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An expression is derived for the photoelectron angular distribution (PAD) following (1 4 1')
resonance-enhanced multiphoton ionization (REMPI) of a molecule with linearly polarized
light beams. When the two polarization vectors are parallel, cylindrical symmetry exists, and
the PAD depends only on 8, the angle between the linear polarization vector of the ionizing
radiation and the electron ejection direction. When the polarization vectors are perpendicular,
cylindrical symmetry is broken, and the PAD shows ¢ and 8 dependence. For an arbitrary
angle between the two polarization vectors, the angular distribution ceases to have reflection

symmetry. This breaking of cylindrical symmetry causes interference effects in the REMPI
process that are readily described using a density matrix formalism. As an example, the
(1 4+ 1) REMPI of NO via its 4 23 *+ state is considered.

I. INTRODUCTION

Photoelectron angular distributions (PADs) following
(14 1') resonance-enhanced multiphoton ionization
(REMPI) in which the first photon prepares a single rovi-
brational level and the second photon ionizes that level pro-
vide us with an intimate probe of the ionization dynamics of
molecules.'™ Our goal is to provide a theoretical expression
that demonstrates how experimental results for PADs at
various laser geometries are related to the magnitudes and
phases of the radial dipole matrix elements that connect the
intermediate state to the photoelectron partial waves, Using
this expression, detailed dynamical information can be de-
duced from rotationally resolved PADs.

In our previous work on the (1 4+ 1') REMPI of NO,’
the excitation and ionization steps were carried out using
two linearly polarized laser beams, and the resulting PADs
were analyzed as though they had cylindrical symmetry.
Here, we present an extension of our earlier work on break-
ing cylindrical symmetry.® We find that when the two linear
polarization vectors are not parallel, the PADs are sensitive
to coherences created in the intermediate state. Our formal-
ism enables us to predict the resulting azimuthal dependence
of the PAD and also the alignment of the “recoiling” ion.
The sensitivity to coherences is analogous to that offered by
the technique of laser-induced fluorescence.®

We consider an experiment such as that described in the
following paper,’ in which the two linearly polarized light
beams have independently rotatable polarization vectors re-
lated by the Euler angles ¢ = 0%, ©, y, = (. The geome-
try is illustrated in Fig. 1. When the polarization vectors are
parallel (O, =0°) the most straightforward situation re-
sults. Because the polarization vectors for excitation and
ionization are collinear, cylindrical symmetry exists and the
PAD is simply a function of §, the angle between the polar-
ization vector of the ionizing laser and the direction of the
ejected photoelectron. Under these conditions, the PAD,
I1(0,0), is given for a two-photon process by
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I(6,8) = Boo Yoo (0:0) + Bao Yoo (8,0) + Bap Yao (6,4)
=ay[1 + a,P,(cos 8) + a,P,(cos 6)], §))

where the Y., (6,4) are spherical harmonics and the
P, (cos 8) are Legendre polynomials. The two are related by

P, (cos @) = [4n/(2L + 1)1V2Y ., (6,4). (2)

Equation (1) is the form of typical one-color (1 + 1)
REMPI PADs.?

When O, 7#0°, cylindrical symmetry is broken and the
PAD becomes

2
](67(’5) =ﬁooYoo(9:¢)+ z Z BLMYLM(0’¢)'
L

=24 M= —2

(3)

\J

FIG. 1. Illustration of the axes and angles referred to in the text. The detec-
tor lies in the XZ plane (¢ = 0°), and the lasers propagate along the ¥ axis.
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Because I(6,4) is a real quantity, B,, =f,_, and

Bi1 = — B._ . Hence, Eq. (3) reduces to
1(0,6) =B Yoo (6,8) + > {BLoYLo(6,0)
L =24

+2[B1Y.,(6,0)cos ¢
+ B2 Y2 (6,0)cos 26}, (4)

which shows explicitly the ¢ dependence. In the special case
of 8, = 4 90° the B,, terms vanish because reflection
symmetry must be preserved. Thus, for this special case,
I(8,¢) = I( — 0,¢) for any value of ¢. In addition, when ¢ is
equal to 90°, i.e., when the PAD is recorded in the YZ plane
(see Fig. 1), there is reflection symmetry for any value of
O;.

