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In this paper we show that circular dichroism in photoelectron angular distributions (CDAD)
can be used to probe atomic and molecular alignment in the gas phase. Careful choice of photon
(left or right circularly polarized ) propagation and photoelectron collection directions breaks the
cylindrical symmetry of the target, giving rise to dichroic effects. CDAD exists in the electric
dipole approximation. We illustrate the sensitivity of CDAD to alignment by considering
photoionization of the 4 X * state of NO. Most of the cases of alignment we consider are created
by multiphoton absorption while the others, more general, might be created in fragmentation,
desorption, etc. The alignment created by n-photon absorption quickly reaches a classical limit
which is reflected in the CDAD spectrum. Finally, we show that CDAD is also a sensitive probe
of gas phase atomic state alignment by considering photoionization of the 7P, , state of cesium
created by single photon absorption from the ground state.

INTRODUCTION

In recent years, studies of orientational effects in chemi-
cal processes have attracted much attention due to the de-
tailed dynamical information these studies can provide. Ex-
amples of such studies include atom-diatom collisions,’
unimolecular processes,” electron stimulated desorption of
adsorbed molecules,> and molecular scattering from sur-
faces.* Preparation of reactants with well characterized
alignment and subsequent detection of product alignment/
orientation are integral parts of such investigations. The
methods for creating aligned species include electronic’ or
atomic® impact, application of external electric and magnet-
ic fields,” photofragmentation,®® and photoabsorption.'*"?
The detection of product alignment, on the other hand, has
commonly been accomplished by measuring the fluores-
cence polarization®® resulting from either direct spontane-
ous emission or laser induced fluorescence.

In this paper we propose a new method for probing the
alignment in atomic and molecular systems; namely, mea-
suring the circular dichroism in photoelectron angular dis-
tributions (CDAD). CDAD spectra are obtained by taking
the difference between angle-resolved photoelectron spectra
(ARPES) for left and right circularly polarized light.
Historically, circular dichroism (CD) has been associated
with chiral molecules which lack a plane of symmetry and an
inversion center.!3~!6 However, recently we have shown that
CD can exist in photoelectron angular distributions from
photoionization of oriented linear molecules'” and adsorbed
atoms.'® Though previous studies of CDAD!*!51920 a5
sumed strong spin-orbit coupling or high multipole interac-
tions, our analyses'”!® showed that a proper choice of elec-
tron collection and the photon propagation direction can
break the cylindrical symmetry of the target and give rise to
dichroic effects in the electric-dipole approximation. We
have also pointed out that CDAD studies often provide in-
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formation complementary to that obtained from the ARPES
studies. In this paper, we demonstrate that CDAD can also
be used as a probe of the alignment of a gas phase target state.
Since CDAD cannot exist in an isotropic target for symme-
try reasons, the very existence of CDAD, therefore, implies
alignment of the target. In addition, the shape of the CDAD
spectrum provides details about this alignment.

The state of an atom or a molecule with total angular
momentum J is said to be aligned if the population of the M,
magnetic sublevels is nonuniform. Alignment is differentiat-
ed from orientation in that the former requires the popula-
tions of M, and — M, states to be equal. Absorption of a
linearly polarized photon from an isotropic initial state
creates an aligned state whereas absorption of a circularly
polarized photon gives rise to an oriented state. In this paper,
we shall use the term “alignment” loosely to include orienta-
tion, the actual anisotropy being described by the popula-
tions of the M, levels. CDAD exists from aligned as well as
oriented states and, as we show, is very sensitive to the details
of the alignment.

In this paper, we shall discuss CDAD arising from pho-
toionization of the 4 >2™ state of NO. We shall consider
alignment created in this 4 2™ state by mulitphoton ab-
sorption and will also choose some general alignments to
illustrate the variation of CDAD with alignment. Finally,
we examine CDAD in the photoionization of the 7P;,, state
of Cs created by a single photon excitation from the ground
68, state. It should be emphasized that while Parzynski’s
analysis?® of CDAD from atoms required strong spin-orbit
coupling, this coupling is not necessary for the existence of
CDAD. We include this coupling in our calculations, how-
ever, since it is present in the cesium atom.

