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Abstract. This paper reports a theoretical study of photoionization in a gaseous C3v molecule prepared
in a single |JKM〉 rotational state of its ground electronic motion by an electrostatic hexapole field and
oriented in space by the subsequent application of a weak homogeneous electric field E. Markedly different
cross-sections are calculated for electrons ejected from 13a2

1 orbital of a CH3I molecule by electromagnetic
radiation plane polarized parallel and perpendicular to E. These photocurrents change further in different
manners with rotational states of CH3I. In accord with the experimental observation by Kaesdorf et al .
[Phys. Rev. Lett. 54, 885 (1985)], we also find a pronounced asymmetry in the photocurrents emitted in
directions along and opposite to E. This forward – backward asymmetry, which very strongly depends upon
the rotational state |JKM〉 of the molecule, is however more pronounced in parallel than in perpendicular
experimental geometry. Both circular as well as linear dichroisms have also been studied, but neither of
these shows any forward-backward asymmetry in the present application.

PACS. 33.15.-e Properties of molecules and molecular ions – 33.20.Sn Rotational analysis – 33.80.Eh
Autoionization, photoionization, and photodetachment

1 Introduction

It is now very well known [1] that molecules in a beam
prepared by the sequential applications of an electro-
static hexapole field and of an orienting (weak and ho-
mogeneous) electric field E are not only in a pure rota-
tional state of their ground electronic motion, but also
oriented [2] in space in their gas phase. A single-photon
ionization experiment performed on such beams brings to
the study of photoelectron spectroscopy (PES) the ability
to probe photoionization dynamics of a single rotational
quantum state of the target molecule. This ability com-
pletely eliminates the need to deconvolute the contribu-
tions to ionization over a rotational population distribu-
tion in the ground electronic level, which must otherwise
be included in the usual single photon gas phase experi-
ments. (The much simple method of pulsed seeded expan-
sion has also been used [3,4] to prepare many diatomics
predominately in a single rotational state, the rotational
ground state. The (m+ n) resonance enhanced multipho-
ton ionization (REMPI) [5], on the other hand, provides
ability for photoionization from an isolated, single rovi-
brational level only of an excited electronic state.) Sec-
ondly, molecules prepared by electrostatic hexapole field
techniques [1] are oriented [2] as well in space in their
gas phase. Studies of ionization of oriented molecules by
absorbing a single photon have been known [6–13] to be
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potentially a richer source of information on photoioniza-
tion dynamics than those performed on molecules which
have a random orientation in space.

Thus, angle-resolved photoelectron spectroscopy
(ARPES) caused by the absorption of a single photon in
molecules oriented in space in a pure rotational state of
their ground electronic motion provides an opportunity to
study simultaneously the effects of gaseous molecular ori-
entation and of its nuclear rotation on electron emission,
provided the photocurrent is resolved in its energy with
respect to the rotational states of the target [14,15]. Such
processes are relevant also to studies [16] in molecular
reaction dynamics and chemical reactivity which are
currently of great interest. Furthermore, ARPES can
be used [14,15] as one of the possible alternatives to
photodissociation to determine orientational distribution
function [17,18] of rotationally state selected and oriented
molecules.

In contrast to the tetrahedral molecules like CCl4
considered in the paper I [14], the symmetric top po-
lar molecules CY3X (where X is a halogen (F, Cl, Br,
I) and Y is a H, F, or methyl), belonging to the C3v

point group, have very successfully been state selected and
oriented using electrostatic hexapole field techniques [1]
in several gas-gas [19–21], gas-surface [22], and electron-
molecule [23,24], collision experiments. Probably, the first
single-photon ARPES experiment on ionization in 2e or-
bital of a CH3I molecule, prepared by a hexapole type
apparatus, was performed by Kaesdorf et al . [25]. This
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experiment showed that there is a pronounced asymme-
try in photocurrent depending upon whether electrons are
emitted parallel or antiparallel to the axis of CH3I. How-
ever, photoionization of an oriented CH3I studied in ref-
erence [25] was in a non-quantum-state-specific manner.
That is, the photocurrent measured by Kaesdorf et al . [25]
was produced by ionizing molecules in a continuous beam
of CH3I with a relatively high rotational temperature pre-
pared in different |JKM〉 state mixtures at different volt-
ages of their hexapoles. But a pure |JKM〉 rotational state
of CH3I and of other polar symmetric top molecules has
since been prepared by employing, instead, colder pulsed
beams and long hexapole rods (see, for example, Refs. [1,
20], etc.). The recent advances [26] in the techniques of
high resolution electron spectroscopy have, in principle,
made it possible to measure photocurrents arising from
ionization of a molecule in its different rotational states.
By an example of photoionization in 13a2

1 orbital of a state
selected and oriented CH3I, we show, among other things,
in this paper that the asymmetry observed by Kaesdorf
et al . [25] should strongly depend on the rotational state
of the target at the time of photoabsorption. Moreover,
this dependence of the forward-backward asymmetry in
the angular photocurrent on a |JKM〉 state is different
in different experimental geometries. The present study
therefore suggests that energy- and angle-resolved photo-
electron spectroscopy of a state selected and oriented C3v

molecule can be used to determine its |JKM〉 rotational
level as well as orientation of the molecular axis in space.

Earlier, several workers had proposed various methods
for the determination of the orientation of the axis of a C3v

molecule in space. For example, Bernstein and cowork-
ers [1,17,27] measured up-down asymmetry in the frag-
ments produced in photodissociation of oriented and state-
selected alkali halides; Novakoski and McClelland [28]
have used an electrostatic hexapole field for detecting
orientation of CF3H desorbed from Ag surface; Leahy
et al . [29] have related the form of the photoelectron an-
gular distribution following (1 + 1′)-REMPI to the ori-
entation of the symmetry axis of a C3v molecule; Kasai
et al . [23] have observed effects of molecular orientation
on indirect ionization of CH3Cl by electron impact. The
theoretical suggestion made by Kohl and Shipsey [30] to
measure orientation by electron scattering has been ex-
perimentally realized by Bowering and coworkers [24]. Re-
cently, Powis et al . [12] have performed theoretical stud-
ies of photoionization in some of the C3v molecules, e.g.,
CF3I, CH3I, and CF3Cl. In order to relate the results
to photoelectron-photoion coincidence experiments, Powis
and coworkers [12] have considered the target molecules in
their calculations to be fixed in space.

Two new physical phenomena which have currently
been found to be useful for studying oriented molecules or
polarized atomic as well as molecular targets through their
photoionization are circular and linear dichroisms. Circu-
lar dichroism (CD) is known to be the difference in the
effects produced by the absorption of left circularly polar-
ized (LCP) and right circularly polarized (RCP) photons;
whereas, the difference in the effects arising due to the

absorption of electromagnetic radiation which are linearly
polarized (LP) in two mutually perpendicular directions
is called linear dichroism (LD). Originally, circular dichro-
ism in angular distribution of photoelectron (CDAD) was
first theoretically studied [31] and then experimentally
measured [32] for molecules fixed in space. It was later
shown by us [14,15] to exist in the photoionization of
even state selected and oriented molecules. Molecular tar-
gets fixed in space have been shown [33] to exhibit also
linear dichroism in the angular distribution of their pho-
toelectrons (LDAD).

In this paper we show that both CDAD and LDAD
not only are described by expressions which are consid-
erably simpler compared to that needed to study angular
distribution of photoelectrons, but also provide comple-
mentary information on photoionization of state-selected
and oriented molecules. However, unlike the photoelectron
angular distribution, neither of these exhibits any forward-
backward asymmetry in the photocurrent. In fact, in the
present application we find that each of CDAD and LDAD
vanishes identically in directions parallel or opposite to
the axis of CH3I. But in directions other than these two,
both CDAD and LDAD strongly depend upon the state
|JKM〉 and also on the experimental geometry.

