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In this paper, we present the theory of photoelectron angular distributions in resonant
multiphoton ionization that rigorously takes into account the saturation, ac Stark-shift, and
the laser-linewidth effects. The influence of these effects on the distribution is incorporated
through the coupling equations between the angle-resolved ionization probabilities and the
(time-dependent) bound-state density-matrix elements. General expressions for the angular
distributions are derived and several properties of these distributions are arrived at from
these expressions. Finally, numerical results are presented to illustrate the effects of satura-
tion, of ac Stark shifts, and of the laser line shape.

I. INTRODUCTION

The study of photoelectron angular distributions
is one of the basic tools for the exploration of atom-
ic and molecular structure. In multiphoton ioniza-
tion, however, such angular distributions acquire ad-
ditional levels of complexity and variety.!~’ As in
single-photon ionization, the initial state plays a cen-
tral role in determining the distribution. But two
other aspects are equally important in a multiphoton
transition: the order of the process and the possible
participation of real intermediate states. The order
of the process introduces features which are in-
dependent of the target atom; as, for example, the
maximum order of the Legendre polynomial appear-
ing in the distribution. One might say that it re-
flects the geometric features of the process. The
participation of a real intermediate state on the oth-
er hand, reflects dynamical aspects of the process as
well. Thus, in three-photon ionization, for example,
the details of the distribution depend significantly
on whether there is a single- or a two-photon reso-
nance with an intermediate state. It is the effects as-
sociated with such resonant or near-resonant inter-
mediate states that is the focus of our interest in this
paper.

The photoelectron angular distribution under such
resonance conditions can also be viewed as the dis-
tribution for ionization from an excited state: the
resonant intermediate state. Thus, the problem is
intimately related to the spectroscopy of excited
states which is a topic of intense current in-
terest.>>~7 Resonant multiphoton ionization, how-
ever, is known to require particular care in its inter-
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pretation because the resonant intermediate state can
and does shift as well as broaden under the strong
radiation required for the observation of the process.
Moreover, the bandwidth and other stochastic prop-
erties of the laser radiation are known to affect the
process in a profound way.® It might then seem
that, in view of such complications, the prospects
for a quantitative description of these processes are
not very encouraging. Our intention here is to show
that one can in fact develop a systematic theory
which contains the important features of the process
and allows for a quantitative comparison with ex-
periment.

Our theme, therefore, is the photoelectron angular
distribution in resonant multiphoton ionization and
its dependence on the strength and bandwidth of the
radiation.” It turns out, however, that this depen-
dence is uninteresting if not trivial when we have
only one intermediate state. It is the case of two
closely spaced intermediate states—such as, for ex-
ample, a fine-structure pair—that presents a number
of surprises. First of all, the transitions from the in-
itial to each of the two intermediate states may satu-
rate at different rates as the intensity changes.
Second, the two states may shift by different
amounts with the possibility of their order becoming
inverted with respect to the order in the bare atom.
Third, the laser bandwidth may affect the angular
distribution because it may affect the superposition
of the channels via each of the states to the continu-
um. This would come about, for example, when the
laser bandwidth is comparable to the energy separa-
tion of the two states and the laser line center does
not coincide with the center of the distance between
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the states. Needless to say, this relative position will
in general change with light intensity as the states
shift. The above three aspects are of course interre-
lated and the theoretical challenge lies in developing
a model that includes all of them.

In the following sections, we have taken two-
photon resonant three-photon ionization of Na as a
case study and have developed a model that can be
readily generalized to other cases. The calculations
presented here are sufficiently detailed to allow com-
parison with experimental results when available.

II. THEORY

The discussion in this section will be divided into
two subsections, the first dealing with the dynamics
of the process and the second concerning the details
of the observation and the effect of the dynamics on
it. The former includes a description of the multi-
photon absorption process in terms of either the am-
plitude, the density-matrix, or the resolvent operator
equations. The effects of ac Stark shifts, saturation
of the probabilities as well as the effects of the laser
linewidth, are included here. The second subsection
describes the observation process; i.e., measurement
of the ionization probability, angular distribution,
and/or spin polarization of the ejected photoelect-
rons. The influence of the dynamical effects are in-
corporated through appropriate coupling
equations—differential equations involving the
density-matrix elements between the bound states.

A. Dynamics of the absorption process

The process we have in mind is the ionization of
an atom (initially in its ground state) by absorption
of n+ 1 photons. As far as the evolution of the
population in the bound states is concerned, the con-
tinuum can be eliminated in an adiabatic way. This
is a well-known procedure and has been described
elsewhere in the literature.!®!! Such an elimination
of the continuum gives rise to the shifts and widths
to the bound states, the widths signifying the decay
of the population to the continuum. The (reduced)
bound-state dynamics can be simplified further if
the frequency of an integral number of photons is in
resonance with some intermediate state. In that
case, the number of equations can be reduced to
those connecting only the resonantly coupled states
with the effects of the off-resonant bound states ap-
pearing in the form of Stark shifts of the resonant
states and the effective matrix elements connecting
them. Such a procedure has been widely employed
in discussing resonant multiphoton processes.

Restricting ourselves then to the case of an n-
photon resonant (n + 1)-photon ionization of the
ground (S,,,) state of an alkali-metal atom, the

resonantly coupled states are the S ,, ground state
and the two (if other than an S state) fine-structure
states near the n-photon resonance. The importance
of treating both fine-structure resonant states in dis-
cussion of strong-field behavior of the process has
been emphasized recently by us.!"'? For the sake of
simplicity we shall further restrict ourselves to two-
photon resonant three-photon ionization of sodium
via a nD;,, 5., doublet. The generalization to the
case of an arbitrary order process can easily be done
with appropriate generalization of the atomic
parameters.