Finally, a pump-probe type experiment can be designed
as follows to observe CDAD in gas—phase atomic and molec-
ular systems: Step I: (creation of alignment); n-linearly po-
larized photons resonantly excite the isotropic initial state of
atoms or molecules. The polarization vector of these pho-
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tons defines the laboratory frame z axis. Step 2: (measur-
ment of the alignment ) ; the excited state is photoionized by a
second laser with either left or right circular polarization
and co-propagating with the first laser beam. Photoelectron
angular distributions are then measured in the plane perpen-
dicular to the photon propagation direction by rotating the
direction of linear polarization. By delaying the probe beam
relative to the pump, CDAD can also be used to monitor the
evolution of alignment due to collisions.’®

THEORY

In this section we present the theory related to using
CDAD as a probe of alignment. The analysis can be separat-
ed into a part dealing with the calculation of the anisotropy
(alignment) in the atomic or molecular state and a part dis-
cussing CDAD from this aligned state. For the sake of sim-
plicity we shall only consider alignment resulting from pho-
toabsorption. Alignment created by other methods
mentioned in the previous section can be calculated in an
appropriate manner. Likewise, we will assume that the
aligned state is ionized by a single left or right circularly
polarized photon. Generalization to multiphoton ionization
out of the aligned state can be carried out with a few addi-
tional steps. ]

(M, |DolJ, _ M;, )T, M,

Alignment of the excited state by multiphoton
absorption

Consider an excited state alignment created by absorp-
tion of a single photon, linearly polarized along the z axis of
the laboratory frame. In this case, the electric dipole moment
operator can be written as

12
Do=(;43£) E":Ylo(;':)s (D

where 7, is the magnitude of the position vector of the s
electron and 7, is the position of this electron in the laborato-
ry frame. For a transition from an isotropic initial state with
total angular momentum J,, (all M states are equally popu-
lated) to an intermediate state with angular momentum J,
the alignment in the intermediate state, described by the po-
pulation of various M; sublevels p,,, , can be written as'’

Pim, < z |(JM;|Do|JoM;,) |2, (2a)
M,
« <J01MJ°O|JMJ)2- (2b)

In Eq. (2b), (J,1M, 0]JM,) denotes a Clebsch-Gordan co-
efficient. For a n-photon absorption from a |J,M, ) state to
|JM), psp, is similarly written as''

1 |D0|Jn - 21‘11,,_z )'"<J1MJ. |D0|JOMJO>

P, 3 | 3

M, | I,
k=1n-1

where fiw is the photon energy and E, ’s denote the energy of
the |J, M, ) state. Both Eqs. (2) and (3) are valid under
weak field excitation conditions. For clarity, we have sup-
pressed all other indices needed for the designation of var-
ious states. Note that p,,, , given by Egs. (2) and (3), sa-
tisfy psu, =ps_m, i€, the state J is aligned and not
oriented. For one-photon absorption, relative values of p,,,
depend only on the Clebsch—Gordan coefficients while for
an n-photon (2> 1) absorption, even the relative values of
Psm, depend on the particular atomic or molecular system.
Only in special cases where J = J;, + n can the relative popu-
lations be represented purely by Clebsch—Gordan coeffi-
cients.

Probing the alignment using CDAD

In this subsection we shall discuss CDAD in photoioni-
zation out of an aligned state. If (d *0/dQ,dQ; ) (JM,) de-
notes the differential photoionization cross section (DCS)
for the state | /M) then the total (m-averaged) DCS out of
the excited state is,!!

2

= 2P a0 a0,

M;

dﬂhdﬂk —(M,), (4)
where p;,,, are populations in the states |JM,) that charac-
terize the alignment. The CDAD spectra are obtained by
taking the difference in the DCS’s from Eq. (4) for left and
right circularly polarized light. The m-resolved DCS
(d?%0/dQ,dQ; ) (M) is proportional to the square of the

photoelectron matrix element I} wa e written as?!