The general theory [14] for photoelectron spectroscopy
of state-selected and oriental molecules is briefly reviewed
in Section 2. The next section describes also the linear
dichroism in photoionization of state-selected and oriented
molecules. Hitherto [14,15,33], it has not been studied
for molecules prepared by an electrostatic hexapole field.
In the Section 3 we first describe, in short, a theoretical
framework [15] for performing a semi-empirical study of
photoionization in a1 orbital of a state-selected and ori-
ented C3v molecule. This framework utilizes [15] just two
observables measured in a typical gas phase experiment
on photoionization of randomly oriented molecules. Re-
sults of the application of this framework to photoioniza-
tion in 13a2

1 orbital of CH3I prepared by an electrostatic
hexapole field are presented in the Section 3.1. Unlike in
reference [15], the rotational states of the residual CH3I+

are not taken into account in this paper. But, both the
forward-backward asymmetry and the linear dichroism,
not studied elsewhere [14,15], have been calculated in the
application presented in the Section 3.1. The final Section
4 discusses the conclusions of this work.

2 Theory for photoionization of state selected
and oriented molecule

We have developed in reference [14] a theory for ARPES
of a symmetric top molecule (say, M) belonging to one
of the 32 point groups. The target M was taken to be
oriented in space in a single |JKM〉 rotational state of its
ground electronic motion using [1] electrostatic hexapole
field followed by a weak, homogeneous electric field E.
(See Fig. 1 for the meaning of the quantum numbers J ,
K, and M .) In this section of the present communication
we briefly discuss the important properties of the relevant
formulae derived in reference [14].
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Fig. 1. OXY Z is the space (or laboratory)-fixed frame of
reference. Its polar axis is along the weak, homogeneous, ori-
enting electric field E and defines the space-fixed quantiza-
tion direction. The permanent electric dipole moment µD of a
symmetric top is along the OZ′ axis and forms the body (or
molecule)-fixed quantization direction. The center of mass of
the molecule is at O. OZ′ is also the polar axis of a molecule-
fixed coordinate system (OX′Y ′Z′, not shown in this figure)
which is concentric with OXY Z. The rotational state |JKM〉
of a symmetric top is represented in these two frames of
reference by the total angular momentum vector J of mag-
nitude |J|~ =

√
J(J + 1)~. J uniformly rotates about the

OZ axis at a constant inclination χ1 such that its projection
M = J ·ÔZ =

√
J(J + 1) cosχ1 represents space quantization

of the |JKM〉 state. The spinning of the symmetric top about
its own axis (OZ′) generates angular momentum K~ such that
OZ′, in turn, processes about J at a constant angle χ2 given
by K = J · ÔZ′ =

√
J(J + 1) cosχ2. The quantum number

K thus describes the quantization of J in molecule-fixed frame
of reference. The angle β at which the OZ′ axis of the sym-
metric top revolves about E on account of the torque µD ×E
experienced by it is such that |χ1 − χ2| ≤ β ≤ χ1 + χ2.

Differential cross-section for ionization of a state-
selected and oriented molecule M in electric dipole (E1)
approximation is given by equation (I.19) [14]. That ex-
pression can be written in the following form

d2σ(mr;JKM)

dp̂dk̂
=
d2σ(mr)

dp̂dk̂
+ σ(mr;JKM ; p̂; k). (1)

The quantity mr used in equation (1) and elsewhere in
this paper specifies the state of polarization of the ab-
sorbed radiation: mr = 0 for LP , mr = +1 for RCP, and
mr = −1 for LCP. An unpolarized (UP) electromagnetic
wave is treated to be an even mixture of RCP and LCP
radiation. The unit vector p̂(θp, φp) specifies the direction
of propagation of UP, RCP, and LCP photon beams. A
LP radiation, on the other hand, is considered to be po-
larized along p̂. The spherical angles (θp, φp) are measured
with respect to the space-fixed frame of reference OXY Z,
shown and explained in Figure 1. The direction of depar-
ture k̂(k, θk, φk) of a photoelectron ejected with kinetic
energy ε = ~2k2/2m is also specified with respect to the
space-frame.

Further in equation (1)

d2σ(mr)

dp̂dk̂
=

σ

4π

[
1 +

1

2
(2− 3m2

r)βP2(p̂k̂)

]
(2)

is the usual [34] angular photocurrent measured in a
typical ionization experiment on unoriented gas phase
molecules. (It describes also the photoionization of a |000〉
rotational state which can not be oriented [1].) Here,
PL(x) is the Legendre polynomial [35] of order L, σ is the
detection-integrated photoionization cross-section, and β
is the angular asymmetry parameter. Explicit expressions
for σ and β in terms of the E1 photoionization ampli-
tudes (5) are readily obtained either by comparing (1)
and (I.19), or directly from reference [36].

In order to understand the reasons for the presence
of the second term σ(mr ; (JKM ; p̂; k)) in (1), let us first
write it in the following form

σ(mr; (JKM ; p̂; k)) = χ0(JKM ; k̂)

+
1

2
mrχ1(JKM ; p̂; k)

+
1

2
(2− 3m2

r)χ2(JKM ; p̂; k). (3)

Here (χ0, χ1, χ2) are three independent parameters given
by

χ0(JKM ; k̂) = −
1
√

3
χ′0(JKM ; k̂) (4a)

χ1(JKM ; p̂; k) = −
√

2χ′1(JKM ; p̂; k) (4b)

χ2(JKM ; p̂; k) =

√
2

3
χ′2(JKM ; p̂; k) (4c)

with
See equation (4d) above
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and

dlm(λr) = (−i)leiσl
√

2l+ 1
∑
pτh

bpτhlmd
pτ
hl (λr). (5)

In expression (4d), the constant K = 3π(e2/α0Er)
2, with

α0 the dimensionless fine structure constant and Er the
energy of the ionizing radiation; Y’s are the bipolar har-
monics [37]; the Legendre moment PLT defined, for ex-
ample, in equation (I.7) is the expectation value of the
Legendre polynomial PLT between the states |JKM〉 of
a molecule M rotating like a symmetric top. Further,
equation (5) above is identical to equation (3b) in ref-
erence [15]. The detailed descriptions given therein [15] of
the E1 amplitude dpτhl (λr) and of other quantities present
in equation (5) are applicable also in the present paper.

It is obvious from the occurrence of the moments PLT
in (4d), that the second term in (1) depends upon the ro-
tational state |JKM〉 6= |000〉 of M. It, thus, represents
the contribution to the angular photocurrent arising due
to the orientation of M in space in a single |JKM〉 state
of its ground electronic motion. Hence the additional in-
formation gained in photoionization of state selected and
oriented molecules is contained in σ(mr;JKM ; p̂; k). It is
evident from (3) that this information is completely char-
acterized by three independent parameters (χ0, χ1, χ2).
Each of these parameters depends, in addition to the pho-
toionization dynamics and the rotational state |JKM〉, on
the experimental geometry via the photoelectron propaga-
tion and photon vectors k̂ and p̂, respectively. In contrast,
the differential cross-section (2) for photoionization in un-
oriented molecules requires only two dynamical parame-
ter (σ and β) which depend neither on the experimental
geometry nor on the quantum numbers J,K, and M . In
conclusion, the angular photocurrent produced in ioniza-
tion in E1 approximation of a state-selected and oriented
molecule is completely determined by the five independent
parameters (σ, β, χ0, χ1, χ2).

On integrating expression (1) over k̂, one obtains the
detection-integrated cross-section

dσ(mr ;JKM)

dθp
= σ + σ(mr;JKM ; θp) (6)

for the same process. The contribution to the cross-section
(6) due to orientation ofM in a single |JKM〉 rotational
state is given by

σ(mr;JKM ; θp) =
1

2
mrσ

(1)(JKM) cos θp

+
1

2
(2− 3mr)σ

(2)(JKM)P2(cos θp)

(7)

with

σ(1)(JKM) = KP 1

∑
pτh
lλr

λr |d
pτ
hl (λr)|

2
(8a)

and

σ(2)(JKM) =
1

3
KP 2

∑
pτh
lλr

(2− 3λ2
r) |d

pτ
hl (λr)|

2
. (8b)

Thus, only three (σ, σ(1), σ(2)) parameters, rather than
five, (σ, β, χ0, χ1, χ2) present in the angular distribution
(1), are sufficient to characterize the integrated cross-
section (6). Moreover, unlike the geometry-dependent pa-
rameters (χ0, χ1, χ2) present in (3), σ(1) and σ(2) no longer

contain any of the directions p̂ and k̂. The |JKM〉 de-
pendence of σ(1) and σ(2) arises due only to the Legendre
moments of order one and two (i.e. P 1 and P 2 in Eqs.
(8)), respectively; whereas, each of χ0, χ1, and χ2 in (3)
can have Legendre moments of order upto 2J . The inte-
grated cross-section (6) is, of course, independent of the

propagation direction k̂ of the photoelectron, does involve
(mr, p̂) characteristics of the absorbed radiation, but has
cylindrical symmetry about E.