We are able to probe the effects of both the “population
alignment” [described by the state multipole T(K,0)] of
M sublevels and the “coherence alignment” [described by
the multipoles T(K,Q #0) ] between different M, sublevels.
(All quantum numbers are defined in Table I.) Both relative
M, populations and M, coherence affect the & dependence
of the PAD. However, ¢ dependence and loss of reflection
symmetry are brought about solely by the nonzero contribu-
tions of Y,,,(6,4) and Y,,,(6,4) with M= + 1 and +2,
which results from coherence.®'®

The form of the PAD is determined by the [3,,, coeffi-
cients. These coefficients can be related'' to radial electric
dipole matrix elements with magnitudes r,, and overall
phase shifts 77,, that connect the electronic wave function of
the intermediate state to the outgoing partial waves. The
radial dipole matrix elements can be expressed as follows:

=) j 2o (R (W (. 1ROV, (GR)

x \z r Yy, ()| Wi ({rs};R>>xiib (R)dR,

(3

1747

where ¢, = A" — A, + A. The quantum numbers are de-
fined in Table 1, s labels the electrons in the intermediate
state, R is the internuclear distance, k is the momentum vec-
tor of the electron moving in the direction (8,¢), and ¢, is
the scattering phase shift. Specifically, we will show that
Biv="S Qi+ DRI+ 1DH@RL+ )

W AT 41

(1 I L)(l I L)
N\m, —m; M)\ o o

XYu + ampearm;$OTINAT 2 €OSOP — 1120 )s (6)

where the (::) are Wigner 3-j symbols and the
YN tamg’ A,m;(er) are geometric factors whose values de-

pend on the symmetry of the transition, the angular momen-
tum coupling, and the angle between the two polarization
vectors ©,. Hence, Eq. (6) relates the photoelectron angu-
lar distribution to the photoionization dynamics.

As shown in this paper, the form of the PAD may be
predicted once the magnitudes of the radial dipole matrix
elements, 7, , and the phase shift differences, ,, — 7,,., are
known. This prediction is achieved by calculating the
Yot tamia ,ml,(er) factors for the appropriate excitation—
ionization geometry and then using Egs. (6) and (4) to cal-
culate the /3, ,, coefficients and the PAD, respectively. Con-
versely, Eq. (6) also enables us to deduce the dynamical
parameters, »,, and 7, — 7,,., {from experimental PADs
once the y, . g A,m;(er) factors have been calculated

(see following paper’).

In the next section, we derive an explicit formula for the
Yo+ ampa ,m;(er) factors for an intermediate state de-
scribed by Hund’s case (b) coupling. In the Discussion, we
present calculations on the NO(XZI)->NO(4 %2 ")
-»NO*T(X'2*) + e~ system. Using the results of a non-
linear least-squares fit for the values of 7,; and 7, — 7,.,-,
we predict the effect that the coherence terms have on the ¢

TABLE 1. Quantum numbers used in the text. Here, x may be subscript g, i, or superscript + , denoting
ground, intermediate and ion state, respectively. It may also stand for the subscript  which denotes transferred
angular momentum. The use of any quantity with a prime indicates a value coherently prepared with the

unprimed value.

Angular Lab-fixed Molecule-fixed
momentum projection projection Description of angular momentum
J. M, Q, Total angular momentum (excluding
nuclear spin)
N, My, A, Nuclear rotation plus orbital angular
momentum
S, My =, Total electronic spin
) m, A Photoelectron orbital angular
momentum
1 TN M Photon angular momentum
L M Rank of the / spherical tensor
K Q Rank of the N, spherical tensor
K Q" Rank of the N * spherical tensor

* u refers to a projection in the excitation frame and y,, to a projection in the ionization frame.
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and ¢ dependence of PADs involving the transitions
R,,(1.5) and Q,(2.5) for ©, = 0°, 54.7°, and 90°. We note
that the transition Q, (2.5) cannot be resolved from the tran-
sition P,,(2.5) in an experiment such as that described in the
following paper but it provides an interesting illustration.
We also discuss the alignment of the ion in each rotational
state.

Il. THEORY

In this section we derive the expression for the
YN+ tamge A,m;(eT) factors that appear in Eq. (6) and hence

the B, coefficients when a single rotational level is pho-
toionized. We are most interested in the 3, ,, ., coefficients
because nonzero values of these coefficients correspond to
broken cylindrical symmetry and hence ¢ dependent and
skewed PADs. From Eq. (6) we see that nonzero values of
such coefficients arise when m, % m}, that is, from interfer-
ence terms. These terms occur as a result of coherently pre-
paring M, sublevels in the intermediate state. Consequently
they are absent when only one possible route connects a giv-
en M, toagiven M, . . Such is the case when the projection
of the photon angular momentum is well defined in a com-
mon laboratory frame for the excitation and ionization steps.
Following other workers in the field,""'! we treat the bound-
bound transition to the intermediate state and the bound-
free transition from the intermediate state to the ionization
continuum as two steps. We consider both processes in the
‘““ionization frame,” as opposed to the “excitation frame,”
i.e., the laboratory Z axis is chosen to lie along the polariza-
tion vector of the ionizing radiation (see Fig. 1). At the end
of this section, we present the equations necessary to calcu-
late the ion alignment for each rotational state.