(Eo — E; + #i) (Ey — E, + 2Hiw0) [ Ey —

b

E,_, +((n— o]

U 1M = (501D, [, )- (5)

In the above equation, z, denotes the polarization index (0
for linear and + 1 for circular polarization) in the ionizing
photon frame, and [¢,,,,) and |¢ {;’) the initial and final
states, respectively. In the following, we will describe the
calculation of this bound-free matrix element for photoioni-
zation of the 4 *’2* state of NO and of the 7P, , state of Cs.

Molecules

For the 422+ state of NO, the wave function |¢/,,,,)
can be described in Hund’s case (b) as*

2N +1
NSMM|JM
S 3, (NSMM M)

4 (R ")y, (R)ISM5). (6)

¢JM,E|7’ANSJMJ> =
X s ({r;};,R)D Y

Here primed coordinates refer to the molecular frame while
unprimed coordinates refer to the laboratory frame. P53 is
the electronic wave function that depends on the internu-
clear separation, R, y, (R) is the wave function for the vibra-
tlonal state v, and |SMs) is the spin wave function.

(R ) denotes the symmetric top rotational wave func-
tlon with total (rotational plus electronic) angular momen-
tum N, the projection of this angular momentum along the z
axis of the molecular frame being A (A = Ofor 3 states, + 1
for IT states, etc.), and the projection along the z axis of the
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laboratory frame being M. The notation of Rose™ is used
throughout. R’ refers to the coordinates of the laboratory z
axis in the molecular frame. The factor y (2N + 1)/87 en-
sures normalization of the total wave function. y contains all
other subscripts necessary for an unambiguous designation
of the state.

The continuum function ¥ f;’ is a product of wave
functions for the photoelectron |¢) and the resulting molec-
ularion |y A N, S, J M, ):

Vi =Y A NS I M, ). )
We calculate ¢ §’ using the iterative Schwinger variational
technique.?! The electronic wave function for the continuum
electron can be expanded in partial waves'":

8= |3 m0) 3, te™ MY 20 (D o (Rt (FHR).
ImA

(8)

m, is the projection of the electron spin on the laboratory
frame z axis. k denotes the photoelectron momentum and &
its direction in the laboratory frame. /mA denote, respective-
ly, the angular momentum of the electron and its projections
along the laboratory and molecular z axes. The ionic wave

function can be written as |
Iy = . / [QN. + DN+ D] 3
o
MM
M. Ms,

A A NS, J.M, )

2N, +1
T S NLSM M UM, )
M. My,

X9 {BERY., 1S Ms )DY- (R, (9

where v ,J .M, , and A, denote, respectively, the ionic
vibrational quantum number, the total angular momentum
quantum number, and the projection of J, on the laboratory
and molecular z axes. S, is the total spin of the ion and M
its projection on the laboratory z axis.

In the single particle picture, D, of Eq. (5) can be writ-
ten in the frame of the ionizing photon as

= (47/3)'7rY,, (). (10)
As the coordinate frames of the exciting and ionizing pho-

tons need not coincide, we must transform D, into the
frame of the exciting photon. D, can then be written as

47T 2 AII 1 Ar ar
D, = ZD JR") S DL, (R"Y,, (*).
u
(11)

Here,R " specifies the coordinates of the z axis of the ionizing
photon frame in the laboratory frame. # is the coordinate of
the position vector in the molecular frame.

Substituting Egs. (6), (7), (8), (9), and (11) into Eq.
(5) and integrating over molecular orientations, Eq. (5) be-
comes

rF(S, 1/2Ms_m,,|SM)

XDL, (R")(N,S.M,Ms_|J .M, )(NSMMs|IM,)

X ( —i)leh'“Y,m (I;)( — AL M, z

(U1 —=Au"|Np" —A)YI1—mu|N,pu— m)

