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A general expression for the four-wave—mixing profiles in situations involving autoionizing reso-
nances is derived by taking fully into account the spontaneous-emission characteristics of the au-
toionizing states. The signals are valid for arbitrary values of Fano asymmetry parameters, field
strengths, and spontaneous-emission rates. The dramatic increase in the four-wave—mixing signal
for field strengths corresponding to the confluence is demonstrated. The spontaneous emission is
shown to affect the line shapes not only in weak fields but also in strong fields. The effects of spon-
taneous emission are found to be most important for field strengths corresponding to confluence
which is similar to the problem of laser-induced autoionization.

I. INTRODUCTION

Four-wave mixing involving an autoionizing resonance’
has been suggested as an important method of producing
vacuum ultraviolet (vuv) radiation.>® Armstrong and
Wynne first experimentally studied four-wave mixing in
such a situation in great detail. A correct theoretical in-
terpretation of their experimental results was given by
Armstrong and Beers.> Recently Crance and Armstrong
and Alber and Zoller have examined the four-wave mixing
when the autoionizing state is resonantly pumped from
the intermediate state.>® Crance and Armstrong demon-
strated that, under certain conditions on the laser field
strengths and detuning, a very large four-wave—mixing
signal is possible. However, Crance and Armstrong treat-
ed the spontaneous emission in a phenomenological
manner. It is known’ from the work of Agarwal et al.
that the spontaneous emission has a very significant effect
on photoemission from autoionizing states in strong
fields.®—'0 Similarly, it is also known that the recombina-
tion effects'""!? play an important role in photoemission.
Therefore it is desirable to have a general theory of four-
wave mixing involving autoionizing resonances in which
spontaneous emission has been consistently accounted for.
This is all the more important if one wants to achieve
laser action in vuv using such resonances.

In Sec. II we describe our model and derive the dynami-
cal equations for the density-matrix elements by taking
into account completely the spontaneous emission and
recombination effects. In Sec. III the general solution of
the dynamical equations is given for an arbitrary continu-
um. Simpler expressions for the four-wave—mixing signal
are presented in Sec. IV by taking the unperturbed contin-
uum to be flat. The results of numerical computations are
also given in Sec. IV. The analysis is carried out for arbi-
trary values of the spontaneous-emission rates, Fano
asymmetry parameters, and the laser field strengths. A
brief comparison with the results of Crance and
Armstrong is also made.!> The main body of the paper
deals with dynamical equations for the matter only since
Shen'* has shown that the steady-state generation of the
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fourth wave can be calculated easily in terms of the
steady-state polarization of the atomic system.

II. MODEL AND THE BASIC FORMULATION

In order to describe the salient features of the four-wave
mixing when an autoionizing resonance is involved, we
consider the simplified model schematically shown in Fig.
1. Here the initial bound state |g) and the intermediate
bound state |i) are weakly coupled by a two-photon tran-
sition with the energy separation €;; ~2w,. The inter-
mediate state |i) is coupled to the autoionizing state |a )
and the unperturbed continuum |€) by a laser at the fre-
quency ;. We allow for the possibility that the laser at
®; has an arbitrary intensity. The autoionizing state de-
cays to |i) and |g) by spontaneous emission of photons.
We denote the corresponding transition rates by y; and
¥2, respectively. Similarly, the unperturbed continuum
can decay to |i) and |g), ie., the recombination can
take place. These recombination rates can be related to
the spontaneous-emission rates y’s and Fano’s asymmetry
parameters g’s for the two transitions. We find it con-
venient to work with the continuum of states |e) ob-
tained by diagonalizing the configuration interaction be-

1i>

2w,

1g >

FIG. 1. Schematic diagram of the various energy levels and
the rates involved in the transition.
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tween |a) and |e€):

|e)=ble,a)|a)+ [blee) | €)de 2.1)

where, as shown by Fano,!
b(e,a)=sinA/7V,, tan"'A=—7 |V |*/(e—¢,),

| 4 (2.2)
ble,e)=—- ¢ sinA

A
V. e—e —cosAd(e—e€') .

