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The photoionization process NO A 2~+ (v=O, N=22) -.NO+ X I~+ (v+=O, N+) +e- is 
stu~ied with sufficient photoelectron energy resolution that the photoelectron angular distri
butions (PADs) associated with individual rotational levels N+ of the ion are determined. 
By. ionizing with left and right circularly polarized light and observing the change in the ro
tatIOnally resolved PADs, we can deduce all dynamical information, including the signs of 
the relative phase shifts of the photoelectron partial waves. This information constitutes the 
first complete description of the photoionization of a molecule. We discuss the consistency of 
our dynamical parameters with the Rydberg series of NO. We present a general formalism 
for (1 + 1') resonance-enhanced multiphoton ionization (REMPI) PADs for rotationally 
res~lve? i~n states using linearly po.larized light for excitation and elliptically polarized light 
for IOnIZatIOn. Based on the dynamIcal parameters determined from our fit, we use this for
malism to predict the total system state, i.e., three-dimensional PADs and polarization of ion 
rotational levels following photoionization. 

I. INTRODUCTION 

Photoelectron angular distributions (PADs) have long 
been used as a means of probing atomic photoionization 
dynamics. 1 The appropriate use of light polarization allows 
us to deduce the cross sections for each partial wave con
tributing to the photoionization and the phases between 
these partial waves. For photoionization of an atom from 
the state I nl' >, spherical symmetry and the dipole approx
imation limit the photoelectron angular momentum I to 
the two values l' - 1 and l' + 1. In this case, the cross sec
tions of a/=/'±I for the accessible partial waves and the 
relative phase shift D between these partial waves provide a 
complete description2 of the photoionization process. This 
complete description must include the "sign" of the rela
tive phase shift (i.e., D must be distinguished from 21T-D); 
this sign can be determined only when the experimental 
geometry imposes a "handedness" on the observations. 
This requirement for handedness may be satisfied by using 
helical light to cause photoionization. 

For molecular photoionization, the task of performing 
a complete experiment is more challenging. The internal 
degrees of freedom of molecules (vibration and rotation) 
create a much higher density of states, both above and 
below the ionization potential. Because the ionization dy
namics depend on the nature of the ionizing transition (es
pecially on the change in angular momentum states), 
quantum-state-specific observations are desirable. Indeed, 
a complete description of the photoionization process can
not be obtained without this specificity. We employ the 
method of (1 + 1') resonance-enhanced multi photon ion
ization (REMPI) to prepare a single rovibrationallevel for 
photoionization. The use of two different frequencies of 
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light for the excitation and ionization steps permits the 
formation of photoelectrons with low kinetic energies 
(0.1-0.2 e V). Time-of-flight photoelectron spectroscopy of 
these slow electrons yields an energy resolution of 2.5 meV 
(20 cm -I). This resolution is sufficient to resolve ion ro
tational levels for the photoionization process NO A 2~+ 
(v=O, N=22)-.NO+ X I~+ (v+=O, N+). Here, v and 
N denote the vibrational and rotational levels, respectively; 
the superscript + refers to the ion. The earliest "state-to
state" photoionization studies of this system were pub
lished by Reilly and co-workers.3 Miiller-Dethlefs and co
workers have studied the photoionization of NO with very 
high photoelectron energy resolution, using a threshold 
photoionization method [zero-electron kinetic energy 
(ZEKE)].4 However, the quantitativeness of this method 
is somewhat hampered by the effects of rotational autoion
ization5 and by a limited capacity for angular resolution.6 