N, 2N, +1
X{NN, M —M_|Nm —u){NN,A—A_|NA—pu"), (12)
where
T = 1. (R x, (RR (13)
and
P& = (P RO, (LR [rY e () |84 (i BR)) (14)
denotes the photoionization electronic transition moment.
Using Eq. (12), Eq. (4) can be written as
d?o
= — 1) 11— L'0)B1Ew Ye—ae (B ) Yiong (6,.8,), (15)
dQ,;dQﬁ ) EPJM z ( Kol im Yo _a (G ) Yop (6,8,
where
BLLM =[QL+1(L'+1)]'? Z 211 ,m“(—l)"'_
m, 1
NI, M, 1:’;
X [(21+ 1) 21" + 1)]V21'00|L 0) !l — mm'|LM ') {11 — pup'|L'M ") (16)

and
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;’m“ = [(2N+ + DN+ l)]l/2 %( _i)l( _ 1)A+—M* % (— l)ﬂ—y'eiﬂu -’?'T(S;I/ZMS,_”'UISMS)
V “

X (NSMMs|JM,)(N .S, M Ms; [ .M, )3 ———
{ sM; +++s*'+l*;,(2N,+l

X{1—mu|Np—m)y{NN,A—A_INA—u"){NN.M—M_|Nm—u).

In the above equations, a refers to the variables
m,,N,,J M,  and(6,,4,)and (6,,4,) denote, respec-
tively, the collection angle of the photoelectron and the
propagation direction of the circularly polarized ionizing
photon in the laboratory frame.

Equation (15) makes calculation of ARPES spectra
simple. The B17.,,. are calculated once for a given photon
energy, after which Eq. (15) is used to quickly calculate
spectra for any alignment, light polarization, or experimen-
tal configuration of photon propagation direction or elec-
tron collection direction.

The CDAD signal is defined as the difference in the
differential cross section of Eq. (14) for left and right circu-
larly polarized light."”

do“t=% _ do*'!  do”!

d0idQ, d0;dQ, d0;dQ,
In Eq. (15), only ( — 1)#e{11 — pgu,|L '0) depends on the
polarization of the photon. Thus, due to the symmetry prop-
erty
(g — po|L'0) = ( — 1) (11 — g po|L '0), (19)
only terms in which L' =1 will contribute to CDAD. In
addition, due to the symmetry properties of 77, 5, only

terms for which M’ = + 1 will contribute to CDAD and the
corresponding B, , ., will be pure imaginary numbers."’

(18)

Atoms

For atoms, the bound-continuum matrix element is still
defined by Eq. (14) where®*

(=)) —4 T 723 . o —i&l'Y*, ,(12)
|¢j:k T % 1'20 Z 1'1 e I'm

XY Ry (r){'4m'm, |J'm3) |13 'm} ),
m
' 20)
197" = R,y () |1 3Jm, ), 1)

and
Um,) =3 3 {mm, |Im,;) Y, (F)|ym,).  (22)

Both the radial wave functions, R, (r) and the phase shifts
8, are calculated as in Ref. 24. # and k are expressed in the
laboratory frame. The dipole moment operator D, , ex-
pressed in Eq. (10), is rewritten as

172
D, = (%) rS DL (RMY, ().
m

Substituting Eqs. (20)-(23) into Eq. (5), Egs. (15)

(23)

M, Mg
MM

L (1= AN 1)

(17)

Iand (16) are again obtained, with the sums over K |,/ , and
M omitted anda = m,, in Eq. (16). Now I'{, , is defined as

o1 I8y T
I?’m’u' =(_,)1e‘l rﬁ(_l)J+I+1/2

X |2 1+ nar+ e
47

x> (l'im'mo|J'm;)[I, a £]

~ J 11
X J 1m,u'|J 'm}) {1 100|1°0), (24)
where
15 = (Rgy (D |r|R,; (7). (25)