The parameter V. is related to the autoionization rate
=27 | V|2 In writing (2.2) we have ignored the small
frequency shift terms. The spontaneous emission and the
recombination can be discussed in the framework of mas-
ter equations.” One can show that the density matrix p of
the atomic system satisfies the following master equation:

.
_ali_z_z[H,p]—%(AIAlp_zAlpAHpAIAl)

~%(A;A2p—2A2pAZ+pA;A2) : 2.3)
where
(e—e€,)
A= [de|i)(e|Be, Ba=(a|€) |1+2 a
Iq,
A= [de|g)(€|Cut, Ca=(ale) 1+2(6_€“)
= € N =\{a € ’
2 g €a €a qu
2.4)

and H represents all the coherent interactions including
those corresponding to the two-photon transition
|g)«>|i). Thus, H is given by

H=¢ |i)i| +¢|g)g|+ [de|e)e|e
+fde(v5,-|e)(i|e_
(T |iXgle "

ey )

' e ), (2.5)

where % is the two-photon matrix element. The parame-
ters ¥, and ¥, correspond to the spontaneous emission in
the two decay channels. Fano parameters ¢q; and g, are

defined by
qz(aVi) —_(alV]g)
= avie| V] T aVle|V]g)

On making a unitary transformation with

h=w;|i){i| +Qw,+o)|g){g]| , (2.6)

we can reduce (2.3) to

—B-“’[H)P] 2

ar (A4; A,p 24;pA; +pA A ),

2.7
|

(1) __
pslsz——l(el 62)P£152

fdé BezaBeaP(eil fde Cezaceap(siz >
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where
ﬁ=e-—ihfpel'hl , (2.8)
H=(€;4))|i){i| +(€g+20,+;) |g)(g|
+fde|e)(e|e+ [fdevs,-le)(i | +c.c.
+(x|i)(g|+c.c.). 2.9)

The four-wave—mixing signal, i.e., the signal produced
at 2w,+w; will be determined from the polarization pro-
duced at (2w,+w;). The induced polarization at 2w, +
can be obtained from the density-matrix element pe, as
the following argument shows. Ignoring the vectorial

properties, we can write the dipole matrix element as
dgezdgacea (2.10)

and hence the term relevant for four-wave mixing in the
induced polarization is

P=(d)= fdeTr(pdgE |g)(e| +c.c.)
=fdedgfpsg+c.c
—dg, [deCogpege 1T
=0. We thus need to calculate

(2.13)

(2.11)
+c.c., (2.12)

where we have also put €;

P=dg, [deC.pe »

where P, in the steady state is obtained from the solution
of Eq. (2.7) which can be solved exactly. However, in
what follows we treat the important case when % is small
so that a first-order perturbation theory with respect to %
is sufficient. For this purpose we rewrite (2.7) as (drop-
ping the tildes)

—%%:Lp—i[(.%’]i)(g |+ g)i])hp]  (2.14)

and hence

(0)
%zLP(O) , (2.15)

_Qp_(_liszm

y —i[(x )| +x*|g)i|)p'”

(2.16)

The solution of (2.15) is trivial as, initially, the atom is in
the state |g),

P =g)g]| . 2.17)
In view of (2.17), (2.1_6) reduces to
(1)
%:Lp‘”—iﬁfli)(gl+i.ﬁY'|g>(i|. (2.18)

The solution of (2.18) is discussed in Sec. III. For the sake
of completeness we now record various elements of Lp:

(n 4! * m_r2 (1
'Us,xPer+we2.Pe,z deBelaBeapeez fdé Cela eaPee,

(2.19)



3432

(1)

. . . "1
pei=—iley—w1—€)pei—i [Uelipi'il)_fdep(eilvei]_—Z—deB:]aBeaPei

. . . 71 (1) Y2
P(ells)z=—‘l(fl—wl—zwz)P:;_wflipi"xl)_—z—fdele“B“‘p‘ —TIdGC:‘aCeapeg ’

p=—ile;—2w,)plg i [vipgde—ix

. . Y1
p}in:_,fv:,.p‘e})de—}-—z—fdelfdeB:]aBmpg:+c.c. ,
and

. Y2
p= > [de, [deCt oCeaplec) +c-c.