A. Intermediate state

Use of a density matrix formalism to describe the M,
distribution following excitation is most appropriate'""!* be-
cause it represents both population and coherence terms in
one expression.'?> The former are represented by diagonal
elements (M; = M) and the latter by off-diagonal ele-
ments (M, #M ;). For our purposes, considering the M,
distribution to be time independent (weak-field approxima-
tion) suffices. We assume that (a) Zeeman and Stark split-
tings are absent because the experiment is performed under
field-free conditions in a weak radiation field, and (b) the
presence of hyperfine structure (which can cause depolar-
ization in time) can be neglected because nanosecond laser
pulses are used.

The density matrix reflects the population, the align-
ment, and the coherences in the intermediate state. When
the laser polarizations are parallel (0, = 0°), the coherence
terms (off-diagonal elements) are zero and the density ma-
trix simply denotes the population, 7°(0,0), and the “popula-
tion alignment,” 7°(2,0). In this case, the density matrix is
diagonal and can be written as follows:

. ] J, A
pMJiMJI-(eT =0 ) OCS(JX’J:‘) IWZJ . M.Ig M.I, ’

Ho
(7)

where S(J,,J;) is the rotational linestrength connecting the
ground and intermediate state rotational levels, and the 3-/
symbol expresses the alignment. Here, y, is the well-defined
projection of the photon angular momentum on the Z axis
(equal to O for linearly polarized light).

When O, #0°, a rotation is introduced between the ex-
citation and ionization frames. Formally, this rotation is per-
formed by rotation matrix elements that transform the pho-
ton projection y, in the excitation frame to the projection u
in the ionization frame where ¢ can be 1, 0, or — 1. In other
words, the photon is described by a linear superposition of all
possible projections following this frame transformation.
The values M, and M that result from connecting M, I
with ¢ and y', respectively, are coherently prepared. There-
fore, an off-diagonal element exists that connects the two.

Thus, we write the density matrix elements in the ioniza-
tion frame as follows:'*

"Patypa1,(OT)

ctS(Jg,J,») Z E (— 1)2J,-+M,,+M}i

H My,

XD}: (O,GT,O)D‘L#' (anT’O)

okt

( Je 1 Ji)( Je 1 J,»)
X . L] (8)
~M,g w M, —~M,g u Mj

which is a valid expression for all ©,. Note that Eq. (8)
reduces to Eq. (7) when 6, = 0".

While Egs. (7) and (8) are valid for both Hund’s case
(a) and Hund’s case (b) wave functions, we consider an
intermediate state wave function well described by Hund’s
case (b). In case (b), spin functions are uncoupled and
therefore we write the density matrix in terms of the quan-
tum number N instead of J. The two representations can be
related as follows:

I C I

My + MYy
=3 3 Py, @ (=1
IMs, MM '
Jo NS J. N, S
N-u, my M)\ —m; My my)

(9

An apt way of illustrating the importance of coherence
terms is to recast the density matrix into spherical tensors
called state multipoles,'>'?

T(KsQ;eT)

= ¥ (- ek
MyM .
N‘ Ni K N,
X MN. ——Mz’v o pMNiM;V,(eT)'

i

(10)

Here, K and Q are the rank and component of the spherical
tensor T. Henceforward, for simplicity, we omit the ©, ar-
gument of the multipoles. Thus, 7°(0,0) represents the popu-
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lation of the My_sublevels. The quadrupole tensor T(2,Q)
represents alignment. When the component @ is nonzero,
the T(2,Q) represent coherence terms. The degree of coher-
ence depends on the frame in which we calculate the density
matrix and is determined by O .

As a simple illustration, we take the case of a Q branch
transition between two electronic doublet states. In Table 11
we display for the transition Q,(2.5) the density matrices
and state multipoles that describe the My distribution in the
intermediate state for three excitation—ionization geome-
tries; O, = 0°, O, = 54.7°,and ©, = 90°. We note that each
]

(@*N*A*My. S *kIAm,|D(1ug = 0)|a;N,A,MyS;)

1749

of these geometries is a special case because at least one of the
T(2,Q) multipoles is zero.