Denoting by |0), |1), and |2 l) the states (in
the |Is_]m]) representatlon) |O E 2 ) (S}, ground
state |2 2727 >, ’2 2 2 2) (D3/2,5/2 near-
resonant states), respectlvely, the density-matrix
equations governing the time evolution of the three-
state system coupled to the continuum can be writ-
ten as'?
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In the above equation, ;,{}y, denote the two-
photon Rabi frequencies for transitions from the
ground state to states |1) and |2), respectively.
I'y,T"; denote the ionization widths of states 1 and 2,
while Q,,(=Q},—iQ7,) denotes the interference be-
tween the two ionization channels. A,A, are detun-
ings of two photons from the (ac Stark-shifted) ener-
gy differences between the ground-state and the
near-resonant states | 1) and |2), respectively, and
0y + S1=A;—A,. The details of these parameters
can be found in Ref. 12. The effects of the laser line
shape, which is assumed to arise from phase fluctua-
tions, are included in the terms

BZ
4b———>, k=1,2.
Ak +8

In this phase diffusion model, the laser spectrum is
Lorentzian near the center with the full width at
half-maximum (FWHM) 2b and has a cutofff
around B (> b). The form of these terms is valid for
B larger than other parameters in the process.!3

Apart from the assumptions about the laser line
shape and the adiabatic elimination of the off-
resonant states and the continuum, the above equa-
tions are exact in describing the evolution of the
three-level system with time. All the saturation ef-
fects are rigorously included in the solutions of the
coupled differential equations (1).

B. Photoelectron angular distributions

Having described the ‘“equations of motion”
governing the dynamics of the bound-state system
decaying into the continuum, let us analyze how this
dynamics influences the properties of the ejected
photoelectron. Experimentally measured quantities
are the probability of ionization (IP) (which is pro-
portional to the total ion signal), the angular distri-
bution (AD) and/or the spin polarization (SP) of the
ejected photoelectrons. Of these, the IP is given
simply as the total loss of population from the
|
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| footeyp)=4m 2%

I=0m=-1

note that | f,ur) is normalized so that

pk) [ (fomr | frmpddk=1,

where

bound-state system and can be written as
P(t)=1—poo(t) —py1(t) —pp(t) . (2)

In situations where the photoelectron angular distri-
bution and its spin polarization are measured, calcu-
lating the total loss of population is not sufficient;
one has to study the details of the population
dynamics in the continuum. To do this, we employ
the partial-wave expansion of the continuum wave
function as 413

172 " / 5
| foupy=dr|—| 3 3 e ™™
2k I1=0m=-1
X Yo (K) Yy (F)
XREI(Y)X#I,

(3)

where the radial functions Rg(r) are assumed nor-
malized on the energy scale,

f0°° Ry R r*dr=8(E —E')

(k") 4)

=8(7k?—

and have the asymptotic form given by'¢
172

%sin(kr —ln/2—8) .

REI(’) — ok

r—o

(5)

In Eq. (3), X, ’ denotes the spin-wave function of

the electron with u, as the projecti?n of its spin
along the quantization axis (uy==*3) and Y, (F)
and Yj,,(k) denote the spherical harmonics for the
orientation of the photoelectron position and its
momentum, respectively.

For atoms exhibiting strong spin-orbit coupling,
the radial function depends on the total angular
momentum j, and the partial-wave expansion (3) has
to be generalized as

© 1 ; A —I—m,
S 3 ey 2 (=1 T+ 1)V 2R g ()

1 .
X Py |1+ jm;) ; (6)
mopy —my JI0TIT
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1
(2m)?
The phase shift §; of the / partial wave is the sum of the Coulomb phase shift arg(I'(/ + 1—i/k)) and the shift
due to the quantum defect 7y, where y, is the extrapolated quantum defect for the / states.

The probability that an electron will be ejected at an angle (8,§) with respect to the z axis and will
have s =+ 7, denoted by P+(6,¢), obeys the differential equation

dP.(6,¢)
dt

whose demvatxon is sketched in the Appendix. The direction-dependent width parameters F, (6,¢), F2 (6,0),
and Q{5 (6,9) are defined as

=T{(0,4)p11+T5(8,6)p5+ Q15 (8,6)2Repy, ®)

T{(6,4)= TEX | fomup ) fops | TEID)
r3(6,4)= | [ ) Foy | TE[2) 9)
Qi5(6,6)= | feobg oy | T-€[ 1)

with * corresponding to pup=* ;, and are related to the total widths I';, T'5, and Q used in Eq. (1) by
M= [ dO(T{(6,6)+T7(6,4)
L= [ dO(TF(6,4)+T7(6,4)
and
Q= [ dO(Q}57(6,8)+ Q{5 (6,4)) . (10)

The above expressions for the widths can be simplified further by using the partial-wave expansion of the con-

tinuum wave function given in Eq. (6).
Consider the matrix element
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kuXq
i
Yyq