III. EXACT SOLUTION
OF THE DENSITY-MATRIX EQUATION (2.18)

The density-matrix equation (2.18) has a rather compli-
cated structure. In order to solve (2.18) we make use of
the technique that was used earlier”!? in connection with
the simpler problem of laser-induced autoionization, in
which one solves for a set of auxiliary density matrices
and then the solution of the full equation is constructed in
terms of such density matrices. For this purpose we
rewrite (2.18) as

pV=FpVL(1)|i )i |

where

Ii(t)=Tr

p (1) [% fdelfdeB;aBe., le)e]

+H.c. , (3.2)
L()=Tr |[p(1) [% fdelfdeczlacealel)(d
+H.c. ] . (3.3)

p(l)(l‘)= foth[Ii(T)e.Y’(t—-f) |i><i | +Ig(,r)ef(t—f) |g>(g | _iyef(t—f) |i)(g | —I—i.z/"ej“_f) |g><i I ]

and from (3.5)

o(t)=eZ'0(0) .
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(1)

Y2
—5 Jdect Capld (2.20)

() (2.21)

(2.22)

(2.23)

(2.24)

In Eq. (3.1), .£ is a simplified Liouville operator and is
defined below. Let us now introduce a density matrix o
with elements

Oe e () =1e (DVE(1) , 0 i()=1e (1} (D),
aelg(t)=¢e](t)¢;(t) ,

(3.4)
ou(t)=|¥; |2 Og(t)=| Vg |2,
oig(D=1; (Y1),
whose equations of motion are
o=%Xo, (3.5)

where . is now defined in terms of the equations of
motion for ¢s:

. . . Y1
1/}61 = _lAeli'pfl _lvelidji - —2— fdGB:]aBeallje

_1’21 [deCt.Cotle, (3.6)
hi=—i [vlvde, 3.7)
llg:—iv‘lllg, V=2€02—‘6i, Aeli=6] —w1—€; . (3.8)

We now show how the solution of (3.1) can be obtained in
terms of o;. One obviously has from (3.1)

(3.9)

(3.10)

We solve the set [(3.6)—(3.8)] subject to the arbitrary initial condition on ¥; and ¥, i.e., we assume

o(0)= | ¥ | 21X | + | ¥ | 2| @)g |+t | )8 | +e¥i [8)€i]

and then one has

a(0)= | ;| %L1 i) | + | g | 27| g)(g | +ehitge™ i) (g | +¥igge ™ |0,

which, on using the definition (3.4), can be written as

(3.11)
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olt)= |90 |2 [0 | + | 65(0) |2 | 8) (g | +95 (00| g) i | +e(0}(0) i) g |
+ [de [dett (0ve (0| &) er | + [dete(05(0) | €) (g | + [ dent (0d(1) [ ) (e |

+ [dee (09t [ e | + [derd (090 |i) (e | -

We now write the solution of (3.6)—(3.8) in the form

Yg()=e ", (0), ¥;()=S;(9;(0), PLt)=S(t)$;(0)

(3.12)

(3.13)

and substitute in (3.12) and then compare the coefficients of ;(0) and v,(0) since 1;(0) and ,;(0) are taken to be com-
pletely arbitrary. This procedure leads to the following operator relations:

e’tg)g|=18)gl,

e )i | =812 | + [de [deSt (1S (0| &) (er| + [deSe (0SF ()| €) (]

+ [deiSt (0Si(0)]i) e | ,

eZtiY(g| =S;(t)et™|i)(g| +fdelS€1(t)e+i"'|el)(g| ;

e?g)(i| =STe™|g)i| + [deSt (Ne =™ |g) (e ] .