A further advantage of the (1 + 1') REMPI method is 
control over the angular momentum alignment of the in
termediate state. This alignment helps us selectively posi
tion the molecular axis with respect to the polarization 
vector of the ionizing light beam. Because molecules lack 
spherical symmetry, many photoelectron partial waves can 
contribute to the photoionization process-the atomic se
lection rule (al=l' ± 1) no longer applies and the degen
eracy of the molecular frame I sublevels is broken. We 
restrict our discussion to the case of cylindrically symmet
ric (i.e., linear) molecules; here, each 1 wave has (2/+ 1) 
distinct A components, where A is the projection of 1 on the 
internuclear axis. Thus, a relatively large number of scat
tering parameters need to be determined. To perform an 
adequate fit to the experimental results, we need a large 
number of independent observables. To satisfy this require
ment, we have measured rotationally resolved photoelec
tron angular distributions at a number of different laser 
polarization geometries, taking the fullest advantage of the 
angular momentum alignment. 
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In our previous experiments,7,8 both the excitation and 
ionization light beams were linearly polarized, and we var
ied the angle aT between their polarization vectors. Ex
panding on a short publication,9 we report new results 
complementary to our earlier work. Here, the ionizing 
light is circularly polarized, and we have measured the 
difference in the angle-resolved photoelectron flux that re
sults from photoionization with left and right circularly 
polarized light lO as we rotate the linearly polarized excita
tion vector. This method is known as circular dichroism in 
photoelectron angular distributions (CD AD) II and was 
first applied to molecular photoionization by Appling 
et aL 12-14 The CDAD spectra yield information on the 
handedness of the photoionization process. Our observa
tions provide a single-valued best fit to the relative phases 
~/)'_lt).t between the asymptotic partial waves 11A) and 
II' A'). In contrast, our earlier work 7,8 was not sensitive to 
the sign of the relative phases, and the best fit was double 
valued in ~/)._[t).t. 

In Sec. II A, we present a general formalism for PADs 
following (1 + 1') REMPI. The theory is specific to the 
case in which the excitation light beam is linearly polar
ized, the counterpropagating ionization light beam is ellip
tically polarized, and both the intermediate and ion elec
tronic states have l: symmetry. The equations apply to 
rotationally resolved PADs. This formalism is easily spe
cialized to the limiting cases of linear or circular polariza
tion. In Sec. II B, we extend the discussion of a "coherent 
control" experiment proposed by Asaro, Brumer, and Sha
pirols to experiments involving sequential absorption of 
photons from two independently polarizable light beams. 
In Sec. III, we describe our experiment. In Sec. IV A, we 
present our experimental results for the system 
NOA 2l:+(V=O, N=22) ..... NO+ X Il:+ (v+=O, N+) 
+e-. The CD AD spectra are compared with the rotation
ally unresolved results of Appling et al. 13 We perform a 
nonlinear least-squares fit of the data to equations pre
sented in Sec. II A to deduce the magnitudes and phases of 
the dipole matrix elements that connect the NO A 2l: + 
state to the partial waves that describe the ionization con
tinuum. In this fit, we simultaneously consider the linear 
polarization data of Allendorf et al. 7 In Sec. IV B, we dis
cuss the resulting dynamical parameters generated by the 
fit and compare them with the theoretical predictions of 
Rudolph and McKoy.16 In Sec. IV C, we discuss in more 
detail the meaning of a complete experiment in the context 
of molecular photoionization. Last, we use our dynamical 
parameters to predict both the three-dimensional photo
electron angular distributions and the ion angular momen
tum polarization (alignment and orientation) for specific 
final rotational levels. 

II. THEORETICAL DEVELOPMENT 

A. Photolonlzatlon using elliptically polarized light 

In this section, we present expressions for the angular 
distributions of photoelectrons following (1 + 1') REMPI 
in which the intermediate and ion electronic states have l: 
symmetry, the excitation laser is linearly polarized, and the 

AI=225.6nm 
(linear~ 

'f +Z 

x 

-z. A2=313.5 nm 
(circular) 

FIG. 1. A diagram of the experimental geometry. The light beams prop
agate along the Z axis. The detector lies in the XY plane (8=90'). 

ionization laser is elliptically polarized. We use essentially 
the same formalism we have before,I7 which relies heavily 
on the work of Dixit and McKoy.18 At the end of this 
section, we specialize the equations to the situation where 
the ionizing laser is circularly polarized, i.e., we present 
equations specific to the experiment presented in this pa
per. 