The contribution σ(mr;JKM ; θp) due to orientation
of the molecule to the cross-section (6) vanishes identically
for ionization by LP or UP radiation with θp = 54.7◦, i.e.
the magic angle θm. Equation (6) then directly gives σ.
Thus, one can measure the integrated photocurrent pro-
duced in ionization of an unoriented molecule by perform-
ing experiments on state-selected and oriented molecules
as well. Such measurements should be very useful in cali-
brating the difficult apparatus of a hexapole field arrange-
ment combined with a high resolution electron spectrome-
ter.

Once σ(1) and σ(2) are measured, one can determine,
using the respective equations (8a) and (8b), the Leg-
endre moments P 1 and P 2. According to equation (I.7),
P 1 = 〈cosβ〉, i.e., the mean degree of orientation of the
molecular axis about the weak and homogeneous orient-

ing field E (see Fig. 1); P 2 =
1

2
〈3 cos2 β − 1〉 measures

the alignment of the rotational probability distribution of
the molecule. Although, σ will remain same, both σ(1)

and σ(2) will be different for different |JKM〉 states ofM
selected by the hexapole field.

Circular dichroism in the integrated photocurrent
(CDIP) [31] produced in the ionization of a state-selected
and oriented molecule is obtained from equations (6) and
(7) to be

dσCD(JKM)

dθp
≡
dσ(mr = +1;JKM)

dθp

−
dσ(mr = −1;JKM)

dθp

= σ(1)(JKM) cos θp. (9)

Thus only a single [σ(1)(JKM)], out of the three
[σ, σ(1)(JKM) and σ(2)(JKM)], parameters is sufficient
to determine CDIP (9). As σ(1) determines a part of the
contribution (7) to the photoionization cross-section (6)
which arises due to orientation of the molecules in a sin-
gle |JKM〉 state, CDIP obviously does not exist for ion-
ization in unoriented molecules. Moreover, CDIP even for
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oriented molecules vanishes identically if the CP radiation
is incident perpendicular to the orientating field E (i.e.,
θp = π/2 in Fig. 1), otherwise it has cylindrical symmetry

about E. A single measurement of
dσCD(JKM)

dθp
is suffi-

cient to extract the Legendre moment P 1, i.e., the mean
degree of molecular orientation about E.

Equations (1), (2) and (3) show that

d2σCD(JKM)

dp̂dk̂
≡
d2σCD(mr = +1, JKM)

dp̂dk̂

−
d2σCD(mr = −1;JKM)

dp̂dk̂

= χ1(JKM ; p̂; k) (10)

is the CDAD for photonionization in rotationally state-
selected and oriented molecules. Here too we find that,

unlike the specification of
d2σ(mr ;JKM)

dp̂dk̂
in equation (1)

which requires five parameters, only a single parameter χ1

is sufficient to determine the CDAD (10). Thus studies of
dichroic effects in the integrated as well as in the angu-
lar photocurrent produced in ionization of state-selected
and oriented molecules are much simpler than those of the
corresponding cross-sections and give us direct informa-
tion on both photoionization dynamics and orientational
distribution function.

In order to study LD in the present paper, let us
take two mutually perpendicular directions for linear po-
larization of the ionizing radiation to be along the X-
and Y -axes of the space fixed coordinate system OXY Z

shown in the Figure 1 (i.e., p̂(
π

2
, 0) and p̂(

π

2
,
π

2
), respec-

tively). Then linear dichroism in the integrated photocur-
rent (LDIP) [33] is obtained from equations (6) and (7) to
be

σLD(JKM) ≡
dσ(mr = 0;JKM)

dp̂(π2 ,
π
2 )

−
dσ(mr = 0;JKM)

dp̂(π2 , 0)

= 0
(11)

Thus unlike CDIP (9), LDIP does not exist in the pho-
toionization of even state-selected and oriented molecules.

The LDAD, on the other hand,

dσLD(JKM)

dk̂
≡
d2σ(mr = 0;JKM)

dp̂(π2 ,
π
2 )dk̂

−
d2σ(mr = 0;JKM)

dp̂(π2 , 0)dk̂

=
dσLD

dk̂
+ σLD(JKM ; k̂) (12)

is obtained from equation (1). Here

dσLD

dk̂
= −

3

8π
σβ sin2 θk cos 2φk

= −
1

4π
K

√
15
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×
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×
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∗
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′
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is the LDAD for ionization in randomly oriented
molecules, i.e., for molecules which are oriented in |000〉
rotational state. Expression (13) is identical to that
derived in reference [33]. Further in (12),

See equations (14a) and (14b) above

is the contribution to LDAD due to orientation of the
molecule in the rotational state |JKM〉 6= |000〉. It de-
pends upon the state |JKM〉 being photoionized as well

as on the direction of propagation k̂ of the photoelectron.
Thus, unlike CDAD (10) which is due only to the orienta-
tion of the molecule in space, the LDAD (12) is the sum of
the LDAD for unoriented molecules [33] and an additional
contribution due to orientation of the molecule. Conse-
quently, while a single parameter χ1 (Eq. (4b)) determines
the CDAD (10), three parameters σ, β and χ2 (Eqs. (13)
and (14a)) are needed for a complete specification of the
LDAD (12). Thus CDAD and LDAD provide complemen-
tary information on photoinization of state-selected and
oriented molecules.
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3 Application: Photoionization in a1 orbital
of a C3v molecule

The group theoretical methods show that for an allowed
E1 process the continuum orbital of an electron ejected
from the a1 bound orbital of a C3v molecule should trans-
form according to either non-degenerate A1 or doubly de-
generate E IR of this point group. (Hereafter, these or-
bitals and the corresponding electrons will always be rep-
resented by εa1 and εe, respectively.) In the present study
we, therefore, need E1 amplitudes for each of the pho-
toionizing transitions a2

1 → a1
1εa1 and a2

1 → a1
1εe, i.e.,

da1

hl (λr) (omitting the superscript τ as its value is always
one in this case) and deτhl (λr) (with τ = 1 and 2), respec-
tively. It has already been shown in reference [15] that
due to the group theoretical considerations and the rela-
tionship (12a) obtained therein [15] among deτhl (λr) (with
τ = 1, 2 and λr = ±1), the number of independent tran-
sition moments for each set of the subscripts (hl) needed
to represent photoelectron in the εa1 and εe continuum
orbitals reduces to two, namely dehl(0) and dehl(1).

An analysis [15] of the ARPES observed in refer-
ence [38] for E1 ionization in the 13a2

1 orbital of ran-
domly oriented gaseous CH3I has shown that in order
to reproduce the experimentally measured values of both
the σ and β in the angular distribution (2) of electrons
ejected in photoionization of unoriented targets over the
whole range of photon energies, starting from threshold
to higher values, considered by Carlson et al . [38] in their
experiment, it was necessary to represent the photoelec-
tron in its continuum εa1 and εe orbitals by s(l = 0) - and
p(l = 1) - partial waves, respectively. In the present work
as well, we therefore represent the outgoing E1 electron by
these two partial waves only, i.e., consider the respective
amplitudes da1

h0
(0) and dehl(1) only. Following further the

discussion given in reference [15], the independent transi-
tion amplitudes used in the present study are da1

10(0) and
de11(1), i.e., one each for the respective a2

1 → a1
1εa1 and

a2
1 → a1

1εe bound-free transitions in a C3v molecules. The
magnitudes

|da1
10(0)|2 =

3σ

7K
(7− 5β)

and (15)

|de11(1)|2 =
15σ

28K
β

of both of these matrix elements are extracted [15] from
the experimentally measured values of σ and β present in
equation (2). If α0 and α1 are the phases of these two E1
amplitudes, then

da1
10(0) = |da1

10(0)| eia0

and (16a)

de11(1) = |de11(1)| eia1 .