Anljmj =<f§”l‘f r*

47 1,
m R,,Ijl 7]"1j> (11)
representing the 2X-pole transition between the state |R,;/ —;— jm;) and the continuum (X =1,¢=0 for electric
dipole transitions with light linearly polarized along the z direction while X =2,g=*1 for electric quadrupole
transitions in the presence of light linearly polarized along the z direction). Using the contlnuum-state expan-
sion given in (6) and the well-known theorems on angular-momentum algebra,'*!” 4, Jﬁ can be written as

172 1,

0
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Ly=0m =-1, Jipm

kl"fhl

W
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where the purely algebraic coefficients Cg,‘{,j; Ljymy pym; (chosen to be real) are defined in terms of the 3-j and
1 1

6-j symbols'*17 a

L+ji+i+X+1-2m

Iy 2 J1
Xq — Iy 172
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and
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R,)ftj;mljl= fo RE:,j,’anljrzd’- (14)

A product of two bound-free matrix elements such as those appearing in Eq. (9) can then be expressed as

kujxq kppxer kpexg

s =Apgj

nljm;n'l'j m]f nljm; n'l'y mj'
87 =1, 18 =8 )
= 2 (—i)' "% 12

Iplydyiys

T,

"™y

xCXa

l’j’mj' ;lzjzmlzl‘f’"jz

Finally, with the help of the identity (Ref. 17, Eq. 1.43)

2L+DQ2L+1DR2L+1)

(
m
Yfz’"zYIx"H:(—l) 21%1 4

Eq. (15) can be rewritten as
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1
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This is the main expression of our paper. All the
details of the angular distribution and the spin po-
larization are contained in the coefficients appearing
in this equation.

Several general statements about the angular dis-
tributions can be made at this point without explicit-
ly calculating any of the coefficients. These con-
clusions follow from the properties of the 3-j sym-
bols. In arriving at these conclusions it is assumed
that only one type of multipole interaction is present
(only one set of X,q allowed). Effects of more than
one multipole interaction on the distribution are dis-
cussed a little later.

Because the 3-j symbol

Jiv J2 J3
000

vanishes unless the sum j; + j, + j; is even,!” it fol-

-8,
1 2 pX X
Ry k1, Ruvjr;1,,Ci

QL+ D21+ 1)(2L +1)

X
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X
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F

lows that only those values of L’s appear in Eq. (17)
that satisfy the condition

I+1!'+L=even . (18)

If the states [l%jmj) and {l'%j'mj') were
reached by absorbing the same number of photons
from some common state, then / —1’ is even which
implies that L is even. Thus only even order Y;,,’s
remain in Eq. (17).

If mj=mj and [ I is even, as would be the case
if the same number of photons were absorbed from
some given state to reach the states |R,;/ ~;— jm;)
and | Ryl %j’mjf ), it follows that m, =m, and
hence M=0 along with the fact that L is even.
Hence, only even-order Legendre polynomials ap-
pear in the expression for the angular distributions.
Such an expansion of the angular distribution in
terms of even-order Legendre polynomials has been
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widely employed in the discussions on multiphoton
angular distributions.! '8

Note that the interference terms between different
partial waves (/,l,) disappear in the integrated
cross section because of the relation

I h 0 _(_1)_12+’”2M""_2 (19)
m; —m; 0 V211+1

A comment is in order at this point. All of the
above expressions have been derived assuming that a
single multipole of the radiation field is important
in the ionization process. If the dipole approxima-
tion is valid, this will indeed be the case. Whenever
higher multipoles contribute to the ionization pro-
cess, the factor 7 *Yy, in (9) has to be generalized to

Ku,=%Lno
s Pyp(cosf) ,

=1 =
LM+

PRI TTRTI T TIT
anmj,nI]mj ~ nljmj,nljmj,Zp

where
2 i(8, —8; )
" 2T A=l LT,
= . =—(4p +1 —i)l 2%
nl]mj;nljmj;Zp k ( P+ ) ’1212 ( )
mll'jl’-’l

xCcXe

Wlth the help of Egs. (9) and (10), T'{(6,¢),
ry(,¢), and Q55(6,4) can also be expanded in
terms of P;,(cos6) as

n+1
F 2 b“(zp)Pzp(Cose)
p=0
+ n&l +
3(0)= 3, bypPyplcosh) , (22)
p=0
nt nd!
Q5 = 2 b iy2p)P3p(c0s0) .
p=
”"11‘2»' are simply products of the factor

ljmsn't''m} 2p in Eq. (21) with proper nljm; as de-

ﬁned in Sec. ITA and the factor [k/2m)?|27aFo
from Eq. (9).

Another important property that follows
quite generally is that if j=/ ——% for a given [ state
(D3, state, for example), then

AT . =—A7 .
nljmj;n’ljmj;2(1+1) - nljmj;nljmj;(21+2) .

This implies that the width summed over the pho-
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a sum of the important multipoles and the angular-
momentum algebra carried out in an appropriate
manner. Then in addition to the partial-wave in-
terferences, one also gets interferences between vari-
ous multipoles.

For the remainder of this section we shall restrict
ourselves to n-photon resonant (n + 1) photon ioni-
zation of the S,,, ground state of an alkali-metal
atom by light linearly polarized in the z direction
(X=1, ¢=0). In this case, the maximum allowed
values of ,I’ is n and that of /,,/, is (n + 1). Furth-
ermore, m;=m; which implies M=0 and there is
no ¢ dependence of the angular distribution. Clearly
only even-order Legendre polynomials from L=0

up to L=2(n + 1) appear in Eq. (17).
can then be expanded as

nljm nljm

(20)

X
nlj;ELj Ravrjs B,

m (2 2\(h L 2p
cra . (=1 ! .
Jmjbadamy B, 00O m,‘ —my 0

1

2n

toelectron spin for this state does not contain the
Lengendre polynom1a1 of the hlghest order (2/ + 2).
Specifically, since |1)= |25 5 5), [(O)=T{(6)
+ I'1(0) contains terms only up to P4(cosh).