We define the laboratory Z axis to lie along the coun
terpropagating excitation and ionization light beams (Fig. 
1). We will refer to this reference frame as the "propaga
tion frame." The +Z direction is the direction of propa
gation of the ionizing light beam. The X axis is chosen to 
lie along the linear polarization vector of the excitation 
light beam. The distribution of M N sublevels prepared by 
the excitation is described by the density matrix elements 
PMNM't. [see Eqs. (7)-(9) of Ref. 17]; with our choice of 
frame, the density matrix elements are real. 

We then consider ionizing this distribution of M N sub
levels with elliptically polarized light that has a propaga
tion vector parallel (or anti parallel ) to that of the exciting 
light. Using a semiclassical description, we write the ellip
tical polarization vector as a superposition of left and right 
circularly polarized light 

eellipt= (E~I +E:' I ) -1I2[E+I exp(ia+l)e+1 

(1) 

where 

'" '" 1 '" A) e+l =eleft=-:p.(ex+zey (2) 

and 

'" '" 1", "') e_1 = eright =-:p.(ex-zey (3) 

are the unit polarization vectors for left and right circularly 
polarized light, respectively. The amplitudes E/lo control 
the degree of elliptical polarization-if E _\ = E + \' then the 
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light is linearly polarized; if either E _lor E + 1 is zero, then 
the light is circularly polarized. The phase difference 
(a -1 - a + 1) controls the orientation of the major axis of 
the ellipse. This axis lies in the XY plane (see Fig. 1) at an 
angle a to the X axis, where 

a (4) 

In general, the intensity of photoelectrons in the solid 
angle described by sin ° dO difJ, where ° and ifJ are the polar 
angles, is given by 

(5) 

Here, Y LM( O,ifJ) are spherical harmonics and the values of 
the {3LM coefficients depend on the photoionization dynam
ics, the density matrix, and the angular momentum cou
pling. Within the electric dipole approximation, the maxi
mum value of L is 2n, where n is the number of photons 
involved in the excitation-ionization process. Conservation 
of parity constrains L to take even values. In general, M 
can take all integral values from - L to L, although the 
range of M is limited by the symmetry of the light polar
ization in the chosen frame. Note that in our previous 
work,17 we chose the polarization vector of the linearly 
polarized ionizing light to be the quantization axis (we 
denote this frame as RLZ). To transform the {3LM coeffi
cients ofEq. (5) from the propagation frame into the RLZ 
frame, we must rotate the PADs through the Euler angles 
(a, rr/2, rr/2), where a is defined in Eq. (4). Thus 

(6) 

where rii'M~ are the coefficients in the frame of Ref. 17. 
For the purposes of this paper, we are interested in the 

ifJ dependence of Eq. (5). The explicit form of this azi
muthal dependence is as follows: 

I(O,ifJ) = L{3LO YLO (O,O) + L YLM(O,O) 
L L,M=#) 

X [Re({3LM)cos MifJ-Im({3LM)sin MifJ]. (7) 

For circularly polarized light, this expression reduces to 
Eq. (2) of Ref. 9. The {3 LM coefficients can be related to the 
magnitude r/J .. and the phase rtf A of the dipole matrix ele
ment connecting the intermediate state to a given photo
electron partial wave I lit), 17,18 

(8a) 

and 

X [cos(alLQ -aJLo)sin( rtf A -rtf' ,p) 

+ sin (alLQ -aJLo ) cos ( rtf A -rtf' A')] 

(8b) 

(9a) 

(9b) 

where fLo= ± I is the projection of the ionizing photon 
angular momentum on the laser propagation axis, 
a JLo - JLo = a JLo - a JLo' and {jIA-f'A' = rtf A - rtf'A" The 
SLMIAILQ/'A'JLO coefficients contain the density matrix and the 
angular momentum coupling and are specific to a value of 
N+ . These coefficients are related to the 
rN+ IAmlA'm;(8 r ) coefficients in Eq. (15) of Ref. 17 as 

follows: 

'" [(21+ 1 )(2/' + 1 )(2L+ I) ]112 
= £.. (-l)mIE E, 

, ILQ 1'0 4rr 
ml"'l 

( 
I l' L ) ( I I' L

O
) 

X ml -m; MOO 

X rN+IAmlA'm; (8r =900), (10) 

where the appropriate values for fLo and fLo must be in
serted into Eq' (13) in Ref. 17. We note that, due to a 
typographical error, the factor ( - 1) ml was omitted from 
Eqs. (6) and (17) in Ref. 17. 