B. lonization step

In our notation, the intermediate state is described by
la;N;A;MyS;) and the ion + photoelectron by
la*N*A*My .S *;kidm,) where a denotes all other
quantum numbers required to specify each state. The matrix
element for the ionization step is derived in Appendix A for
ionization with linearly polarized light (1, = 0). Summing
Eq. (A6) over u, yields

—JON, FDRNT+D 3 (= D" A 0N 4+ 1) (= D'e™r, Y, (6,4)

Nepy
N 1 1 ( Nt N, N,)( N, 1
X My, O mj\— AT A AJ\=A

where D(1,u,) is the electric dipole operator. This result is
similar to that of Dixit and McKoy.!! Because N is taken to
be a good quantum number, this expression is most appro-
priate for intermediate and ion states well described by
Hund's case (b) wave functions. Additionally, both spin—
orbit coupling and spin-rotation coupling are assumed to be
negligible and so the spin part of the matrix element can be
separated out without affecting the result. This separation is
applicable to both case (a) and case (b) wave functions but
not to case (c). The role of spin~orbit coupling in photoioni-
zation is being considered in greater depth.'® Equation (11)
can be easily extended to case (a) wave functions by express-
ing them as an expansion in a basis set of Hund’s case (b)
wave functions.

To find the probability of detecting the final state
la* N* A* My .S *;kidm,;) in the solid angle element
dQ = sin 8d8d¢, Eq. (11) must be squared. Correct perfor-
mance of this operation requires knowledge of which quan-

/ N+ N, N,

X )
—AN-My. My My
—
tum states can interfere. When ©, = 0° there is no M, co-
herence (and thus no M W, coherence) in the intermediate
state, and only ionization channels involving different values
of, A, u,, and N, can interfere. When © 15 0°, however, the
laboratory frame sublevels M, = M 1y M s, 1 may have
originated from the same sublevel, M Jg By the same token,
more than one M, will also have originated from the same
M,.Asa result, remembering that spin is a spectator in this
ionization process, the sublevel M, , can be reached from
M, by routes involving more than one M, with correspond-
ing values of m,. Consequently, these M, and m, values
must be allowed to interfere. This concept is illustrated in
Figz 2 for the simple case of a @,(2.5),
M, =— 1/2—M,, . = Otransition for a value of © 1 other
than 0° or 90°.

We obtain for the square of Eq. (11)

TABLE 1I. Density matrices and state multipoles for the intermediate level, N, = 2, following the transition
Q,(2.5), for three different laser geometries described by the angle © ;. The multipoles for K > 0 are divided

by 7(0,0) for each ©;. value.

My
e, M, -2 -1 0 1 2 T(K,Q)
0 -2 0383 0.0 0.0 0.0 00  T(0,0) =0.447
-1 00 0.109 0.0 0.0 00  T(2,0) =0.765
0 00 0.0 0.017 0.0 0.0
1 00 0.0 0.0 0.109 0.0
2 00 0.0 0.0 0.0 0.383
90" -2 0109 0.0 0.112 0.0 00  T(0,0) =0.447
-1 00 0.245 0.0 0.137 00  T(2,0)= —0.382
0 o112 0.0 0.291 0.0 0.112 T(2, +2) = 0.468
1 00 0.137 0.0 0.245 0.0
2 00 0.0 0.112 0.0 0.109
547° —2  0.200 0.129 0.075 0.0 00  T(0,0) =0.447
-1 0129 0.200 0.053 0.091 00  T(2,0)=00
0 0075 0.053 0200  —0053 0075 T(2,+ 1) = F0.442
1 00 0.091 —0.053 0200  —0.129 T(2,+2)=0312
2 00 0.0 0075  —0.129 0.200
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lonization
Frame

?r) FIG. 2. Illustration of interfering ioniza-
tion channels when the excitation—ioni-
zation geometry is described by 9.

Excitation
Frame

(a* N*A* M,.S *:kI'mjA’|D(1,0) lo; N: A M S ) (e, NA M S |D*(1,0)|[a* N AT My . S *k,ImA )
=QNADENT+1) 3 3 C(IA'miNM iyl ) CUAmN, My ps)
NN )
X Y,m,(6,¢)Y;",ml,(6,¢)( — l')l'—lei(nm—-’hw)rurl%‘, (12)
where

+ T H N 1 {
CUAMN Myp,) = (2N, +1)(—1) M M. 0 m
N, 4

( N N, N,)( N, 1 / )( N+ N, N,) (13)
X
—AT A AJN=A py A —M,. My M,

and, for this (1 4 1') REMPI process, |m; — m,| = |M ~ — My |<2. Thus, we can write the intensity of photoelectrons

detected in the solid angle element d€) = sin 8d@d¢ associated with a final state rotational level N + and for an excitation-
ionization geometry described by O, as

104)=3% 3 S5 3 (@*N*A*My.5*; kI'ma’'|D(1,0)|a,N,AM}S,)

MN - MN.'M;V,' i Az’ mmy

XN, AMyS,|D*(1,0)|a* N* A My.S*; kimd)'p,, . (©;)