One can alternatively expand I'i(0), etc., in terms
of even powers of cos@ simply by expandmg the
Py,(cosf). Thus,

n+1
+ +
0= 3 aijaxcos*o,

k=0
n+1 "
2 @32k c0s20 (23)
k=0
n+1
Q{H0)= 2 Hircos™6
where
n+1
ajon= 3 bjupCis
p=0
and (24)

Pyp(cosf) = ﬁ Czpcosz"(e) )
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C%: being the expansion coefficients for the Legen-
dre polynomials.
Expanding P (0) in terms of cos*6 as

n+1
P.(0)= 3, P3cos?™(0), (25)
k=0
the coefficients P3; obey

dPZik + + +
a 120P11+a 22026 P22+2a 1320 Repy -

(26)

This is the connecting equation describing the influ-
ence of the bound-state dynamics on the angular dis-
tribution and the spin polarization of the photoelect-
ron. Saturation effects appear through the time-
dependent density-matrix elements p;;, ps;, and pj,
whose behavior is governed by Eq. (1). If one is in-
terested in studying only the spin polarization of the
photoelectron, as was done in Ref. 12, P, (8) has to
be integrated over the angles

w n+l  PE
P,=2 P,(0)sin6d0=4 —_—
+ 7Tf0 +(0)sin 7rk§0 k4D
(27a)
while investigating the angular distributions alone
requires that we sum the IP over the spin of the
ejected electron,

P(6)=P,(6)+P_(0), Py=P#+P5 . (27b)

For a complete measurement of all the atomic
parameters as done in recent experiments,6 one must
study P4 (0) itself.

For weak fields, lowest-order solutions for pj,
P22, and pj, can be obtained from (1), which, after
substitution in (26) yield the familiar Fermi golden
rule for the ionization probability per unit time.!®

An observation that can be made easily from the
expansion of P(0,¢) in terms of cos?*d is that for
an odd-photon ionization of an S state in the ab-
sence of spin-orbit coupling (SOC), all the
a,~j+o + a;jo=0; i.e., there is no constant term in the
angular distribution: Py=0. This is so because
my=m,=0 in the absence of SOC and /,,l, are
both odd because of odd-photon ionization of an S
state. Thus, only Y} 0,Y1,0 with odd [y, I, appear in
Eq. (15) which have no constant terms implying that

+ - _
a;jo + a;50=0.

In off-resonant multiphoton ionization of
ground-state alkali-metal atoms, the SOC can be
neglected and this yields P,=0. Note further that
P, is amenable to direct observation as
P(6=1/2)=P;y. One would measure P, by measur-
ing the ion signal in the direction perpendicular to
the direction of the light polarization.

Strong-field effects due to the ac Stark shifts as
well as due to the saturation of the IP influence the
behavior of the angular distribution through their
influence on the density-matrix elements py;, pj),
and py, in Eq. (26). In discussing these effects, it is
convenient to normalize the distribution in a suitable
manner. In this paper, we shall normalize the AD
so that the integrated area under the distribution is
unity. The normalized coefficients P, are defined
as

Pi=Py /P,
where (28)
P= [ dO,[P,(0)+P_(6)]

=

is the total ionization probability. Furthermore, we
shall sum over the photoelectron spin as our em-
phasis here is on its angular distribution. Saturation
effects on the photoelectron spin polarization have
been discussed in detail elsewhere.!? Thus, we con-
centrate here on the behavior of the coefficients

Pa=P3k+P2k=(Po+Py)/P . (29)
Formal integration of (26) yields
+ _ t t
Py =Py +Py= fo ajpndt + fo ankpndt
t
+ fo ax2 Repypdt (30)

while

t t
P= fO F‘]p“dt+ fO szzzdt
+ [ Qh2Reppdt .

It is worth noting that any change in the normal-
ized distribution due to saturation occurs because of
the differential saturation of the two ionization
channels. For, if the ionization were to take place
via only one intemtlediate resonant state, for ex-
ample, | 1), then f op“dt would disappear from the
definition of the normalized coefficients p,; and
Dax=4ay2x)/ T irrespective of saturating conditions.

For very long interaction times, all the population
has already decayed to the continuum and thus py,
P22, and py, are vanishingly small. Therefore, the
area under these density-matrix elements does not
change with further increases in time. Hence, Py
reach their asymptotic values and furthermore, this
limiting distribution is not isotropic. For a uniform
excitation field (a; jox)=const), areas under py;, py,
and p;, can be obtained by Laplace transforming Eq.
(1) and evaluating p);(s=0), Ppnls=0), ps=0)
[0ij(s) denotes the Laplace transform of p;;(¢)]. Al-
though analytic expressions can be obtained by in-
verting the coefficient matrix of Eq. (1), the results
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are not sufficiently transparent to warrant this pub-
lication. The limiting behavior is, however, dis-
cussed on the basis of numerical results in Sec. III.

For two-photon resonant three-photon ionization,
the angular distribution can be written as

P(0)=Py+ P,c0s*0 + P4cos*0 + Pcos®0 .