The expressions for the {3LM coefficients above can be 
specialized to the cases of linearly or circularly polarized 
ionizing light by using the appropriate values of a JLo and 
EILQ in Eqs. (8), (9), and (10). For linearly polarized light, 
only the first term ofEq. (8a) and the second term ofEq. 
(9a) contribute, and the intensity is dependent on the co
sine of the phase differences between partial waves 
{jIA-I' A": 

X (cos alLQ-JLo+i sin alLQ-JLo)' (11) 

When PADs of this form are observed, analysis yields 
double-valued results for the relative phases because 
{jU-I'A' is indistinguishable from 2rr - {jIA-I'A" Compari
son ofEq. (11) with Eq. (6) in Ref. 17 reveals that, for 
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linearly polarized light, a simpler expression results if the 
polarization vector is chosen as the quantization axis. 

For circularly polarized light, only the first term of Eq. 
(8a) and the first term ofEq. (9a) contribute to the sums, 
and the photoelectron intensity is sensitive to the handed
ness of the photoionization process through the depen
dence on the sine of the phase differences between partial 
waves 

(12) 

Here, the sum over f.Lo and f.Lo has been collapsed because, 
in the propagation frame, f.Lo takes only one value when the 
light is circularly polarized. In addition, M is restricted to 
the values 0 and ±2, and the imaginary term of Eq. (12) 
makes a nonzero contribution only when L=2 and M 
=±2. 

In this paper, we are particularly interested in the dif
ference in intensity that results from photoionization with 
left and right circularly polarized light at each angle cP, i.e., 
the CDAD signal. In our experimental CDAD geometry, 
the detector is in the XY plane (see Fig. 1) and so the angle 
o is fixed at 90·. Using Eqs. (7) and (12), we can write the 
CDAD intensity for each ion rotational state as 

IcDAD(cp) =Ileft(CP) -Iright(cp) 

=I(O=90·,cp,f.Lo= + 1) -I(O=90·,cp,f.Lo= -1) 

{i5 
= 'J2;Im(!322)sin 2cp, (13) 

where 1m (!322) must be evaluated for f.Lo= -1, i.e., E+ I =0 
and E _ 1 = 1. We note that for a given partial wave, the 
maximum aN( =N+ -N) for which CDAD occurs is 
given by I WI max = /- 1. In our calculations, this result is 
independent of the dynamical parameters rt) .. and D[).._[I)..I. 

B. "Coherent control" 

In 1988, Asaro, Brumer, and Shapiro l5 proposed that 
the angle-resolved branching ratio in a photofragmentation 
process could be controlled by varying the polarization of 
a single light beam acting on a J, M-selected state. In their 
scheme, this polarization is equivalent to controlling the 
phase relation between two beams of light, one left circu
larly polarized and the other right circularly polarized. 
This coherent control is a quantum mechanical interfer
ence effect in which the dissociation level can be reached by 
more than one pathway; in this case, the two pathways 
correspond to absorption of left or right circularly polar
ized light. Our experiments can be regarded as a variation 
of this concept. Absorption of one photon establishes a 
certain amount of M selection in a molecular ensemble. A 
second photon, with independently controllable polariza
tion, interacts with this M-selected ensemble. The two light 
beams do not have a coherent phase relationship, but the 
memory of the first photon remains in the polarization of 
the molecular ensemble, and this polarization can lead to 
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FIG. 2. The time-of-f1ight photoelectron spectrum of the (1 + 1') photo
ionization process NO X 2n(v=o, J=22.S)_A 2~+(v=O, N 
=22) -NO+ X 1~+(v+=O, N+) +e-. The full width at half-maximum 
(FWHM) of each peak is 2.5 meV. 

quantum interferences. We have reported modest control 
over the angle-integrated rotational branching ratios fol
lowing the photoionization of NO (see, e.g., Table V of 
Ref. 8). For this system, the extrema of the angle
integrated branching ratios are realized by using linear po
larization geometries-the aN=I=O transitions are mini
mized for 9 r=0· and maximized for 9 r=90·. Thus, our 
experiments demonstrate quantum interference effects that 
can be controlled and manipulated by the experimentalist, 
and as such are an example of coherent control. 