In the remaining discussion we will also need to use the
phase

δ = (σ0 + α0)− (σ1 + α1). (16b)

Here σ0 and σ1 are the Coulomb phases (defined, for ex-
ample, in Ref. [39]) for s- and p-partial waves of the pho-
toelectron, respectively.

3.1 Results: Photoionization in 13a2
1 orbital of CH3I

In this sub-section, we present our results of the calcula-
tions performed using the framework developed in Section
2 in this paper. The specific example considered by us is
photoinization in 13a2

1 orbital of a gaseous CH3I molecule
prepared [1] in a single |JKM〉 rotational state of its
ground electronic motion by electrostatic hexapole field
and subsequently oriented in space using the weak and
homogeneous field E. The information about photoion-
ization dynamics needed in the expressions given in the
Section 2 is obtained from equations (15) and (16). Be-
cause we do not do any dynamical calculations in this pa-
per, the experimentally measured values of (σ, β) needed
in the probabilities (15) are therefore used. Approxima-
tions [15], briefly described at the beginning of this section
and employed in the derivation of equation (15), should
preferably be used for photon energies close to threshold
to ionization of 13a2

1 orbital of CH3I so that the energy
of the escaping electron is small. In our study, we have
used the minimum photon energy (Er = 16 eV) measure-
ments reported by Carlson et al . [38] corresponding to
σ = 15.5 Mb and β = 0.28 in the angular distribution (2)
of photoelectrons departing with energy 3.5 eV from the
13a2

1 orbital of a CH3I molecule. The only energy depen-
dent quantity now left to be known is the phase δ, defined
in equation (16b), which is treated as a parameter in this
paper. Also, we have, herein, considered 1 ≤ J ≤ 4 appro-
priate for low-temperature beams. Furthermore, the two
experimental geometries used in this paper are those in
which the vector p̂(θp, φp) is parallel (i.e., θp = 0, φp) and

perpendicular (i.e., θp =
π

2
, φp) to the weak and homoge-

neous orienting field E, taken to be along the OZ axis in
Figure 1. For LP ionizing radiation, this means that the
electric vector is either along or perpendicular to E. If, on
the other hand, ionization is caused by the absorption of
a CP or UP photon, it is taken to be incident, according
to the two geometries considered by us, either along the
Z-direction or in the X-Y plane.

3.1.1 Integrated and differential cross-sections

According to equations (6) and (7), a complete specifica-
tion of the detection integrated photocurrent produced in
the ionization of a state-selected and oriented molecule re-
quires a knowledge of the parameters σ, σ(1)(JKM), and
σ(2)(JKM). On specializing expressions for these param-
eters to the approximations described in this section, we
obtain

σ =
K

3

(
|da1

10(0)|2 + 4 |de11(1)|2
)
, (17)
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Fig. 2. The integrated cross-sections for photoionization in
13a2

1 orbital of CH3I oriented in space in a single |JKM〉 ro-
tational state. The electric vector in the LP beam of ionizing
radiation is either parallel or perpendicular to the space-fixed
quantization E direction. These cross-sections are calculated
by using in equation (19) the values of σ and β measured
by Carlson et al . [38] for photoelectron energy ε = 3.5 eV.
σ‖(0;JKM): (—–); σ⊥(0; JKM): (– – –).

σ(1)(JKM) = 0

and (18)

σ(2)(JKM) =
2

3
K
(
|da1

10(0)|2 + 2 |de11(1)|2
)
P 2.

Thus, while σ(1) vanishes identically, σ as well as σ(2)

are independent of the phase (16) and completely deter-
mined by the magnitudes (15) of the transition probabil-
ities. In view of equations (7) and (18), the contribution
σ(mr;JKM ; θp) to the integrated cross-section (6) due to
orientation of a C3v molecule in a single |JKM〉 state is
now given by σ(2)(JKM) only. On combining equations
(6, 7, 17, 18), and then using the probabilities (15) we find
the desired quantity

dσ(mr ;JKM)

dθp
= σ + (2− 3m2

r)

× (1−
15

14
β)σP 2P2(cos θp). (19)

The second term on the right hand side of this equation
is σ(mr;JKM ; θp) defined in equation (7). This contri-
bution obviously vanishes if the ionization radiation has
θp = θm. In this way one can determine σ even by per-
forming an experiment on photoionization in a2

1 orbital
of state-selected and oriented C3v molecules. With known

values of (σ, β), a single measurement of (19) will directly
give the Legendre moment P 2, i.e., the first alignment
parameter 〈P2(cosβ)〉 of the rotational state distribution.

Figure 2 shows the cross-section (19) as a func-
tion of the rotational states |JKM〉 for ioniza-
tion in 13a2

1 orbital of state-selected and oriented
CH3I by LP radiation (mr = 0) in parallel (i.e.,
[dσ(0;JKM))/dθp]θp=0 ≡ σ‖(0;JKM)) and perpendicu-

lar (i.e.; [dσ(0;JKM)/dθp]θp=π
2
≡ σ⊥(0;JKM)) geome-

tries. We see that, while the cross-section σ for ioniza-
tion of unoriented CH3I provides a constant background,
both σ‖(0;JKM) and σ⊥(0;JKM) are not only different
from each other, but also change in different manners with
the states |JKM〉. For example, while σ‖ is maximum for
photoionization in the |JJJ〉 state for a given rotational
quantum number J , σ⊥ has its minimum value for pho-
toionization in this head versus tail orientation of CH3I.
On the other hand σ‖ and σ⊥ become, respectively, min-
imum and maximum for photoelectron emission from the
|JJ1〉 state which corresponds to broad side orientation
of CH3I in the weak, homogeneous field E.

In an experimental arrangement in which σ‖(0;JJJ)
is measured, both the electric vector in the LP ionizating
radiation and the molecular axis are along E (see Fig. 1).
But in experiments measuring σ⊥(0;JJJ), while the elec-
tric vector of the ionizing radiation becomes perpendicular
to E, the molecular axis is still in the direction of E. On
the other hand, experimental configurations appropriate
for the measurements of σ‖(0;JJ1) and σ⊥(0;JJ1) con-
sist of the electric vector in the LP incident photon beam
parallel and perpendicular to E, respectively; whereas
CH3I is in a broad side orientation with its axis mak-
ing the largest possible angle (≤ 90◦) with the space-fixed
quantization direction E (see Fig. 1).

In view of the discussions presented in the two pre-
ceding paragraphs, one can easily conclude that the inte-
grated cross-section for photoionization in 13a2

1 orbital of
a state selected and oriented molecule is larger when the
electric field vector in the LP radiation is parallel to the
axis of the molecule oriented in space compared to when
the two are mutually perpendicular. Moreover, this cross-
section further increases when both the electric field vector
in LP light and the molecular axis point in the direction
of E.

In order to calculate the angular photocurrent pro-
duced in ionization of a state selected and oriented C3v

molecule, we first specialize relations (4) to the approxi-
mations at the beginning of this section. This immediately
gives

χ0(JKM ; k) =
K

6π
|de11(1)|2 P 2P2(cos θk), (20a)

χ1(JKM ; p̂; k) =
K

π

√
3

2
|da1

10(0)| |de11(1)|

× P 1 cos δ sin θk sin θp sin(φk − φp), (20b)
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χ2(JKM ; p̂; k) = 2
K

π

{
1

12
|da1

10(0)|2 P 2P2(cos θp)

+

[
1

28
(5P 2 +

3

5
P 4) sin2 θp sin2 θk cos(φp − φk)

−
1

7

(
5

8
P 2 +

3

5
P 4

)
sin 2θp sin 2θk cos(φp − φk)

−
1

7

(
5

3
P 2 +

6

5
P 4

)
P2(cos θp)P2(cos θk)

−
1

6
P2(cos θp)P 2

]
|de11(1)|2

}
. (20c)

These three parameters completely determine, according
to equation (3), the contribution σ(mr ;JKM ; p̂; k) to
the angular photocurrent (1) due to orientation of a C3v

molecule in its |JKM〉 state.
Let us use the probabilities (15) in (20) and then

substitute the resulting expression for the parameters
χ0, χ1 and χ2 in (3). Next we add to the subsequent
σ(mr;JKM ; p̂; k) the usual differential cross-section (2)
for photoionization in unoriented molecules. The final ex-
pression thus obtained for angular photo-current ejected
from a2

1 orbital in ionization of a state-selection and ori-
ented C3v molecule is then specialized to the parallel and
perpendicular geometries. All these operations give

d2σ(mr = 0;JKM)

dp̂(θp = 0, φp)dk̂
≡
dσ‖(0;JKM)

dk̂

=
dσ‖(0)

dk̂
+ σ‖(0;JKM ; k̂), (21a)

where

dσ‖(0)

dk̂
≡

σ

4π
(1 + βP2(cos θk) (21b)

and

σ‖(0;JKM ; k̂) =
σ

28π

{[
14−

5

14
(25 + 51 cos2 θk)β

]
P 2

+
36

7
P2(cos θk)P 4 + 6

√
6

5
(7− 5β)β

× (P 1 − P 3) cos θk sin δ

}
.