This distribution is symmetric about =0, 7/2, m,
and 37/2 and one need only look at one quadrant
(for example, 0 <6 <7/2). To emphasize the shape,
we shall plot P(6) for 0<6 <27 with the under-
standing that P(6) for m <6 <27 corresponds to
PO,p=3m/2) [=PO,p=m/2) as there is no ¢
dependence] with 0 <6 <. Along with the extrema
at 6=0, ©/2, w, and 37/2, P(6) will have extrema
at angles satisfying

3P¢cos*0 +2P4cos%0 + P, =0 . (31)

We shall characterize a distribution as being two
lobed, one lobed, or as having no lobes according to
whether the above equation has two, one, or zero
solutions for the angle 6. How many lobes will ap-
pear in the distribution depends on the number of
solutions of (31) that satisfy 0<cos?d < 1. This im-
poses restrictions on the parameters P,, P4, and Pg.

Finally, we conclude this section with a remark
about the multiphoton angular distributions in gen-
eral. From Eq. (15), it is clear that all the informa-

1

X XL
qugL7

= I
ko constz( 1) ym PL(cos())<

where

8L = 2 (—=1) e
1,1,
Jrody
Jr

X X L
X by g

where
I=@i+1),

etc. Equation (34) reveals an interesting feature that
in single photoionization of an unpolarized state, the
photoelectron angular distribution contains even-
order Legendre polynomials of order O to 2X¥ (X =1
for a dipole transition, X =2 for quadrupole, etc.).

tion about the angular distributions is contained
B ,ﬂﬁ qn Lim The differential
cross section for photoxonlzatlon of a given |nljm;)
state is proportional to

ky Xq
anljm nljm .
Kr

in the expressions

This expression still has to be averaged over the
initial-state magnetic quantum number m;. Let
w(m;) denote the occupation probabilities for the
state |nljm;). Then we can define an averaged dif-
ferential cross section as

k;; Xq

ko = :ns_;w(m )EB,,,J,,l snljm, - (32)
J

In the above equation, all the irrelevant constants
have been suppressed for the sake of clarity. If the
initial state is unpolarized as would be the case in
single photoionization of a ground state, the occupa-
tion probabilities w(m;) are all equal to 1/(2j +1);
Eq. (32) then simplifies to

do 1

dQ, ~ (2j+1) 2

kp Xq

2 Bnl]m nljm . (33)
e

After straightforward but tedious algebra, the sum-
mations can be performed analytically and the above
equation can be rewritten as

(34)

—8 l+,+'/\AA/‘\/.\/.\11Xl IZXI 1112L
Rnl; Elllerﬁj;Iz'Izjz(“1)l : 1111112.11.]211 ooo/\ooo/\o oo

lehHhh%th%]th

Il%.]‘rjllexlz?ljr,

(35)

r

This is just a restatement of the well-known theorem
by Yang.’® For photoionization by a dipole photon
(X=1), the angular distribution (34) is of the form
a +bP,(cos6), a form that is widely used in the dis-
cussion of effects of atomic structure on the pho-
toelectron angular distribution.

The multiphoton angular distributions, on the
other hand, can be viewed as angular distributions
arising from the photoionization of a polarized ini-
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tial state [w(m;) not same for all m;]. The signature
of the multiphoton character of the process is passed
through the creation of an uneven distribution in the
states |nljm;). The weights w(m;), being propor-
tional to the square of the Rabi frequency for the
transition from the ground state to the resonant
state | nljm; ), reflect the characteristics of the mul-
tiphoton nature of the absorption process through
the specific m; dependence of the Rabi frequencies.
Angular distributions from ionization of an excited
state prepared by other means would be different
from the multiphoton ionization angular distribu-
tions due to different relationships between the
weights w(m;).

III. NUMERICAL CALCULATIONS
AND DISCUSSION

In this section we shall illustrate some of the ef-
fects described in Sec. II with the help of numerical
calculations of the angular distributions. These cal-
culations have been performed for two-photon
resonant three-photon ionization of the 3S,,,
ground state of sodium via the inverted 4Ds,; 3.,
doublet separated by 0.0346 cm~! (=w,;). For in-
teraction times of a few ns, the precession of the
density-matrix elements due to the hyperfine split-
ting (hf) is small (precession period ~1/Ay) and the
description of the ionization process in terms of the
fine-structure scheme is adequate. For long interac-
tion times and/or large hyperfine splittings, the
problem has to be analyzed in the hyperfine scheme
as has been done for the two-photon ionization pro-
cess.! This treatment, however, is not complete
since rate equations have been used in Ref. 21 to
describe the two-photon ionization process. The
atomic parameters were calculated wusing the
quantum-defect theory and are given below (see Ref.
12 for a description of these parameters). All the
parameters are in rad/sec and / denotes the laser in-
tensity in W/cm?:

Qo= —556.0I, Q=713.3I, T',=9.3611,
I,=9.5841 ,
So=1310I, §,=175.2I, S,=190.7I ,
12=—39.52I, Qj,=—0.546I .

Angular distribution parameters for this process are
(1110=O.556I, ajpp=— 1.1111,
0114-——2.7981, aiie =0 ,

a30=0.37051, a,,;,=3.4341,
0224=—12-091, 0226=11.641 y

a120=0.4541, app=—11.151,
0124=36.46I, a|26=—28.511 .