RESULTS AND DISCUSSION
Molecules

In this section we present the results for CDAD in pho-
toionization of the 4 2X* state of NO. The ionizing photon
wavelength is chosen to be about 225 nm. The bound-free
matrix elements were taken from the calculations presented
in Ref. 22. In Fig. 1, we present ARPES spectra for left and
right polarized light and the resulting CDAD spectra. Fig-
ure 1(a) corresponds to single photon J, = 1/2-»J = 3/2
excitation to the A state while Fig. 1(b) corresponds to
Jo = 3/2—J = 5/2 excitation. The relative populations p,,
are given in Table I (cases A and B). Both CDAD spectra
have a sin 26, dependence. This is a reflection of a one-pho-
ton absorption alignment. Mathematically, the sin 26, de-
pendence arises because only ,, , , contribute to CDAD in
this case. At 8, = 45° CDAD spectra are about 15% of
ARPES spectra. The relative strengths of CDAD and
ARPES spectra depend on specific values of molecular pa-
rameters and could be different for other systems.

In Figs. 2(a) — 2(c) we present CDAD and ARPES
spectra for individual M, (1/2, 3/2, and 5/2) states of the
A?2%(J=5/2) level. The relative populations are again
given in Table I (cases C, D, and E). Case C corresponds to
two-photon excitation from a J, = 1/2 state. Although the
alignments described by cases D and E cannot be produced
by multiphoton absorption of linearly polarized light, they
might result from photofragmentation reactions, gas-solid
scattering, desorption, etc. In addition, a state initially pre-
pared in a M, = 4 1/2 state may evolve, e.g., by collision,
into a state with a distribution of M, values.®® In this case,
the net CDAD spectrum will be a weighted sum of the spec-
tra for individual M, values. Note that from an isotropic
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state (all M,’s equally populated), CDAD cannot exist for
symmetry reasons. The sum of the CDAD spectra in Figs.
2(a), 2(b), and 2(c) thus gives a spectrum of zero magni-
tude at all angles.

It is clear from these results that CDAD spectra are
quite sensitive to the relative populations of the M, states.
Comparison of one- and two-photon CDAD [Figs. 1(b)
and 2(a) ] indicates that CDAD probes the anisotropy of the
aligned excited state. While the single-photon excitation
CDAD are proportional to Y, , , (6,4, ), the two-photon
excitation CDAD can be expressed as a linear combination
of Y, . ,(6,.4:) and Y, ., (6,.8,), the relative weights of
which depend on the particulars of the process. In fact, one
can show (although the algebra is quite tedious) that
CDAD spectra in photoionization from an n-photon excited
state will contain terms Y, ,, up to
Y, +1(6k,9: ). The ARPES spectra, on the other hand,
contain terms up to Y, . 1y.. (8x.@ ). This difference is a
consequence of the fact that CDAD spectra, each being a
difference between two ARPES spectra, have lost the infor-

) AT

mation about the final photoionization step and are there-
fore only sensitive to the alignment in the n-photon excited
state. Mathematically, this result is a direct consequence of
the fact that, for the ionizing photon, L’ can only take the
value of 1 for CDAD"” while it can have its maximum value
of 2 for ARPES.

What happens to the CDAD spectra as more and more
pump photons are absorbed? In Fig. 3, the ARPES and
CDAD spectra are shown for photoionization from the 4
state with the alignment created by the J, = 1/2—J = 11/2
five-photon absorption from the X state (case F in Table I).
Note that the magnitude of the CDAD spectrum has in-
creased slightly to 25% of the ARPES spectra, but otherwise
appears very similar to that for the alignment created by
two-photon absorption [Fig. 2(a)]. The CDAD spectrum
for photoionization out of an aligned state prepared by the
Jo = 1/2—J = 21/2 ten-photon absorption is found to be
virtually identical to that in Fig. 3. Thus, the alignment of
the molecule appears to quickly reach a limit after which
absorption of additional photons has little effect.

.24 + + +
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nw o
2 < gl : I
o e
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FIG. 2. Differential cross section vs the collection angle 8, for left (L) and right (R) circularly polarized light and CDAD from the 4 >Z* state of NO. For
allcasesJ = 5/2. (a) M, = + 1/2 (TableIcase C); (b) M, = 4 3/2 (Tablel, case D); (c) M, = + 5/2 (Table], case E). Alignment for (a) created by

two-photon absorption J, = 1/2—J = 5/2.
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TABLE I. Relative populations 2 p,,,, of M, states.