(21c)

Similarly

d2σ(mr = 0;JKM)

dp̂(θp = π
2 , φp)dk̂

≡
dσ⊥(0;JKM)

dk̂

=
dσ⊥(0)

dk̂
+ σ⊥(0;JKM ; k̂) (22a)

with

dσ⊥(0)

dk̂
=

σ

4π

{
1 + β [P2(cos θk)

+ 3 sin2 θk cos 2(φk − φp)
]}

(22b)

and

σ⊥(0;JKM ; k̂) = −
σ

28π

{
7P 2 −

[
13 + 6 cos2 θk

+
1

14
(147 + 150P 2 + 18P 4) sin2 θk cos 2(φk − φp)

+ (7−
50

7
P 2 +

1

5
P 4)P2(cos θk)

]
β̄

− 3

√
6

5
(7− 5β)β(P 1 − P 2) cos θk sin δ

}
.

(22c)

Expressions (21) and (22) have interesting properties:
Firstly, Legendre moments of order upto four (P 0 = 1,
P 1, P 2, P 3 and P 4) contribute to these cross-sections; sec-
ondly, the phase angle δ, defined in equation (16) for
the transition moments da1

10 and de11(1), is also present in
both (21c) and (22c); thirdly, (22) contain also the az-
imuthal angles φp and φk of the photon vector p̂ and the

propagation vector k̂, respectively. In contrast, the inte-
grated cross-section (19) has only a single Legendre mo-
ment P 2, does not involve δ, and is also independent of φp.
Thus, the angular, rather than the integrated, photocur-
rent gives more detailed information on photoionization
dynamics as well as on the orientational distribution func-
tion of rotationally state selected and oriented molecules.
Moreover, the differential cross-section (2) for ionization in
unoriented molecules does not contain any Legendre mo-
ments Pn. In addition, as a result of the approximations
used in calculating the present results, (2) is independent
also of the phase δ. Therefore, differential cross-section
for ionization of state-selected and oriented molecules is a
greater source of information compared to that of unori-
ented molecules. One can easily extract the phase angle δ
from a single measurement of either dσ‖(0;JKM)/dk̂ or

dσ⊥(0;JKM)/dk̂ for ionization by absorbing a LP pho-
ton in a1 orbital of a C3v molecule oriented in space in
one of its |JKM〉 rotational state.

The angular distributions calculated from equations
(21) and (22) for photoionization by LP light in 13a2

1

orbital of state-selected and oriented CH3I are labeled
in the respective Figures 3 and 4 by the rotational
state |JKM〉. These correspond to taking δ = π

2 and
φk = φp in (21) and (22). Both of these cross-sections
are presented as polar plots where the angle θk is that
between the electric field E and the propagation vector
k̂(θk, φk) of the photoelectrons. The radius of each plot

in Figure 3 is dσ‖(0;JKM)/dk̂; whereas, in Figure 4 it is

dσ⊥(0;JKM)/dk̂.
The most remarkable feature of the Figures 3 and

4 is the dependence of the photocurrents on the
directions p̂ and k̂, and on the rotational state |JKM〉
of CH3I. While dσ‖(0;JKM)/dk̂ tends to elongate in
the forward (θk = 0◦) and backward (θk = 180◦) di-

rections, dσ⊥(0;JKM)/dk̂ is usually largest for θk =
90◦. The other interesting feature of these cross-sections
is that dσ‖(0;JKM)/dk̂ changes somewhat more than
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Fig. 3. Polar plots of the differential cross-section
dσ‖(0; JKM)/dk̂ (in Mb/Sr−1) for photoionization in 13a2

1 or-
bital of CH3I oriented in space in a |JKM〉 state of its ground
electronic motion. The electric field vector in the LP beam of
ionizing radiation is parallel to the space-fixed quantization di-
rection E. The vertical direction θk = 0◦, i.e., along E. Radius
in each plot is the angular photocurrent in the direction θk. (All
plots are not drawn to the same scale). These cross-section are
calculated for mr = 0, δ = 90◦, and using in equation (21) the
values of σ and β measured by Carlson et al . [38] for photo-
electron energy ε = 3.5 eV.

Fig. 4. Same as Figure 3, but for electric vector in the LP beam
of ionizing radiation perpendicular to the space-fixed quantiza-
tion direction E. That is, this figure contains dσ⊥(0;JKM)/dk̂
(in Mb/Sr−1). These angular photocurrents are calculated for
φk = φp in equation (22).

dσ⊥(0;JKM)/dk̂ in both shape and size with the |JKM〉
state of the oriented CH3I.

Kaesdorf et al . [25] in their experiment on ionization
in 2e orbital of CH3I oriented using electrostatic hexapole
field techniques [1], have measured the ratio I−/I+ of pho-
toelectrons emitted parallel and antiparallel to the molec-
ular axis as a function of the voltage V0 in hexapole. The
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desired cross-sections were measured for a given V0 by
keeping the electron spectrometer fixed but changing the
polarity of electrodes which produce the orienting (weak
and homogeneous) field E (see Fig. 1 in Ref. [25]). The
same photoelectron intensities I0 and Iπ will, however, be
obtained for a given V0 if one keeps E (both in magnitude
and direction) fixed, but puts the spectrometer in the for-
ward (θk = 0◦) and backward (θk = 180◦) directions of
electron emission, respectively. As mentioned in the intro-
duction to this paper, Kaesdorf et al . [25] had prepared
different |JKM〉 state mixtures at different voltages V0 of
their hexapole. Consequently, the ratio I−/I+ measured in
reference [25] was non-quantum state-specific. These mea-
surements [25], nevertheless, showed that the asymmetry
I−/I+ was quite pronounced and varied with the voltage
V0 applied to electrodes in a hexapole apparatus.

If we take the ionization radiation to be LP with its
electric vector parallel and perpendicular to E, then the
two asymmetries obtained from the respective equations
(21) and (22) are:

I
‖
0

I
‖
π

(JKM) ≡

dσ‖(0;JKM)

dk̂(θk = 0, φk)

dσ‖(0;JKM)

dk̂(θk = π, φk)

(23a)

and

I⊥0
I⊥π

(JKM) ≡

dσ⊥(0;JKM)

dk̂(θk = 0, φk)

dσ⊥(0;JKM)

dk̂(θk = π, φk)

· (23b)

Figure 5 contains the asymmetries (23a) and (23b) calcu-
lated for the example being considered in this paper. One
notices from this figure that I0/Iπ varies significantly with
the states |JKM〉 as well as with the two experimental
geometries of equation (23). On the other hand, one can

readily verify from equation (2) that I
‖
0/I
‖
π = 1 = I⊥0 /I

⊥
π ,

i.e., no forward-backward asymmetry exists in photocur-
rent, emitted from unoriented molecules.