It is known that turning the field on instantane-
ously (as is implied in a square-pulse approximation)
gives rise to unphysical populations of the excited
states.”? To eliminate such populating of the states
we assume that the intensity rises linearly for zero to
its maximum value in a time 7 and remains constant
thereafter. Equations (1) and (26) are integrated nu-
merically up to time 7 and the Laplace-transform
method is used for ¢ > 7 with the values of p;; at 7 as
initial conditions. We have found that 7=0.1 nsec
is sufficient to remove the transients and 7 has,
therefore, been set to this value for all the results
presented in this paper.

Note that there are two types of interference in
the process. First, there is the interference between
the P and the F partial waves in the continuum
which is proportional to the product of the D—P
and D — F bound-free radial matrix elements R, and
R, respectively, and to the cosine of the difference
in the phase shifts (§; —83) for the P and F waves.
For photon energies near the 4D resonances, we find
R, <<R;. Thus, the P —F interference contribution,
as well as the P partial-wave contribution to the
coefficients a;;(5) are small. The second type of in-
terference occurs betwen the ionization channels
that proceed via states |1) and |2). This is
characterized by Qi and ajy,) terms and is a
dynamical effect because of its dependence on p,; in
Eq. (26). Note that although Q1) is small compared
to I';,I', ajy0k) are comparable to or larger than
@ik This implies that the angular distribution
will be quite sensitive to this dynamical interference.
This is illustrated below.

In Fig. 1 we have plotted a series of angular dis-
tributions for various values of the laser intensity.
The photon frequency is tuned to the Ds,, reso-
nance in the absence of Stark shifts. For low powers
(0.5 MW) the D3, level, being detuned from reso-
nance, influences the distribution very little and the
resulting distribution resembles the one obtained as-
suming only the D/, state present. With increasing
intensity, the ac Stark shifts become large and move
the levels in and out of resonance. This is reflected
through the changes in the angular distributions.
Note that the magnitudes of the relative shifts (with
the ground state) are such that the dynamic separa-
tion between the ground and excited states decreases
with increasing intensity. Furthermore, S, is nega-
tive and at some intensity will cancel out w;,. Thus,
there will be a field-induced crossing of the 4D
doublet at this value of the laser power. At 1
MW/cm?, the lobes disappear due to the interfer-
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0.5 1.0 3.0 40 50 50.0 510

FIG. 1. Photoelectron angular distributions for a two-
photon resonant three-photon ionization of sodium. The
laser intensities (in MW/cm?) are shown under each plot.
Other parameters are laser duration =5 nsec, its band-
width 5=0, and its frequency @ is such that
2(0:6041)5/2—(1)351/2. The arrow indicates the direction of

light polarization with respect to which 8 is measured.
The radial scale is the same for all the plots.

ence of the two ionization channels while for higher
intensities the distribution reemerges as a one-lobed
structure when the dynamic detuning of the D;,,
state is small. With further increases in intensity,
both levels move away from resonance while the IP
begins to saturate. This causes the distribution to
reach an asymptotic shape where the lobes are very
sharp. We find that this shape is quite different
from the one predicted by the lowest-order perturba-
tion theory and is insensitive to further increases in
intensity, interaction time, and detuning; the insensi-
tivity occurs due to the indistinguishability of the
two fine-structure states that were near resonant at
low intensities but have been shifted far away from
resonance at high intensities.

In Fig. 2 we have plotted the ionization probabili-
ties for ejecting an electron along the direction of
light polarization [P =P(6=0)] and perpendicular
to it [P, = P(@=/2)] along with the total ionization
probability (P). The most important effect observed
in this graph is the decrease of P, at large intensi-
ties. Note that with increasing intensity the D levels
are shifted farther and farther away from resonance
and hence become indistinguishable and the ioniza-
tion process proceeds as if the spin-orbit coupling
were small. Under such circumstances, it follows,
from the arguments presented in Sec. II, that P,
would vanish since the minimum number of photons
required for ionization is odd. P) and P do not ex-
hibit any such decrease since P,, P4, Pg are nonzero
even in the absence of spin-orbit coupling. Other
features of this graph have already been discussed in
our earlier paper.’

10"
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108 107 108 10° 10%
1 (Wicm?)

FIG. 2. Multiphoton ionization probability as a func-
tion of the laser power. P, Py, and P, correspond, respec-
tively, to the total ionization probability, and the ioniza-
tion probabilities in a direction parallel and perpendicular
to the direction of light polarization. Solid curves corre-
spond to a monochromatic field and the dashed lines to a
field having full width at half maximum 0.002 cm ™.

Let us discuss the limiting behavior of the angular
distribution a little further. From Eq. (30) it is obvi-
ous that it depends on the area under the curves of
P11> P22, and Repy, as a function of time, hence, on
the details of the dynamics for all times. Being
close to or far away from resonance with |1) or
|2) alters the evolution of the density-matrix ele-
ments and hence the area under them. An asymp-
totically constant value for the limiting distribution
is reached only when the area under the curves
changes little with changes in external parameters.
In Fig. 1 this occurs at about the same power at
which the ionization probability saturates. The fact
that this need not be so is illustrated in Fig. 3 where
we have again plotted a series of distributions for
different laser intensities. All the atomic parameters
have been kept the same as in Fig. 1 except w, is in-
creased to 5 cm™!. Since it is possible to find atoms
with fine-structure splitting of the D states about 5
cm~! and atomic parameters roughly of the same
order of magnitude, we believe such an assumption
is not unrealistic. On the other hand, this value of
1, suffices to illustrate the effect under considera-
tion.