=EZ 2 Y+ iampa m,(e Yl €os(q,, — 1y )Yzm,(9¢)Y (‘9’¢)’ (14)
" A3’ mm;
1
where it follows from Eq. (12) that
Y+ samppeam (O1) QI+ DI+ DQL+1
, + '
= QN+ DN "+ 1D( ="~ Pu=33 2 ( 4: =
X z Z z z pMNMA (67.) mym|
My MyMy NN ppl (1 I L)(I I L)
XCU'Z MiN M ;) CUAm N Mypt,).  (15) “Nm, —m; M) o0 o
Because
XYN T IAml’ A m] (eT)rl/lrl’A' COS(WM - 771',{');
168 =boYoOh) + 5 S Bru¥u (04), (17)
L=24M= -

(16) which is seen to be identical to Eq. (6).
J. Chem. Phys., Vol. 95, No. 3, 1 August 1991
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We identify L and M with the rank and component of
the spherical tensor for the photoelectron m, distribution.
For example, B, gives the angle-integrated cross section for
the (J,,;N *) branch in question. The second photon can
increase the rank of the distribution so that where K = 0,2
for the intermediate state multipole, we have L = 0,2,4.
However, the component M is unchanged on ionization
(i.e., M = Q) because, with the choice of the Z axis to be
along the electric vector of the ionizing photon, all the non-
cylindrical character is introduced in the excitation step.

In other words, the terms with M 70 appear only when
there are nonzero values of the T(K,Q = M) that represent
the intermediate state. These terms are therefore a result of
M, (and hence m,) coherence and give rise to an azimuthal
dependence of the angular distribution that is dependent on
powers of cos ¢. In addition, when @ = 4 1, they can cause
the appearance of a skewed angular distribution.

C. lon alignment

Further use may be made of our formalism in deducing
an expression for the alignment of the ion from which a pho-
toelectron was ejected. To make this deduction, we integrate
Eq. (12) over 8 and ¢ and omit the sum over M, , in Eq.
(15). From the integration we obtain the elements of the
density matrix for the ion in the rotational level N *,

N‘p‘w,\‘M,'.,,, (©r)

DI L ©,)

N*M_ M’ imAd’
T ‘m Ax A pr Myt

Xrypta €os(, — 70 )s (18)

where
y;v M ML ImAe (eT)
= (2N, + DN * + 1)

X 3 33 Yoy, (O)N, + 1)

My M4 NN ) o

XC(NIMyM, A YCINMyM,, . 11, A).
(19)

In Eq. (19), the coefficient C is the same as in Eq. (13) but
has been labeled with new coherent quantities as we explain.
A result of the integration is that interference terms between
different values of /and m, vanish (i.e.,/ = I"and m, = m;).
This disappearance occurs because the measurement of the
alignment of the ion in the rotational level ¥ * is in a sense
an observation of M, . . As a consequence, we must treat
interference between routes that connect common values of
M ’e and m,. Thus, we must consider interfering values of
M, . (off-diagonal elements in the density matrix for the
ion). Conversely, when we observe PADs (and thus / and
m;), we consider paths that connect common values of M,
and M, . , which results in interfering values of /and m,. As
can be seen in Eq. (18) however, A interference, unlike / or
m, interference, does affect the ion alignment. This A inter-
ference is an important factor in determining ion rotational
branching ratios as has been observed experimentally."’

We can express the rotational state multipoles of the ion
as in Eq. (10),

4+

-M_
TK*@*)= 3 (=" ™
M . M,
N N
N+t Nt K+
\M,. -M,. 0+

XK T+ DY py 4 (O1),

Therefore, if the magnitudes and phases of the radial dipole
matrix elements are known, the alignment of the different
final rotational levels of the ion can be predicted. Because
these dynamical quantities can be deduced from the mea-
surement of rotationally resolved PADs, all the information
required to calculate the alignment of a rotational level of the
ion can be obtained from such angle- and energy-resolved
photoelectron measurements.

(20)

lil. DISCUSSION

We have presented a general expression for the photo-
electron angular distribution following two consecutive elec-
tric dipole transitions in a rotating molecule, each with lin-
early polarized light. We find that when the two polarization
vectors make a nonzero angle O, cylindrical symmetry of
the excitation-ionization process is broken. This result has
the consequence of making the PAD sensitive to coherences
in the intermediate state and hence showing a ¢ dependence.
Moreover, for ¢ £ 90°, the @ dependence does not have reflec-
tion symmetry, i.e., the PAD is skewed. This effect is maxi-
mized at ¢ = 0°. A special case is O, = + 90°, in which re-
flection symmetry is preserved for any value of ¢.