We now return to Eq. (3.9) and evaluate I;(¢) and I,(¢).
From (3.16) and (3.17) we have the important relation

(e;](e?*]i){(g])|€&)=0,

(€](e?*|g)i])]€)=0.
On using (3.2), (3.3), and (3.18) in (3.9) we find the result

Ii(t)=1I,(1)=0. (3.19)

On substituting (3.19), (3.16), and (3.17) we obtain for the
Laplace transform of p'!’

(3.18)

p2)=—iFSi(z—iv)z="|i){g]|
—iﬁ’ffdels\‘](z—iv)z‘l]el)(g | +c.c.  (3.20)

The steady-state value of pg) is given by

P 1= ) =limzp §)2)= —iH S —iv)

(3.21)

and hence the quantity P [defined by (2.13)] which is
relevant for four-wave signal becomes

P=—i¥ [deCeS(—ividy, . (3.22)

It should be remembered that S.(¢) is the solution of (3.6)
and (3.7) is subject to the initial condition ¥;(0)=1,
¥{0)=0. We derive the complete solution of (3.6) and
(3.7) in the Appendix. Using the solution given in the Ap-
pendix we can write (3.22) as

i
q1

1—

2+ (+ix)

(3.14)
(3.15)
(3.16)
(3.17)
I
, |12
P=——i¥ l— Pa(—ividg,
Y2
, 1172
=—dg¥ || SlA+m) ' lymjy =iy
J
, 1172
=X |- dga[(l+'_71_)_1]31 z=—iv> (3.23)

where the matrix m is defined by (AS5).

IV. DETAILED FEATURES
OF THE FOUR-WAVE—MIXING SIGNAL

In this section we obtain the general form of the four-
wave—mixing signal, which is valid for arbitrary values of
the field intensity associated with the laser at w;, and for
arbitrary values of the spontaneous-emission rates. On us-
ing (A6) and (A10) and on introducing the parameter x
defined by

xz%(ea—a)l—Zcoz) , 4.1)
Eq. (3.23) can be written as
P=2i¥dgS(x), 4.2)
Sx)=vag, |14 L 4 X /D. (4.3)
91 492 49192

Here the polynomial D, which is related to det(1+m), is
given by

1+ 7’22

Y2
f2
g3

1w
+(x+4a) |(1+ix) T

q1

(4.4)
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The four-wave—mixing signal is proportional to
| S(x) |2 whereas the susceptibility X'*) for the four-wave
mixing is proportional to S(x). The spectral features of
S(x) depend on various system parameters such as the
spontaneous-emission rates y; and y,, Fano asymmetry
parameters g, and g,, the strength of the pump field at
1, and the detuning parameter a. It is quite remarkable
that the numerator in (4.3) does not depend on ¥’s. This
is because all the recombination effects have been included
in the theory. Before we discuss the general features we
examine several special cases and establish contact with
the results already known in literature.

A. Weak field @ << 1 and negligible spontaneous emission

The conventional treatment of four-wave mixing as-
sumes that the field at w; is also weak and ignores spon-
taneous emission. In such a case one finds
I

VQq, 91 492 9192
S(x)= - )
(x+a) 1+ix
which agrees with the result of Armstrong and Beers.?
The line shapes corresponding to (4.5) are well known.?3

(4.5)

B. Field with arbitrary strength but with y,=y,~0

Another important case treated in detail by Crance and
Armstrong® is when the laser field at w; could be of arbi-
trary magnitude. They ignored the recombination effects
though dampings were included in a phenomenological
manner. The recombination effects can be ignored'! if
y/Tq*<<1. Their model of damping is different from
ours since they considered the decay of, for example, the
level |a) to some other level rather than to |i) or |g).
In our model we not only consider the decay of the unper-
turbed continuum but also “recycle” the system, i.e., the
system decays back to | i ), for example, and gets raised to
the levels |a) and |e) by the interaction with the
coherent driving field.