Since w;=5 cm~!, §=20 —w; =0, the Ds,
state, being 5 cm ™! away from the Dj ,2 state, influ-
ences the distribution even less compared to its in-
fluence in Fig. 1. Only at about 108 W/cm? does the
distribution begin to lose its lobe structure due to the



27 THEORY OF PHOTOELECTRON ANGULAR DISTRIBUTIONS IN . .. 871

IEER

1.0 100 510 1.01GW 6.11GW

FIG. 3. Same as Fig. 1 except that the fine-structure

splitting A=wap, , —w4p, , =5 cm~.

372 5/

interference of the two channels. At these intensi-
ties, however, one is already in the saturation regime
as P~1 for I>5x10® W/cm? Nevertheless, it is
clear from this figure that the (limiting) distribution
is still changing with increasing intensities. This is
due to the fact that although P=1, it is not suffi-
cient to infer that P,,P,,P,, and P¢ have reached
their limiting constant values. The evolution of
P11,P22:P12 s still sensitive to the laser parameters
even though there is total ionization. Such effects
are absent from Fig. 1 since the two D levels remain
close together in the case pertinent to Fig. 1 while
they are still well separated in the present case.

For the slowly varying model of the laser intensi-
ty as a function of time described earlier, the limit-
ing values of the AD parameters p,; obtained by nu-
merical integration of Egs. (1) and (26) agree with
those obtained by the Laplace-transform method.
For a more realistic laser pulse, however, one would
expect to see some quantitative differences between
the results obtained by the two methods while the
qualitative features between them should remain the
same.

The effects of laser bandwidth and its line shape
are demonstrated in the next two figures. The finite
bandwidth is assumed to arise due to the fluctua-
tions of the phase of the electric field that are
governed by an Ornstein-Uhlenbeck process. This
model has been used recently in several related con-
texts'>* and the line shape is characterized by two
parameters b and B; the former being the half-width
at half maximum of the spectrum which is
Lorentzian near the center and falls off faster than
Lorentzian for detunings larger than the latter
parameter . For B— oo the line shape is a
Lorentzian for all detunings. A rigorous treatment
of this type of a line shape leads to an infinite set of
coupled moment equations as has been demonstrated
elsewhere.”) For B much larger than all other
parameters one can retain the effect of the non-
Lorentzian nature of the line shape to first order and
the corrections to first order are of the form given in

Eq. (1). It is clear from the form of the bandwidth-
dependent terms in Eq. (1) that the effect of the
phase fluctuations of the laser is to add a term 4b to
the decay rate of the off-diagonal matrix elements
p1o and py, for detunings A;,A; <<B. On the other
hand, for large detunings (A;,A,>>pB), these
bandwidth-dependent terms in Eq. (1) vanish indi-
cating the fact that the line shape looks mono-
chromatic far off resonance. This treatment re-
moves the unphysical absorptions from the wings of
the spectrum in an off-resonant excitation process.
Figure 4(a) illustrates the effect of increasing
bandwidth (b) on the angular distributions for the
case ©,=0.0346 cm~! and 5=0 while Fig. 4(b)
does the same for the case w;,=5 cm™! and 6= —2
cm™!- The line shape is Lorentzian (8— ). Note
that the bandwidth values are different for the two
figures. In 4(a) the normalized distribution changes
little for b > w,, as the levels become indistinguish-
able under broadband excitation and the distribution
is insensitive to all saturation effects as discussed in
Sec. II. The lobe structure is somewhat smeared out
due to the increasing contribution from the absorp-
tion of photons from the wings of the spectrum by
the off-resonant D;,, state. This is also seen in Fig.
4(b) since the distribution approaches a limiting

@ 8

0 0.0346 0.1
b 8
0 0.1 1

FIG. 4. Laser bandwidth effects on the angular distri-
bution: (a) AD for A=00346 cm~' and
8:0-——(2w—m4l,5/2 + wss, ,); (b) AD for A=5 cm~! and
8§=—2 cm~!; I=10 MW/cm? and T=S5 nsec for both
sets of curves. The laser linewidth is assumed Lorentzian
and the value for the half-width at half maximum (b in
cm ) corresponding to each curve is indicated below it.
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form even though b <w1,,8 for all the values. This
distribution is similar to the one obtained by assum-
ing only Ds,, state participating in the process
which is explained by the fact that the absorption
from the wings by the Ds,, state is stronger than
that by the Dj,, state since the latter is detuned far-
ther (~7 cm~!) from the center of the spectrum.
This also explains the constancy of the distribution
with respect to changes in the bandwidth.

The effects of the non-Lorentzian line shape (fin-
ite B) are demonstrated in Fig. 5 where the angular
distributions are plotted for w,,=5 cm~!, 8§=0,
B=100, 0.2, 0.1 cm~!, and b=0.075 cm~'. Note
that even for such small values of b (and B=100)
the distribution is very different from the b=0 case
in Fig. 3. As we decrease 3 the absorption of the
photon from the tail of the spectrum by the off-
resonant Dj,, state decreases and hence the line
shape looks more and more monochromatic thereby
causing the distribution to revert to the b=0 result
of Fig. 3.