Other work that was concerned with the effect of polar-
ization on REMPI-PADs has been performed mostly on
atoms. For comprehensive reviews of these, the reader is
referred to Leuchs and Walther® and Smith and Leuchs.'®
Pioneering work was carried out by Berry’s group'”!® who
observed skewed angular distributions following two-pho-
ton ionization of alkali and alkaline earth metal atoms when
the two polarization vectors were at a number of angles.'®
The earliest observation of a complete ¢ dependence was
made by Smith e a/.’® who investigated the role of quadru-
pole transitions in atomic photoionization. An interesting
result is the recent observation of skewed angular distribu-
tions following above-threshold ionization (ATT) with ellip-
tically polarized light.” This observation is a singular exam-
ple of PADs having lower symmetry than the combination
of the exciting and ionizing radiation.

Theoretical work in the groups of Berry and McKoy has
addressed the role of polarization in REMPI-PADs of mole-
cules when the polarization of the ionizing photon is linear?’
and circular.? In the work most relevant to this paper, Berry
and co-workers predicted the effect of broken cylindrical
symmetry on nonrotationally resolved PADs. The calcula-
tions of McKoy and co-workers illustrate the effects of circu-
lar dichroism in PADs which occur because the PADs are
skewed. This effect has been observed experimentally.”” We
are not aware of any experimental work besides ours"” that
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examines the effect of varying the angle between linear po-
larization vectors on rotationally resolved REMPI-PADs in
molecules.

In this paper, we have provided a general description of
molecular PADs that includes Y, ,, .,(6,4) terms. We
demonstrate, moreover, that these terms have a significant
effect on such PADs. To illustrate this effect, we consider the
(14+1) REMPI process NO(X2II)-NO42Z+)
—sNO*+* (X'S*) +e asan example. We choose this sys-
tem because it is readily investigated experimentally (see
following paper’). For this system, we have made quantita-
tive predictions of the effect of intermediate state coherences
on PADs. Because the intermediate and ion states both have
3 symmetry in this example, A * = A, = 0, which simplifies
Eq. (11).

We calculate the y factors [Eq. (15) ] for the photoioni-
zation of an intermediate level prepared by the transitions
R,,(1.5) and Q,(2.5) at the three geometries, O, = 0",
54.7°, and 90°. To calculate the B, ,, values [Eq. (17)] and
hence PADs, we need values for the magnitudes of the radial
dipole matrix elements and the phase differences (r,; and
M — Mrar ). Here, we use the results of a fit to the experi-
mental data presented in the following paper.” 3, ,, values
for photoionization via the Qbranch transition are presented
in Table ITI. The resulting PADs are illustrated in Figs. 3-7.

Figure 3 shows results for the R,,(1.5) and Q,(2.5)
transitions for each AN (=N * —N,) at ©, =0". In an
experiment such as that described in the following paper,’ it
would not be possible to resolve the AN levels for such a low
value of N;. However, these results provide an interesting
illustration of a qualitative effect that remains at higher N,.
Asnoted before,' we see a strong dependence on both branch
and ion rotational state which demonstrates the importance
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(a) (b)
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FIG. 3. Predicted photoelectron angular distributions (PADs) for
©r = 0°, at any fixed value of 4, using the dynamical parameters presented
in the following paper (Ref. 7). Ionization follows the ground-to-interme-
diate transitions (a) Q,(2.5) and (b) R,,(1.5). AN denotes the change in
rotational angular momentum between the intermediate and the ion
(AN=N* —N)).

TABLE IIL Predictions of 3, », values describing the PADs following the transition @, (2.5) for three geome-

tries. These values are calculated using the dynamical parameters deduced in the following paper.” The
By .o.m values are divided by B, for each N * , ©, combination. The 3, values are normalized such that

Bo=100for ©, =0, AN=0 (N *+ =2).

N +

o, Bim 0 1 2 4

0 Boo 5.015 2.216 =100 4.726 13.796
Boo 0.076 0.464 0.823 0.616 0.144
Beo —0.340 —-0212 —0.005 — 0.045 —0.095

90° Boo 6.788 4.876 100.805 6.193 17.176
Bro 0.224 0.761 0.835 0.777 0.199
Brp2 —0268 —0.062 0.003 —0.014 —0.060
Bio 0.126 0.048 0.002 0.017 0.038
Biy. —0.099 —0.038 —0.002 —0.013 —0.030

547 B 6.197 3.977 100.540 5.704 16.049
Bao 0.184 0.706 0.831 0.732 0.184
By  TO0I22 Fo.211 T 0.005 F0.100 F0.041
B, —0.195 —0.050 0.002 —0.010 —0.043
Bio 0 0 0 0 0
Bi,y  FO0.145 F0.062 F0.003 F0.019 F0.043
Bi,, —0073 —0.031 —0.001 —0.010 —0.022
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FIG. 4. Ilustration of the ¢ dependence of PADs when © ; = 90°. The solid
line indicates the predicted & dependence for ¢ = 0%, and the dashed line
indicates the predicted 8 dependence for ¢ = 90°. Ionization follows the
ground-to-intermediate transitions (2) Q,(2.5) and (b) R,,(1.5).

of ion rotational state resolution. In addition, we note the
marked AN = + 2 PAD asymmetry. This asymmetry re-
sults from choosing low values of J;. When the ion has no
rotational angular momentum it can have no alignment and
all anisotropy must show up in the photoelectron angular
distribution. This asymmetry is also seen in the calculations
of Rudolph et al** for the transitions P, (J;) where
J, = 1.5-4.5. At high J;, the model predicts equivalent
AN = 4+ 2 PAD:s.