In both parallel (Eq. (23a)) as well as perpendicular
(Eq. (23b)) configurations, I0/Iπ for some |JKM〉 states
is very different from unity; whereas, for others, it is al-
most equal to one. Rotational states for which it is notice-

ably different from one have, in general
I
‖
0

I
‖
π

(JKM) > 1

and
I⊥0
I⊥π

(JKM) < 1. This, in other words, means that the

photocurrent emitted parallel or antiparallel to E is larger
depending upon whether the electric vector in the LP ion-
izing radiation is along or perpendicular E, respectively.
In addition, we also find from Figure 5 that the rotational

state for which
I
‖
0

I
‖
π

(JKM) is largest (> 1) for a given J is

one of |J,K = J,M 6= J〉; whereas
I⊥0
I⊥π

(JKM) has small-

Fig. 5. Asymmetry
I0

Iπ
(JKM) of photocurrent emitted par-

allel and antiparallel to the orienting field E, for ionization
in 13a2

1 orbital of CH3I oriented in space in a single |JKM〉
rotational state. The electric field vector in the LP beam of
ionizing radiation is either parallel or perpendicular to E. This
asymmetry is calculated by using in equation (23) the values
of σ and β measured by Carlson et al . [38] for photoelectron

energy ε = 3.5 eV.
I
‖
0

I
‖
π

(JKM) (Eq. (23a)): (——);
I⊥0
I⊥π

(JKM)

(Eq. (23b)): (– – – –).

est value (< 1) for any given J when K = M = J . Accord-
ing to the Figure 1, the axis of CH3I molecules in |JJJ〉
state is always oriented along the quantization direction
E; but in the |J,K = J,M 6= J〉 states, on the other hand,
although the molecular axis coincides with J, it is not par-
allel to E. As pointed out by Kasedorf et al . [25], asym-
metries I0/Iπ can be used to determine both the |JKM〉
rotational state and orientation of a CH3I molecule pre-
pared by the hexapole field techniques [1].

3.1.2 Circular dichroism (CD)

It has already been shown in this paper that, in view of
(18), there is no CDIP (9) in the present example. Ac-
cording to equation (10), the CDAD is directly obtained
from the single parameter χ1(JKM ; p̂; k) given in equa-
tion (20b). When the circularly polarized (CP) ionization
radiation is made to be incident along E, CDAD calcu-
lated from equations (10) and (20b) is again found to
vanish identically. But on taking the CP photon beam
to be incident on the molecular target perpendicular
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to E, CDAD, given by

d2σCD(JKM)

dp̂(θp = π
2 , φp)dk̂

≡
dσ⊥CD(JKM)

dk̂

=
3

14π

√
15

2
(7− 5β)βσP 1 sin θk

× sin(φk − φp) cos δ, (24)

is found to exist. It contains a single Legendre moment
P 1 only, always has a sin θk distribution, and depends on
the phase (16) of the transition moments as well as on
the azimuthal angles φk and φp. For all |JKM〉 states of
an oriented CH3I molecule, CD (24) will always vanish
parallel (θk = 0◦) or antiparallel (θk = 180◦) to E, or
in the plane defined by |φk − φp| = nπ with n = 0−2
(i.e., which contains E, photoelectron as well as photon
beam). Furthermore, while CDAD (24) does not obviously
exhibit any forward-backward asymmetry with respect to
the photoelectrons emitted parallel or antiparallel to E, it
however has an asymmetry of −tanφp for photoelectrons
going out of the a1 orbital of a state selected and oriented
C3v molecule in the X-Z and Y -Z planes of the space
fixed frame of reference, i.e.,

dσ⊥CD(JKM)

dk̂(θk, φk = 0◦)

dσ⊥CD(JKM)

dk̂(θk, φk = π
2 )

≡
(σ⊥CD)x−z
(σ⊥CD)y−z

= − tanφp. (25a)

similarly,

d2σCD(JKM)

dp̂(θp = π
2 , φp = 0)dk̂

d2σCD(JKM)

dp̂(θp = π
2 , φp = π

2 )dk̂

≡
(σ⊥CD)x̂
(σ⊥CD)ŷ

= − tanφk, (25b)

That is, CDAD has an asymmetry of −tanφk for photo-
electrons ejected by the absorption of CP light incident
along the OX- and OY -axes of this space frame.

Figure 6 shows CD calculated from equation (24) for
the example in photoionization being considered in this
paper. It is obtained by taking δ = 0◦ and φk − φp = 90◦.
The dichroic effects for ionization in a given rotational
state in this case are always maximum when both CP
ionizing radiation and photoelectrons are moving perpen-
dicular to E. The other interesting thing about the CDAD
(24) shown in Figure 6 is that, for a given values of J and
θk, it is always minimum and maximum for photoioniza-
tion in 13a2

1 orbital of CH3I molecule oriented in space in
|J11〉 and |JJJ〉 rotational states of its ground electronic
motion, respectively. Even for other |JKM〉 states with
K = M , CDAD (24) is always found to increase for pho-
toionization from K = M = 1 to K = M = J state for
each of the J and θk values considered in Figure 6. The
axis of a symmetric top molecule in its |JKM〉 state with
K = M is known [17,18] to be along the space quantiza-
tion direction, with a maximum possible alignment along
E being in |JJJ〉 state. The behaviour of the CDAD (24)

Fig. 6. CDAD for photoionization in 13a2
1 orbital of CH3I

oriented in space in a single |JKM〉 state. The CP ionizing
radiation is incident perpendicular to the space fixed quanti-
zation direction E. This CD is calculated by using in equation
(24) δ = 0◦, φk − φp = 90◦, the values of σ and β measured
by Carlson et al . [38] for photon energy ε = 3.5 eV. θk = 30◦:
(— — —); θk = 60◦: (– – – –); θk = 90◦: (——).

shown in Figure 6 and discussed above, then obviously
means that dichroic effect in photoionization in 13a2

1 or-
bital of a state-selected and oriented CH3I is maximum
when the direction of incidence of the CP ionizing radi-
ation and of photoelectron detection are both perpendic-
ular to E and the axis of the target molecule is aligned
as much along E as possible. Furthermore, a single mea-
surement of (24) will give us P 1, i.e., the mean degree of
orientation 〈cosβ〉 of the axis of CH3I with respect to E
in Figure 1.

3.1.3 Linear dichroism

We know from equation (11) that LDIP for ionization in
any state-selected and oriented molecules is always zero. In
order to obtain LDAD, we first substitute the amplitudes
(15) and (16) in (20c) and then the subsequent expression
obtained for the parameter χ2 is used in equation (14a).
This will give us the expression for σLD(JKM ; k) (i.e., the
contribution to LDAD due to orientation of the molecule).
On adding to this σLD(JKM ; k) the usual state indepen-
dent part (13) arising from unoriented molecules, we fi-
nally find from equation (12)

dσLD(JKM)

dk̂
= −

15

56π

(
7

5
+

10

7
P 2 +

6

35
P 4

)
× σβ sin2 θk cos 2φk. (26)

Many important differences between the CDAD (24) and
the LDAD (26) are obvious. For example, in contrast to
a single odd Legendre moment P 1 present in (24), LDAD
(26) contains first three even Legendre moments P 0(= 1),
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Fig. 7. LDAD for photoionization in 13a2
1 orbital of CH3I

oriented in space in a single |JKM〉 state. The electric vector
in the LP ionizing radiation is perpendicular to the space-fixed
quantization direction E. This LDAD is calculated using in
equation (26) φk = π

2 and the values of σ and β measured by
Carlson et al . [38] for photon energy ε = 3.5 eV. θk = 30◦:
(— — —); θk = 60◦: (– – – –); θk = 90◦: (——).

P 2, and P 4. Thus, while CDAD (24) determines orienta-
tion of the molecule axis, LDAD (26) provides information
about the alignment of the rotational probability distribu-
tion of the molecule. Unlike (24), (26) is independent of
the phase δ defined in equation (16). In addition CDAD
and LDAD have two entirely different kind of dependence
on the photoelectron propagation direction k̂(θk, φk).

However, similar to CDAD, LDAD too does not pos-
sesses any forward-backward asymmetry in the photocur-
rent. In fact neither of these exists in the forward [k̂(θk =

0, φk)] as well as in the backward [k̂(θk = π, φk)] di-
rections. In addition, there is no LDAD if photoelec-
tron is ejected in a plane defined by the azimuthal angle
φk = (2n + 1)π/4. For a given |JKM〉 rotational state
and values of σ and of β, LDAD (26) will have same mag-
nitude for electron moving in the X−Z or Y−Z plane of
the space-fixed frame shown in Figure 1.