IV. CONCLUSIONS

In summary, we have discussed the behavior of
the photoelectron angular distributions in multipho-
ton ionization. A unified treatment of the strong-
field effect on these distributions is developed in the
density-matrix formalism. Saturation effects on the
distributions appear in the form of coupling equa-
tions that involve the time-evolving density-matrix
elements for the excited states. The theory of angu-
lar distributions is presented in a general form with
completely general analytical expressions. On the
basis of these, several conclusions have been arrived

100.0 0.2 0.1
FIG. 5. Effects of the laser line shape on the pho-
toelectron angular distributions: A=5 cm™!, 8=0,

b=0.075 cm~!, I=1 GW/cm?, and T=5 nsec. The cut-
off parameter B is indicated, in cm~!, below each curve.
See text for details.

at and these are further illustrated with numerical
results for two-photon resonant three-photon ioniza-
tion of sodium. The effects of the laser line shape
are also discussed.

The approximations of neglecting the spontaneous
decay and the hyperfine structure in the results
presented are valid for high laser powers and nsec
pulses. Likewise, the pole approximation in elim-
inating the continuum is also valid as long as the
continuum is smooth. Thus, except for the limita-
tions introduced by the quantum-defect theory and
the assumptions about the laser pulse shape, our re-
sults are rigorous and complete and are susceptible
to direct experimental observation. With increasing
experiments involving high-power lasers and
resonant transitions, such complete calculations
should prove to be useful in comparing experimental
results with theoretical calculations and in extract-
ing atomic parameters.

ACKNOWLEDGMENTS

The authors wish to thank Dr. G. Leuchs and Dr.
H. Walther for several discussions. This work was
supported in part by a grant from the National Sci-
ence Foundation.

APPENDIX

In this appendix, we illustrate the procedure of
adiabatic elimination of the continuum states lead-
ing to Eq. (8) for the angle resolved IP. Let H, and
V' denote, respectively, the unperturbed atomic
Hamiltonian and the perturbation due to its interac-
tion with the radiation field. The evolution of the
density matrix p is governed by (h=1)

Liﬂ:z‘[HmLV,p] . (A1)
dt
Restricting ourselves to states | 1), |2), and | f)
defined in Sec. II, equations for the matrix elements
of p between these states can be written, within the
rotating-wave approximation, as

dpjj .

f
d
d . . .
EPIZ—‘(‘UI—wZ)PlZZZPIfoZ_IVIfPIZ ; (A4)
dpjr .
T—I(wj—wf+a))pjf

= —iVif(pji—psr)—i(pjaVardji+pj1Vis8j2)
i=1,2. (AS)
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(Here §;; is the Kronecker & function.) Note that
the terms representing transition to the ground state
are omitted from (A2) and (A4) for the sake of clari-
ty. They are same as those given in Eq. (1).

We eliminate p;r,ps; from (A2)—(A4) using the
solution of (A5) obtained by setting psr=0 and
dpjs/dt=0 in (A5). This approximation amounts to
treating the continuum as a sink for the loss of
bound-state population and introduces the irreversi-
bility of the flow of population into the continuum.
Because of the large density of states in the continu-
|

um this approximation is adequate. The solution of
(AS) under these approximations is given by

iVir
(wj+o—awf)—€

Pif= Pjj

inf

ik - (A6)
i(coj+co—wf)——ep’k
psi=pjs* and € is real and positive and lim_,, is
taken in the end. Substituting (A6) into (A2)—(A4)
one obtains

2
4. a1 | Vir| Var Vi VirVyidi2 1o
atPi= m3 —Pij —Pj2 —pj1 |, J=1, (A7)
f |wjto—wfst+i€ Dj+oO—wrt+l€ W;+0—ws+1€
d . . VigVia . | Var|?
dtPlz—l(wl—wz)P12~' ; w1+w—wf+iep”+l > a),+w~mf+iep‘2
VigVr2 . [ Vifl?
- W+ f_ ! P2—! 2 _f —_P12> (A8)
f Or+o—wr—I€ f WD)+ 0—0f—1€
d | Vsl ViV ViV
;;Pff=‘"2lm 2 ° +w_fjw i f__ Lo 12 f_ L P2 (A9)
=12 j r+1€ 0 to—wr+i€ W)+ a)f+ze

Note that the summation over f stands for integra-
tions over the electron energy and its direction of
propagation as well as a summation over its spin.
Making use of the relation

lim 1 =P

; Fimd(x) ,
e—0 x ti€

1
x

and assuming that the density of states in continu-
um is a slowly varying function of the energy, it is
easy to see that (A7) and (A8) simplify to the terms
given in Eq. (1), with

T; Vir|?
2 7 wjto—os+ie
and
VlfoZ
912=22_ — - .
f w1+w—wf+ze
VigVra v v
LL =Qp—iQyp .

~23
f

W+ —ws+ie

I

Equation (A9) describes the details of the popula-
tion distribution in the continuum. If energy
analysis of the photoelectrons is not performed, we
can integrate (A9) over the energy and define
P*(6,4) as the total probability that electron will be
ejected in a direction 6,4 and have spin i%. Corre-
spondingly, one has to define angle- and spin-
resolved width parameters Ffz(e,(ﬁ) and Q55(0,4) as

T7(0,8)=27 |V |%(ky) , j=1,2

(A10)
Q 1”2t (P,¢ )=21TV1fo2pf(a)f=a)l +(1)) R
where
%kfz=wl +o.

Final state | f) used in calculating matrix elements
of V and the density of final states p(k) are as de-
fined in Egs. (6) and (7). With (A10), (A9) immedi-
ately yields Eq. (8) of Sec. II.
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