III. El;(PERIMENT 

The photoelectron spectrometer has been described 
previously.7,s The excitation light beam was tuned to res
onance with the X 211(v=0) -..A 2~+(v=0, N=22) P21 

+ QI (22.5) transition of NO at 225.6 nm. The ionization 
light beam was tuned to 313.5 nm, matching the wave
length used by Allendorf et al. 7 in their linear polarization 
study of the same system. Unlike in our earlier work, both 
lasers were unfocused. The energies of the excitation and 
ionization light beams were 500 nJ/pulse and 100 f.LJ/ 
pulse, respectively. A careful study of photoelectron signal 
vs excitation and ionization laser power showed that no 
detectable saturation of either step was present under these 
conditions (see Ref. 19 for a discussion of saturation effects 
for this system). We note that partial saturation of either 
step will reduce the effective anisotropy of the process and 
cause a decrease in magnitUde of the CDAD signal. A 
typical photoelectron time-of-flight spectrum is shown in 
Fig. 2. An especially high signal-to-background ratio al
lowed us to observe the very weak aN = ± 3 transitions in 
this experiment. Over the range of kinetic energies mea
sured in this experiment (from 136 me V for aN = + 3 to 
203 me V for aN = - 3 ), the detection efficiency of the ex
periment was not constant owing to the effect of small 
stray electric fields generated by nonuniform surface po
tentials of the drift tube. A linear detection efficiency pa
rameter was included in the data analysis to correct this 
artifact; the resulting correction modified the intensities of 
the aN= ±2 peaks by ± 10%, respectively. 
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Circularly polarized light was prepared by passing lin
early polarized light at 314 nm through a zero-order 
quarter-waveplate centered at 314 nm (Special Optics) at 
normal incidence. The quarter-waveplate was rotated such 
that its optic axes formed 45· angles with the plane of 
polarization. The handedness of the outgoing light beam 
depends on the relative orientation of the "net fast axis" of 
the quarter-waveplate and the plane of polarization. To 
determine the handedness of the light (and thus to deter
mine which of the two optic axes of the quarter-waveplate 
was "fast"), we analyzed the beam with a single Fresnel 
rhomb (Karl Lambrecht), exploiting the well
characterized behavior of the phase shifts on total internal 
reflection.2o In other words, we knew which "axis" of the 
rhomb was fast and we used this knowledge to assign the 
fast and slow axes of the quarter-waveplate. When properly 
oriented, the rhomb restored the circular polarization to 
linear; the direction of this linear polarization revealed 
whether the input beam had left- or right-handed helicity. 

With this knowledge of the sense of helicity, we re
corded photoelectron angular distributions for both left 
and right circularly polarized light. These measurements 
were made by rotating the plane of polarization of the 
linearly polarized excitation beam with a zero-order half
waveplate. As before, our time-of-flight spectrometer gave 
an energy resolution of -2.5 meV, sufficient to resolve 
single rotational levels of NO+ for values of N+;;;dO. The 
rotationally resolved time-of-flight spectra were recorded 
at nine angles spanning 180· for each helicity of the ion
ization beam. Details of our data acquisition method are 
given in Refs. 7 and 9. For this experiment, we accumu
lated data for 25 000 laser shots at each angle. This effort 
resulted in approximately 2200 counts per angle for the 
strong IlN( -=N+ -N) =0 transition, approximately 150 
counts per angle in the weaker IlN = ± 1 and ± 2 transi
tions, and perhaps eight counts per angle for the IlN = ± 3 
transitions. 