Figures 4 and 5 show the 6 dependence of PADs for two
fixed values of ¢. We see that the contributions from the
Yy a 0(6,0) and ¥, 5, .o (6,¢4) terms to the PADs are most
dramatic for AN = + 2; the shape at ¢ = 90° is quite differ-
ent from that at ¢ = 0°. Another striking feature is the
skewed angular distributions seen in Fig. 5. These occur for
any O, values other than 0° or 90° and result from the pres-
ence of the Y, , , (6,¢) terms. The fact that no skewing oc-
curs for the AN = OPAD in Fig. 5isimportant becauseitisa
dynamical effect. The pA waves dominate the AN = O transi-
tion; if we choose different values for the 7,, — 7, relative
phase shift, then this PAD can become skewed, as illustrated
in Fig. 6.

E -} AN = -2
AN = -1
AN = 0
AN = +1
AN = +2

FIG. 5. Hlustration of the ¢ dependence of PADs when @, = 54.7°. The
solid line indicates the predicted # dependence for ¢ = 0°, and the dashed
line indicates the predicted @ dependence for ¢ = 90°. Ionization follows the
ground-to-intermediate transitions (a) @,(2.5) and (b) R,,(1.5).

(a) (b)
Boo = 6.2 ég AN = -2 8 Boo = 22.3
Boo = 3.9 g AN = -1 Bow = 3.9
Boo = 100 8 AN = 0 % Boo = 42.3
Bos = 5.7 8 AN = +1 Boo = 5.7
Boo = 15.9 O AN = +2 O Boo = 57.6

FIG. 6. Illustration of the effect of changing the relative phase, 7, — 7,,.
Both (a) and (b) show predicted PADs following the ground-to-intermedi-
ate transition @,(2.5) for the excitation—ionization geometry 6, = 54.7°
with ¢ = 0". In (a) the PAD was calculated using the 7,,, — 7, phase pre-
sented in the following paper (Ref. 7), and in (b) the PAD was calculated
using a 77,,, — 7, phase different by 7 radians.
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FIG. 7. Illustration of the effect of omitting coherence terms on PADs for
the excitation-ionization geometry O, = 90° for ¢ = 0°. The solid line indi-
cates PADs with coherence terms included (correct) and the dashed line
indicates PADs with coherence terms omitted (incorrect). lonization fol-
lows the ground-to-intermediate transitions (a) ¢,(2.5) and (b) R,,(1.5).

For any value of ¢, the Y, 5, .o (6,4) and Y, 4, ., (6,4)
terms have a significant effect on the 8 dependence of the
PAD:s. In Fig. 7 we show the calculated PADs for 6, = 90°,
¢ = 0° with (a) coherence terms included and (b) coherence
terms omitted. We show the same in Fig. 8 for 6, = 54.7°.
Note that by omitting coherence terms, much of the anisot-
ropy in the PADs is washed out and that in fact we see a ¢-
averaged result.

An especially interesting case arises when ©, = 54.7°,
the so-called magic angle. Here, the intermediate state has
T(2,0) =0, i.e., there is no population alignment in the ion-
izing frame. However, we cannot describe the PADs by the
familiar expression

I(6,¢) = 1(8) = a[l + BP,(cos 9) ]

=Boo Yoo (910) +ﬂzoyzo(9,0) (21

because of the presence of the coherence terms, T(K,Q #0).
These terms give rise to additional Y, ,,(6,¢) contributions
to the PAD. [Of course, if a truly unaligned intermediate
state were ionized, Eq. (21) would suffice.] We also note

AN = -2

AN = —1 { )
AN = 0 8
AN = +1 8
AN = +2 ‘

FIG. 8. Illustration of the effect of omitting coherence terms on PADs for
the excitation-ionization geometry 6, = 54.7° for ¢ = 0°. The solid line
indicates PADs with coherence terms included (correct) and the dashed
line indicates PADs with coherence terms omitted (incorrect). The
ground-to-intermediate transitions are (a) @,(2.5) and (b) R,,(1.5).

that, as for other nonzero, non-90° angles, there is no reflec-
tion symmetry [1(6,¢) #I( — 6,4) ] when ¢ 90°. This lack
of symmetry indicates that the excitation and ionization pro-
cesses are weighted differently. As shown in the following
paper, O, = + 54.7° gives rise to the opposite PAD skew
from©,; = — 54.7°. The PADs for ©, = + 54.7at¢ =0"
provide a good test of the importance of coherence terms
because any deviation from Eq. (21) is an indication of co-
herence that is independent of any model or fit. Also, any
skewing is qualitatively obvious.