Let us assume that the spontaneous emission is negligi-
ble ¥, ~v7,=0. In such a case S(x) reduces to

Vag [1- L X
91 492 49192
Sx)= 2 )
(x +a)1+ix)—iQq? -+ +(1;21x)
9 T

(4.6)

The polynomial that appears in the denominator of (4.6) is
precisely the polynomial that appears in the studies of the
laser-induced autoionization”® without any spontaneous
emission effects. Such a polynomial is known to have the
root x =q; for the case when confluence”® takes place,
i.e., when

Q=1+a/q; . 4.7)

We thus find that S (x) will have a spike for values of the
field intensities corresponding to (4.7). This, in turn, im-
plies that for such values one will have a very efficient
four-wave mixing.!* Our analysis thus shows the impor-
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FIG. 2. Four-wave—mixing signal |[S(x)(x +a)/ lk
for weak fields as a function of x =(2/T") (€, —w; —2w,) for the
relaxation rates in units of I (1) y;=%,=0, (2) y,=72=0.1, (3)
‘}’1=0, ‘}’2=1, 4) ’}’1=1, ‘}’2=0, and (5) Y1=Y2= 1.

tance of the confluence in the determination of the effi-
ciency of four-wave mixing. Of course the spontaneous
emission ¥, cannot be completely ignored, for even a very
small value of y, is going to affect the spike height con-
siderably. For very small ¥, and y,, the denominators in
| S(x) | ? are going to be proportional to

lay1+By2|*~ | dogda; 2.
The numerator is also at least proportional to |dggd,; |
(| dgi | * comes from Q and |d,, | 2 comes from the dipole
moment at 2w,+ ;). Thus, near confluence, it is suffi-
cient to have very small ¥ in order to have efficient four-
wave mixing.

As noted earlier by Agarwal et al., the spontaneous-
emission changes the photoelectron profiles in an impor-
tant way. The four-wave—mixing profiles depend on ¥,
and ¥, because the denominator in (4.3) is ¥ dependent.
The width of the roots is critically dependent on ¥, and
v2. In the special case when y,~O0, the polynomial
D(x)=P(—x) of Ref. 11. Hence the roots of D (x) can be
obtained from Figs. 4(b) and 5 of Ref. 11. The results of
our numerical computations are displayed in Figs. 2—4.
In Fig. 2 we show the effect of spontaneous emission in
the two channels on the four-wave—mixing signals when
the field on the transition |i)— |a) is weak. The spon-
taneous emission leads to a considerable change in the
profiles. In particular, one observes a shift in the peak po-
sition as one changes ¥, and y,. The changes in the peak
position can be understood from an examination of the
denominator D [Eq. (4.4)], which in the limit of Q—0
reduces to
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Y2 ¥ ¥ My i * 7 i |
2 1 2 2 l
Do(x+a) [1+ =% + Iix+ [T+ 41 (2L 2L o
— Iq; Tgqi g3 T r a r q;
1 1)
rre )l _ L } . 4.8)
r 91 92

The expression (4.8) shows how the widths and shifts de-
pend on ¥4, ¥3, q;, and g,. Figure 3 shows the behavior
of the four-wave—mixing signals for the field strengths in
the vicinity of confluence®’ [Eq. (4.7)]. For y,=7,~=0,
one finds a very narrow spike. For such values of the
field strengths the four-wave—mixing signal is very sensi-
tive to the values of ¥, and ¥, as the various curves
demonstrate. The curves also show that the dependence
on ¥, is more dramatic than on y,. Furthermore, for a
fixed y,, increase of ¥, leads to an increase in the four-
wave—mixing signals. The relatively stronger dependence
on ¥, can be understood by remembering that the calcula-
tions are done to the lowest order in the two-photon tran-
sition rate |g)<>|i). The position of the spike is con-
sistent with the complex zero (4.4) corresponding to the
smaller imaginary part. From the foregoing material it is
clear that in order to have very efficient four-wave mix-
ing, we have to choose systems and/or autoionizing states
such that the spontaneous emission is negligibly small.
Finally Fig. 4 gives the behavior of the four-wave—mixing