Case J —=11/2 —9/2 —7/2 —=5/2 -3/2 —-1/2 172 372 572 7/2 972 112 Comment
A 3/2 0 1 1 0 One-photon 1/2—3/2
B 5/2 0 2/5 3/5 3/5 2/5 0 One-photon 3/2—5/2
C 5/2 0 0 1 1 0 0 Two-photon 1/2-—+—5/2
D 5/2 0 1 0 0 1 0 See the text
E 5/2 1 0 0 0 0 1 See the text
F 1172 0 0 0 0 0 1 1 0 0 0 0 0  Five-photon 1/2——s—>——11/2

THE CLASSICAL PICTURE OF THE ALIGNMENT

To understand the above limiting behavior, let us con-
sider a rigid rotor in a |J,M,) state. If all the M, states are
equally populated, the spatial distribution of the rotor axis is
simply

P(0,9) =Y Py, (6.8) = | Ygo|? = const. (26)

M,

In the absence of the spin-orbit coupling, absorption of n-
linearly polarized photons will lead to a spatial distribution
| Y0 |2. Absorption of n-photons in molecules with spin-orbit
coupling will give rise to spatial distributions involving
| ¥, |2,m #0 as well. For example, a two-photon transition
from |1/2 1/2)—|5/2 1/2) in NO will lead to a spatial dis-
tribution

Ps/y12(0,8) = (21720 1/2|5/2 1/2)3| Y,

+ (21721 = 172|5/2 1/2)3| Yy, 2
(27)

Similarly a five-photon 1/2—11/2 transition implies
Pi121206,8) = (51720 1/2|11/2 1/2)?| Y, |?

+ (51721 —1/2|11/2 1/2)?| Y5, |~
(28)
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FIG. 3. Differential cross section vs the collection angle 9, for left (L) and
right (R) circularly polarized light and CDAD from the 4 X * state of NO.
Alignment created by five-photon absorption J;, = 1/2—J = 11/2 (Table
1, case F).

Using the method described in Ref. 25, we have performed
photoionization calculations from oriented NO molecules
(ignoring spin) whose orientations in space are weighted by
| Y52 The results for |Y,0(6,8)|* and |Y50(6,8)|* are
shown in Figs. 4(a) and 4(b), respectively. Comparing
these with fully quantum mechanical calculations [Figs.
2(a) and 3], we see that the classical calculation agrees well
with the quantum mechanical one for five-photon absorp-
tion (| ¥5,|*) while for two-photon absorption the agreement
is poor. This discrepancy is not due to a diminishing distribu-
tion of | Y,, |* with increasing J but rather due to the fact that
the distributions | ¥,,|* and |¥,, |* become more and more
similar for high J. In other words, | Y| and |¥s,|? have
similar spatial distributions whereas | Y,|* and |Y,,|? have
quite different ones. Thus as J increases, |Y,,|* accurately
describes the spatial orientation of the excited 4 2+ state.
This statement is also a reflection of the decreasing impor-
tance of the 1/2 unit spin at high J.

We are now in a position to understand our earlier ob-
servation that alignment of a molecule appears to quickly
reach a limit after which absorption of additional photons
has little effect. To examine the 6 dependence of the align-
ment of a molecule after it has absorbed J photons we look at

|YJO(0’¢)'ZSin 0: (29)
where the sin @ accounts for the increase in solid angle with
increasing 8. As J increases, the | Y,, (6,4) | oscillates more
and more rapidly (with Jnodes from 8 =0to 8 = 7). If we
replace this rapidly oscillating part by its average value,?® we
find

¥,0(6,8)|2 = —1— for J large and 0>%.

277 sin 0

Near the z axis | Y, (6,4 ) |? has a large finite value; however,
this contribution is cancelled by the sin € in Eq. (29). Note
that the right-hand side of Eq. (30) is independent of J. For
this reason, after a few photons are absorbed, the alignment
quickly reaches a limit. As we have shown, the CDAD spec-
tra clearly reflect this fact.