Another interesting illustration of the effect of coher-
ence terms would be to measure PADs for ©,3£0° at more
than one value of ¢ as the predictions shown in Figs. 4 and 5
suggest. In the experiment we discuss here, this measure-
ment would be a direct indication of the effect of coherence
because any deviation from cylindrical symmetry arises
from these terms. Unfortunately, such a measurement is ex-
perimentally difficult.

As shown in Sec. II C, our formalism also provides us
with a simple means of deducing the alignment of each rota-
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TABLE 1V. State multipoles T(K *,0 *) describing the ion alignment when photoelectrons are ejected
following the transition Q,(2.5) for three laser geometries. The multipoles for K > 0 are divided by 7(0,0) for
each ¥ *,©, combination. The 7(0,0) are normalized such that 7°(0,0)=100 for O, =0°, AN=0

(N ' =2).
N+
e, TK*'.Q') 0 1 2 3 4
o 7(0,0) 11.213 2.869 =100 3.994 10.283
T(2,0) 0.000 0.225 0.695 —0.012 0.367
T(4,0) 0.000 0.000 —-0.012 —0.502 —0.155
90° 7(0,0) 15.178 6.295 100.806 5.234 12.802
T(2,0) 0.000 —0.385 —0.355 —0.649 — 0.457
T(2,+2) 0.000 0.209 0.407 0.346 0.342
T(4,0) 0.000 0.000 0.006 0.191 0.062
T(4,42) 0.000 0.000 —0.005 —0.151 — 0.049
54.7 7(0,0) 13.857 5.134 100.541 4.821 11.962
7(2,0) 0.000 —0.272 —0.007 —0473 —0.221
T(2,+ 1) 0.000 F0.232 F0.399 £0.289 F0318
T(2,4+2) 0.000 0.170 0.272 0.251 0.244
T(4,0) 0 0 0 0 0
T(4, + 1) 0.000 0.000 F0.007 F0.219 F0.070
T(4, + 2) 0.000 0.000 0.003 -—-0.110 —0.035
ion tional level, N *, of the ion for a given set of dynamical
parameters. In Table IV we present the state multipoles that
describe the ion alignment following excitation via the
0,(2.5) transition for our three excitation—ionization geo-
metries. In general, the ion alignment resembles that of the
intermediate state; this resemblance is especially strong for
AN = 0. This observation illustrates that, as expected, the
much lighter electron carries away most of the dynamical
information. Indeed, by measuring the photoelectron angu-
intermediate lar distribution alone we can predict th.e ion allgnment;'the
converse does not follow. The AN = 0 ions show very little
change in alignment. This result can be seen clearly in Fig. 9,
where we present M, , populations for each ion rotational
state for the magic-angle geometry. Although the intermedi-
7 7 ate state My, sublevels are equally populated, the M,, , sub-
/ levelsof the AN #0ions are not. A possible rationalization of
{ % this in terms of the nonatomic character of the NO 4 23 +
210 1 2 state is given in the following paper.’
Mn; IV. CONCLUSION
We have presented a treatment that includes the coher-
AN = 42 ence terms that result from breaking cylindrical symmetry in

FIG. 9. Relative populations of the Zeeman sublevels (¥ 'pM,, . M, . ) for

each ion rotational state following ionization of the level populated by a
©Q,(2.5) transition. The excitation—ionization geometry is O, = 54.7°. For
comparison, the M, populations are also shown. Coherences between sub-

levels are not represented.
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a (1 4+ 1) REMPI process with two light beams that have
independently rotatable linear polarizations. Coherences
cause the presence of T(2, 4+ 1) and T(2, + 2) state multi-
poles in the intermediate state, and the resulting interference
terms give rise to 3, s .o and B, » .o terms that contribute
to the photoelectron angular distributions. These terms give
rise toa complicated 8 dependence and a ¢ dependence of the
PAD. The observation of a deviation from either cylindrical
[I(¢) =const] or reflection symmetry [I(6,4)
=1I(—6,¢)] ina PAD is a manifestation of coherence.
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From rotationally resolved PADs, we can characterize
the photoelectron wave function and thus deduce other dy-
namical observables such as ion alignment. Our formalism
makes this particularly facile. The effects of breaking cylin-
drical symmetry are marked in some cases and cannot be
neglected by the experimentalist in extracting dynamical in-
formation from observed photoelectron angular distribu-
tions.
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APPENDIX A
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can be written2®
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