10

-8

FIG. 3. Signal | S(x)|? for field strengths close to the conflu-
ence values 2=0.15, a=0.5, g;=—0.6, g,= —3.5, and for y,
and y, equal to (1) y,=0, y,=1, 2) y;=1, ¥,=0, (3)
Y1=v.=0.1, and (4) y,=0.1, y,=0, and (5) y,=7,=0. The in-
set gives the behavior of the spike.

signal for values of the field strengths away from conflu-
ence. Even here the spontaneous emission in each channel
has significant effect on the strength of the signal genera-
tion. It may be noted that for the parameters used in
these figures, the peak corresponding to the second zero of
(4.4) is not seen as it lies in the tail of such curves. The
doublet structure of the four-wave—mixing signal can be
seen only for large values of ¢ and g, (cf. Ref. 5).
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APPENDIX: SOLUTION OF (3.6) AND (3.7)

In this appendix we derive the general solution of (3.6)
and (3.7) subject to the initial condition ;(0)=1,
¥{0)=0. On taking the Laplace transform of (3.6) and
(3.7) and using the initial conditions we get the following
integral equation for the Laplace transform of ¢,

G. S. AGARWAL AND P. ANANTHA LAKSHMI
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The integral equation (A1) has a separable kernel and,
hence, can be solved by using the standard methods. The
final solution can be written as

Ui=[deL(e)(e)

e+ [deSKi(e)Li(€)hle)=—iK,(€y) , (A1) =§[(l+m—)"'1u(—i>mj1 ) (A3)
i
where »
Kie)=sray - Lilo=vs, yle)=—iK(e)—ZK;(eW
€ i
112 p*
K,(€e)= %] ( e: ) =—iZK{(e)(1+m)~'];; . (A4)
zZ+1 € i
172
L(e)= " B.,, (A2) InEgs. (A3) and (A4), m is a 3 X 3 matrix with elements
v e my= [deL(e)K;(e) . (A5)
€a
Ki(e)= (ﬁ —k— , The matrix elements of m can be evaluated depending on
2 (z+iA;) the structure of the continuum. In what follows we as-
172 sume a flat structure for the unperturbed continuum. Cal-
Li(e)= ‘% ] C . culation of the integral by contour integration leads to
I
2 ' a.ia E | 2
my=——_——"" My,
1—— ]2
V-1 9j-1 1 .
my= | =% 2 | J=23
&Z__f_l___’ ’ -1
r
it
V' YiY2 91 92 1
my3=ms3;= (A6)
r 2z , 919>
-1:—}-1—1(1
i 2
] ——
Ve myzV Y1 v 91 1
— Mmp=—— = |5 q1 +— >
Ve Vei 2 —2£+1—1a ‘I%
r
i i
- | [1-+
Ve — msuzVe |72 1/2q Q1 92 1
- 3 — = |75 1
b U 2 _2£+1 i 9192
r
where
F=27|V.|? a= T (01+€—€,) . (A7)

Here ¥; is the matrix element of the dipole interaction between the unperturbed continuum |€) and the state |i) and
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can be related to the previously defined parameter’
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Q=27 |7, |2/T (A8)
which is a measure of the laser field coupling between |i) and |€). On using (A8) we can rewrite m; as
Qa2
myp = qlmZz L L (Ag)
Y1 2
For completeness we also list the value of det(1+m ):
2 2 RY
i 1 1 1 i
Q¢’T o S riars v Tq i
q 1 1 2
det(l+m)= ﬁ+ ! — 14— +— 1|, (A10
r 2z 2Z |\ _jq 9 2z . L2 i 93
T r T +1—ia T +1—i1a
which will be seen in Sec. IV to determine the characteristics of the four-wave—mixing signal.
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