(30)

Atoms

In Fig. 5, ARPES and CDAD spectra are shown for
photoionization from the 7P, , state of Cs. The alignment of
the state is created by one-photon absorption from the 65, ,,
state (Table I, case A). The energy of the ionizing photon is
assumed to be equal to the energy difference between the
65, and 7P, , states. The required atomic parameters were
calculated using the quantum-defect theory. We again note
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the sin 26, dependence of the CDAD spectrum, a signature
of the one-photon alignment.

The magnitude of the CDAD spectrum is only about
25% that of the ARPES spectra. However, in Ref. 18 we
showed that the magnitude of the CDAD spectrum for pho-
toionization from an oriented oxygen p orbital was about
50% that of the ARPES spectra. The reason for this differ-
ence in relative magnitude is threefold:

(1) As discussed in Ref. 18, CDAD from atoms arises
solely from interference between the /—/+ 1 and /—/ — 1
photoionization channels. Thus, while the magnitude of the
ARPES spectra depend roughly on |{ p|r|kd }|?, the CDAD
spectradependon |( p|r|ks)| - |{ p|r|kd }|. By itself, this fact
actually makes the relative magnitude of the O atom CDAD
spectrum about 75% that of Cs.

(2) CDAD from atoms depends on sin (§,, ; — &8,_ )
where 8, ,,6,_, are the phase shifts for the/ + 1and / — 1
photoionization channels, respectively.’ This fact favors the
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FIG. 5. Differential cross section vs collection angle 8, for left (L) and
right (R) circularly polarized light and CDAD from the 7P, , state of Cs.
Alignment created by one-photon absorption 65, ,,—7P;,;.

magnitude of the O atom CDAD spectrum over that for Cs
by a factor of ~2.

(3) The Cs calculation incorporates spin-orbit cou-
pling. The P,,, state is actually a linear combination of
(J,M) = (1,0) and (1,1). Photoionization from a (1,0)
state has a sin 26, dependence, while photoionization froma
(1,1) state has the same dependence, but opposite in sign
and half the magnitude.® This result is a consequence of the
fact that CDAD from an isotropic distribution of states, i.e.,
equal population of (1,0), (1,1),and (1 — 1), must vanish’®
and that CDAD spectra for photoionization from the (1,1)
and (1 — 1) states are identical. The net result favors the
magnitude of the O atom CDAD spectrum over that for Cs
by 4/3.

The three abovementioned factors give rise to the over-
all factor of 2 between the relative magnitudes of the CDAD
spectrum for O atom and Cs when compared to their corre-
sponding ARPES spectra.

As a final note, we point out that the 15%-25% magni-
tude of all the CDAD spectra shown should not be discour-
aging. For alignment created by photoabsorption or photo-
fragmentation in which the polarization of the light defines
the laboratory frame of the experiment, only the polarization
vector must be rotated to vary @,—the electron detector
need not be moved. In addition, CDAD must vanish for
symmetry reasons at 8, = 0and §, = 90'"'8 and, therefore,
the ARPES spectra at these angles for left and right circular-
ly polarized light must be equal. This should make normali-
zation of the left and right ARPES spectra convenient.

CONCLUSIONS

We have demonstrated that CDAD can be used to probe
alignment of atomic and molecular states in the gas phase.
CDAD exists in the electric dipole approximation without
the necessity of spin-orbit coupling. Although we used mul-
tiphoton absorption to create alignment, CDAD should be
useful in probing alignment created by other means as well.
Our results indicate that CDAD is about 15%-25% of
ARPES for photoionization of the 4 22 * state of NO and
for photoionization of the 7P, ,, state of cesium. We believe
that the estimated 15%-25% magnitude of CDAD makes
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these measurements feasible. Because the ARPES spectra
for right and left circularly polarized light can be normalized
at§, = 0°and 6, = 90° (where CDAD must vanish by sym-
metry),'”'® some of the uncertainties in the experimental
data could be eliminated.
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