results.

'Yu. I. Geller and A. K. Popov, Laser Stimulation of Nonlinear Reson-
ances in Continuous Spectra [in Russian], Nauka, Moscow (1981).
2A. I. Andryushin, A. E. Kazakov, and M. V. Fedorov, Zh. Eksp. Teor.
Fiz. 82,91 (1982) [Sov. Phys. JETP 55, 53 (1982) ];A. I. Andryushin,
M. V. Fedorov, and A. E. Kazakov, J. Phys. B 15, 2851 (1982).

3A. I. Andryushin, A. E. Kazakov, and M. V. Fedorov, Zh. Eksp. Teor.

- Fiz. 88, 1153 (1985) [Sov. Phys. JETP 61, 678 (1985)]; A. I. Andryu-

915 Sov. Phys. JETP 66 (5), November 1987

shin (Andrjushin), M. V. Fedorov, and A. E. Kazakov, Opt. Commun.
49, 120 (1984).

4V.S. Lisitsa and S. I. Yakovlenko, Zh. Eksp. Teor. Fiz. 66, 1981 (1974)
[Sov. Phys. JETP 39, 975 (1974)].

SP. Lambropoulos and P. Zoller, Phys. Rev. A 24, 379 (1981).

SK. Rzazewski and J. H. Eberly, Phys. Rev. Lett. 47, 408 (1981),

M. Crance and L. Armstrong, Jr., J. Phys. B 15, 4637 (1982).

8K. Rzazewski and J. H. Eberly, Phys. Rev. A 27, 2026 (1983).

°G.S. Agarwal, S. L. Haan, and J. Cooper, Phys. Rev. A 29,2552 (1984).

19G.S. Agarwal, S. L. Haan, and J. Cooper, Phys. Rev. A 29,2565 (1984).

'"H. Bachau, P. Lambropoulos, and R. Shakeshaft, Phys. Rev. A 34,4785
(1986).

12y, 8. Letokhov, Usp. Fiz. Nauk 125, 57 (1978) [Sov. Phys. Usp. 21, 405
(1978)1].

3Nonlinear Spectroscopy (Proc. Enrico Fermi School, Course 64, Var-
enna, 1975, ed. by N. Bloembergen), North-Holland, Amsterdam
(1977).

'4U. Fano, Phys. Rev. 124, 1866 (1961).

'5U. Fano and J. W. Cooper, “Spectral distribution of atomic oscillator
strengths,” Rev. Mod. Phys. 40, 441 (1968).

'6Yul. Gellerand A. K. Popov, Kvantovaya Elektron. (Moscow) 3, 1129
(1976) [Sov. J. Quantum Electron. 6, 606 (1976)].

'7P. L. Knight, Comments At. Mol. Phys. 15, 193 (1984).

8A. D. Gazazyan and R. G. Unanyan, Zh. Eksp. Teor. Fiz. 89, 2003
(1985) [Sov. Phys. JETP 62, 1155 (1985)].

9A. E. Kazakov, V. P. Makarov, and M. V. Fedorov, Zh. Eksp. Teor. Fiz.
70, 38 (1976) [Sov. Phys. JETP 43, 20 (1976)].

20A. D. Gazazyan and R. G. Unanyan, Preprint No. IFI-121 [in Rus-
sian], Institute of Physics Research, Academy of Sciences of the Arme-
nian SSR, Erevan (1986).

2'A. D. Gazazyan and R. G. Unanyan, Zh. Eksp. Teor. Fiz. 85, 1553
(1983) [Sov. Phys. JETP 58, 903 (1983)].

22p_ Agostini and G. Petite, J. Phys. B 18, L281 (1985).

23Z. Deng and J. H. Eberly, J. Opt. Soc. Am. 2, 486 (1985).

Translated by A. Tybulewicz

A. D. Gazazyan and R. G. Unanyan 915