Figure 7 contains LDAD calculated from (26) for ion-
ization in 13a2

1 orbital of state-selected and oriented CH3I.
These results correspond to φk = π

2 for three different val-
ues of the polar angle θk. We see that for the same value of
sin θk and of sin2 θk, for the magnitude of sin(φk − φp) in
(24) same as that of cos 2φk, LDAD is almost one-third of
CDAD for a given |JKM〉. In any direction k, both CDAD
and LDAD have their maximum magnitudes for head ver-
sus tail orientation of CH3I, i.e., in |JJJ〉 state for a given
J . But two rotational state, |JKM〉 for which CDAD and
LDAD are minimum are different for the same J . For ex-
ample, CDAD has its minimum magnitude when CH3I is
oriented in |J11〉 state; whereas the minimum magnitude

for LDAD occurs for ionization in |JJ1〉 state, i.e., when
CH3I has a broad side orientation.

4 Conclusion

This paper shows that ARPES of molecules oriented in
space in a single rotational |JKM〉 state of their ground
electronic motion is completely characterized by seven in-
dependent dynamical parameters. Two of these are the
well known σ and β which completely characterize the
angular distribution of E1 photoelectrons ejected from a
randomly oriented molecule. Neither of these depend on
the experimental geometry or on the state |JKM〉. The
other two (σ(1), σ(2)), however, involve the state |JKM〉
but are geometry independent. The remaining three pa-
rameters (χ0, χ1, χ2) contain the rotational state |JKM〉
as well as experimental geometry. These seven parame-
ters are sufficient to study not only the integrated and
differential cross-sections for photoionization, but also cir-
cular and linear dichroisms in state selected and oriented
molecules.

The approximations developed by us in reference [15]
and described briefly herein are such that they can be used
to obtain, without doing any dynamical calculations, semi-
empirical qualitative results for photoionization in a1 or-
bital of any state-selected and oriented C3v molecule. The
only two quantities needed to perform such model calcu-
lations are σ and β. Such semi-empirical results provide
also a useful preliminary check on sophisticated ab-initio
calculations.

Both integrated and differential cross-sections for pho-
toionization in 13a2

1 orbital of CH3I have been calculated.
These show marked variation with respect to the rota-
tional state of the molecule as well as to the experimen-
tal configuration. We also find a pronounced asymmetry
in the photocurrent emitted parallel and antiparallel to
the orienting field. This asymmetry too varies significantly
with the two above mentioned factors. Such asymmetries
are useful in extracting information about the rotational
state as well as orientation of the molecule focussed by a
electrostatic hexapole field apparatus.

The other interesting result obtained from the present
study is that the integrated cross-section for photoioniza-
tion by light LP along the magic angle with respect to E,
or by RCP/LCP/UP radiation incident at the magic an-
gle, is totally independent of the rotational state selected
by the hexapole electrostatic field and has a value equal
to the total photocurrent measured in a typical experi-
ment on ionization of randomly oriented gaseous molecules
whose rotation has not been taken into account. This
property should be helpful in calibrating the complicated
apparatus used in studying angle-resolved photoelectron
spectroscopy of state-selected and oriented molecules.

Expressions for photocurrents emitted from such
molecules are quite complicated. However, these are con-
siderably simplified if one considers the difference between
two photocurrents produced by the absorption of light
of two different polarizations in the same experimental
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geometry, or of the same polarization in two different con-
figurations. Such a difference calculated for RCP and LCP
light shows that it has much simple analytical structure
and varies sharply with respect to the phases of the E1
transition moments. Therefore, one can, readily extract
information about photoionization dynamics by measur-
ing CDAD. However, as it depends in the present example
upon a single Legendre moment (i.e., P 1), CDAD may not
give complete information about the orientation distribu-
tion function of a state selected and oriented molecule.
But the difference in angular photocurrents ejected by the
absorption of radiation polarized linearly in two mutu-
ally perpendicular directions, i.e. LDAD, has a behaviour
which is entirely different from that of CDAD. For exam-
ple, although it too possesses a simple analytical structure,
LDAD is independent of the phase of E1 transition mo-
ments and contains in the present application, Legendre
moments of even order upto four. Thus CDAD and LDAD
provide, to some extent, complimentary information about
photoionization dynamics and about the orientational dis-
tribution function of the molecule. However, neither of
the two produces any forward-backward asymmetry in the
photocurrent. A single measurement of CDAD is sufficient
to extract the phases of the ionization amplitudes as well
as the mean degree of orientation of the molecular axis
about the weak and external homogeneous electric field E.

In order to take energy dependent effects and final
state interactions properly into account in a more accurate
application of the exact theory [14], one needs to do dy-
namical calculations including both correlation effects and
other short-range interactions, in addition to represent-
ing the photoelectron by higher than p-partial wave. But
such ab-initio calculations for complex non-linear molecu-
lar targets like CH3I will probably be quite arduous. How-
ever, the basic behaviour of the cross-sections with respect
to the energy of the ejected electron as well as to the
various variables mentioned in the preceding paragraphs,
which an exhaustive and accurate calculation of E1 ion-
ization amplitudes for CH3I is likely to give, will probably
be the same as brought out by the present qualitative
analysis, at least in those cases which do not involve the
phase δ, i.e., dσ(mr;JKM)/dθp and dσLD(0;JKM)/dk̂
given by equations (19) and (26), respectively. It will pri-
marily be so because the magnitudes (15) of the transition
moments used in this work, exactly reproduce the energy
dependent behaviour of both σ and β measured by Carl-
son et al . [38] over the whole range of photon energies
considered in their experiments on photoionization in un-
oriented CH3I. A single measurement of the differential
cross-section d2σ(0;JKM)/dp̂dk̂. (Eq. (21) or Eq. (22)),
of the ratio (23), or of CDAD (24), on the other hand,
will directly give us the phase δ, which has been left as a
parameter in these equations.

Nevertheless, any non-empirical calculations, however
difficult they may for E1 photoionization in state-selected
and oriented molecules, are highly desirable. It has al-
ready been mentioned in the Section 1 of this paper that
Powis [12] has performed, using the phenomenological
MS-Xα method [40,41], calculations for photoionization

in several molecular targets belonging to the C3v point
group. Among those [12], the one reported in reference [12]
was for ionization in 2e orbital of a CH3I molecule. Al-
though, it [12] is just the case which was also studied in
the experiment of Kaesdorf et al . [25], the CH3I molecule
by Powis was however taken to be fixed-in-space. Con-
sequently, unlike the semi-empirical study performed in
the present communication, none of the calculations re-
ported in references [12] describe photoionization of a
state-selected and oriented molecule.

Molecules belonging to the C3v point group are usually
heavy and, consequently, have small separation between
their rotational energy levels. But lighter linear molecules
like NO (Ref. [22]) and, recently, OH (Ref. [42]), have also
been state-selected and oriented in space using electro-
static hexapole field methods. All such molecules belong
to the C∞v point group. Their rotationally resolved photo-
electron spectra have successfully been observed in several
high resolution gas phase experiments [26] on unoriented
targets. The theoretical frame work developed in the Sec-
tion 2 in this paper is general as well as exact and can
be readily used to study ARPES of such linear molecules
which can be oriented in space in a single rotational state
of their ground electronic motion [22,42].

The calculations reported herein were carried out at the De-
partment of Computer Science and Engineering, IIT, Kharag-
pur. The authors are thankful to its personnel for their help.
This research was supported by the Department of Science &
Technology, India, under SP/S2/LO4/95. One of us (MC) is
thankful to the Council of Scientific and Industrial Research,
New Delhi, India, for the award of a Research Associateship.

References

1. K.H. Kramer, R.B. Bernstein, J. Chem. Phys. 42, 767
(1965); P.R. Brooks, E.M. Jones, K. Smith, J. Chem. Phys.
51, 3073 (1969); S.R. Gandhi, T.J. Curtiss, R.B. Bern-
stein, Phys. Rev. Lett. 59, 2951 (1987); D.H. Parker, R.B.
Bernstein, Ann. Rev. Phys. Chem. 40, 561 (1989).

2. The word “orientation” in this article always means, unless
stated otherwise, a relation between the molecular geome-
try and some reference axis. For example, a polar molecule
with its electric dipole moment vector fixed or revolving
about a fixed direction in space may be called “oriented”.

3. T. Huth-Fehre, A. Mank, M. Drescher, N. Bowering, U.
Heinzmann, Phys. Rev. Lett. 64, 396 (1990).

4. H.C. Choi, R.M. Rao, A.G. Mihill, S. Kakkar, E.D.
Poliakoff, K. Wang, V. McKoy, Phys. Rev. Lett. 72, 44
(1994).

5. S.T. Pratt, P.M. Dehmer, J.L. Dehmer, in Advances in
Multiphoton Processes and Spectroscopy, edited by S.H.
Lin (World Scientific, Singapore, 1988); K. Kimura, Int.
Rev. Phys. Chem. 6, 195 (1987).

6. J.W. Davenport, Phys. Rev. Lett. 36, 945 (1976).
7. D. Dill, J. Chem. Phys. 65, 1130 (1976); D. Dill, J. Siegal,

J.L. Dehmer, ibid 65, 9158 (1976); S. Wallace, D. Dill, J.L.
Dahmer, Phys. Rev. B 17, 2004 (1978); S. Wallace, D. Dill,
ibid 17, 1692 (1978).



266 The European Physical Journal D

8. R.J. Smith, A. Anderson, G.L. Lapeyre, Phys. Rev. Lett.
37, 1081 (1976).

9. N.A. Cherepkov, J. Phys. B 14, L623 (1981); Adv. At.
Mol. Phys. 19, 395 (1983).

10. E.W. Plummer, W. Eberhardt, Adv. Chem. Phys. 49, 533
(1982).

11. N. Chandra, Chem. Phys. Lett. 145, 173 (1988); J. Chem.
Phys. 89, 5987 (1988); ibid 92, 5814 (1990).

12. K.L. Reid, I. Powis, J. Chem. Phys. 100, 1066 (1994); I.
Powis, Chem. Phys. 201, 189 (1995); J. Chem. Phys. 106,
5013 (1997).

13. E. Shigemasa, J. Adachi, M. Oura, A. Yagishita, Phys.
Rev. Lett. 74, 359 (1995).

14. N. Chandra, M. Chakraborty, J. Chem. Phys. 95, 6382
(1991). This paper will henceforth be referred to as I. An
equation number of this paper referred to herein is enclosed
in parenthesis with the prefix I.

15. N. Chandra, M. Chakraborty, Z. Phys. D 41, 43 (1997).
16. R.D. Levine, R.B. Bernstein, Molecular Dynamics and

Chemical Reactivity (Oxford University Press, New York,
1987).

17. S. Stolte, K.K. Chakraborty, R.B. Bernstein, D.H. Parker,
Chem. Phys. 71, 353 (1982); S.E. Choi, R.B. Bernstein, J.
Chem. Phys. 85, 150 (1986); R.B. Bernstein, S.E. Choi, S.
Stolte, J. Chem. Soc. Foraday Trans. 85, 1097 (1989).

18. R.N. Zare, Chem. Phys. Lett. 156, 1 (1989).
19. R.B. Bernstein, D.R. Herschbach, R.D. Levine, J. Phys.

Chem. 91, 5365 (1987).
20. S.R. Gandhi, Qi-Xun Xu, T.J. Curtiss, R.B. Bernstein, J.

Phys. Chem. 91, 5437 (1987); S.R. Gandhi, R.B. Bern-
stein, Z. Phys. D 10, 179 (1988); Qi-Xun Xu, K.H. Jung,
R.B. Bernstein, J. Chem. Phys. 89, 2099 (1988).

21. P.W. Harland, H.S. Carman Jr., L.F. Phillips, P.R. Brooks,
J. Chem. Phys. 93, 1089 (1990); J. Phys. Chem. 95, 8137
(1991); P.R. Brooks, P.W. Harland, L.F. Phillips, H.S.
Carman Jr., ibid 96, 1557 (1992).

22. D. van den Ende, S. Stolte, Chem. Phys. 89, 121 (1984);
E.W. Kuipers, M.G. Tenner, A.W. Kleyn, S. Stolte, Nature
335, 420 (1988); Phys. Rev. Lett. 62, 2152 (1989); M.G.
Tenner, E.W. Kuipers, W.Y. Langhout, A.W. Kleyn, G.
Nocalsen, S. Stolte, Surface Sci. 236, 151 (1990); M.G.
Tenner, E.W. Kuipers, A.W. Kleyn, S. Stolte, J. Chem.
Phys. 94, 5197 (1991); F.H. Genzebrock, A.E. Wiskerke,
M.G. Tenner, A.W. Kleyn, S. Stolte, A. Namiki, J. Phys.
Chem. 95, 8409 (1991).

23. T. Kasai, T. Matasunami, T. Fukawa, H. Ohoyama, K.
Kuwata, Phys. Rev. Lett. 70, 3864 (1993).

24. See, for example, N. Bowering, in Selected Topics in Elec-
tron Physics, edited by D.M. Campbell, H. Kleinpoppen,
Proceedings of the P. Farago Symposium (Plenum, New
York, 1996) and references therein.

25. S. Kaesdorf, G. Schonhense, U. Heinzmann, Phys. Rev.
Lett. 54, 855 (1985).

26. See, for example, High-Resolution Laser Photoionization
and Photoelectron studies, edited by I. Powis, T. Baer,
C.Y. Ng (John Wiley, 1995).

27. Q.X. Xu, M.A. Quesada, K.H. Jung, R.S. Mackey, R.B.
Bernstein, J. Chem. Phys. 91, 3477 (1989).

28. L.V. Novakoski, G.M. McClelland, Phys. Rev. Lett. 59,
1259 (1987).

29. D.J. Leahy, K.L. Reid, R.N. Zare, J. Phys. Chem. 95, 8154
(1991).

30. D.A. Kohl, E.J. Shipsey, Z. Phys. D 24, 33 (1992); ibid 24,
39 (1992).

31. B. Ritchie, Phys. Rev. A 12, 569 (1975); N.A. Cherepkov,
Chem. Phys. Lett. 87, 344 (1982); R.L. Dubs, S.N. Dixit,
V. McKoy, Phys. Rev. Lett. 54, 1249 (1985); N. Chan-
dra, Phys. Rev. A 39, 2256 (1989); N.A. Cherepkov, V.V.
Kuznetsov, Z. Phys. D 7, 271 (1989).

32. C. Westphal, J. Bansmann, M. Getzlaff, G. Schon-
hense, Phys. Rev. Lett. 63, 51 (1989); G. Schon-
hense, Phys. Scr. T 31, 255 (1990); C. West-
phal, J. Bansmann, M. Getzlaff, G. Schonhense, N.A.
Cherepkov, M. Braunstein, V. McKoy, R.L. Dubs,
Surf. Sci. 253, 205 (1991); J. Bansmann, Ch. Os-
terlag, G. Schonhense, F. Fegel, C. Westphal, M.
Getzlaff, F. Schafers, H. Peterson, Phys. Rev. B 46, 13496
(1992).

33. N.A. Cherepkov, in Physics of Electronic and Atomic Col-
lision, edited by W.R. MacGillivra, I.E. McCarthy, M.C.
Standage, Invited papers of XVII ICPEAC (Hilger, Bris-
tol, 1992) p. 153; N.A. Cherepkov, G. Schonhense, Eu-
rophys. Lett. 24, 79 (1993); N.A. Cherepkov, Proc. Int.
Workshop on Photoionization, edited by U. Becker, U.
Heinzmann, (AMS, New York, 1993).

34. C.N. Yang, Phys. Rev. 74, 764 (1948).
35. A.R. Edmonds, Angular Momentum in Quantum Mechan-

ics (Princeton, New Jersey, 1974).
36. N. Chandra, J. Phys. B 20, 3405 (1987).
37. D.A. Varshalovich, A.N. Moskalev, V.K. Khersonskii,

Quantum Theory of Angular Momentum (World Scientific,
Singapore, 1988).

38. T.A. Carlson, A. Fahman, M.O. Krause, P.R. Keller, J.W.
Taylor, T. Whiteley, F.A. Grimm, J. Chem. Phys. 80, 3521
(1984).

39. N. Chandra, Chem. Phys. 108, 301 (1986).
40. K.H. Johnson, Adv. Quantum Chem. 7, 143 (1973).
41. F. Herman, A.R. Williams, K.H. Johnson, J. Chem. Phys.

61, 3508 (1974).
42. T.D. Hain, M.A. Weibel, K.M. Bactstrand, P.E. Pope, T.J.

Curtiss, Chem. Phys. Lett. 262, 723 (1996).