IV. RESULTS AND DISCUSSION 

A. Experimental results and fit to dynamical 
parameters 

In Fig. 3, we show the polar plots of the experimental 
PADs that result from photoionization with left and right 
circularly polarized light for each ion rotational state de
noted by IlN =N+ -N. In Fig. 4, we replot these results 
on Cartesian axes along with the CDAD spectrum for each 
IlN. We can immediately see a significant CDAD signal for 
1lN=0 and IlN= ± 1, but very little for IlN= ±2. Fur
thermore, we observe that the sign of the CDAD spectrum 
for IlN = 0 is opposite to that of the IlN = ± 1 transitions. 
This result is significant because the selection rule21 1lN+/ 
=odd is good for };-}; transitions. The rotational resolu
tion permits independent observation of lht-{'),.' contribu
tions for the even / waves (s and d, with 1=0 and 2, 
respectively) and the odd / waves (p and J, with / = 1 and 
3 ). 

As in our earlier work,7,8 we have chosen a P21 + QI 

transition for the excitation. This transition has mostly Q 

left circular 
polarization 

t.N=-2 
~oo=10.7 

t.N=-l 
~oo=4.3 

t.N=O 
~oo= 100 

t.N=+1 
~oo=4.6 

t.N=+2 
~oo= 11.8 o 

righ t circular 
polarization 

o 

FIG. 3. Polar plots of the experimental photoelectron angular distribu
tions (PADs) for five ion rotational levels. The plots are scaled to uni
form size; the angle-integrated cross sections /300 are listed on the left. The 
rp dependence is depicted in the b.N = 0 left circular polarization plot. The 
error bars represent 2a uncertainties. The solid lines are the predictions of 
the model based on the results of the fit shown in Table I. 

character (P:Q is about 1:8 for the transitions we have 
studied) and provides the highest degree of alignment 
available to us for the higher values of N. Because the size 
of the CDAD signal is proportional to the degree of align
ments, II this choice maximizes the CDAD signal. White 
and co-workers have previously observed the rotationally 
unresolved CDAD spectra of NO for various branches. 13 

The transition most similar to our study was P21 
+Ql(16.5). They quote the coefficient of sin 24> in this 
CDAD spectrum [see Eq. (13)] to be -0.104±0.005 for 
this transition, normalized to the PAD intensity at 4> 
=90·.13 They also calculate (by ab initio methods) the 
rotationally summed CDAD coefficient to be -0.206. The 
coefficient we obtain when we rotationally sum our CDAD 
spectra and normalize to the PAD intensity at 4> = 90· is 
+0.204±0.012, which is essentially the same in magnitude 
as the theroretical calculation of Ref. 13. The difference in 
N value does not account for the large discrepancy between 
the magnitude of the experimentally determined CDAD 
coefficient given in Ref. 13 and that found in this study 
(the sign of the CDAD spectrum is discussed below). The 
most likely explanation is that Appling et al. 13 partially 
saturated the optical transitions. We note that the excita-
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FIG. 4. Cartesian plots of the PADs and the CDAD spectra for three ion rotationalleve1s. The Yaxes indicate the number of electrons observed at each 
angle. The circles denote the signal from ionizing with left circular light; the x's, from right circularly polarized light; and the squares are the difference 
signal IcDADCtP). The error bars represent 2a uncertainties. The solid lines are the predictions of the model based on the results of the fit shown in Table 
I. 

tion light beam used by Appling et al. was 1000 times more 
intense than that used in our experiment. 

Analysis of the experimental data required close atten
tion to established conventions regarding the definition of 
left- and right-handed light. The angular momentum ofleft 
circularly polarized light is taken to point parallel to the 
propagation vector, while that of right circularly polarized 
light points antiparalle1.22 In quantum mechanical terms, 
this means simply that for right circularly polarized light, 
f.Lo= -1. Classically, right circularly polarized light, when 
viewed toward the source of the light beam, has its electric 
vector revolve in a clockwise sense as time moves forward. 
Thus, right circularly polarized light has the phase of the 
~ component 90· ahead of the e y component [see Eq. (3)]. 
The experimental determination of the ionizing light 
beam's helicity is discussed in Sec. III. Our choice of 
phases for rotational wave functions, described in Ref. 17, 
follows that of Zare.23 By expressing our formalism in the 
propagation frame, we have avoided rotating the frame of 
the circularly polarized photon, an operation that would 
cause a helicity change depending on whether the rotation 
is considered in the "active" or "passive" sense.24

,25 It is 
this frame rotation that makes a direct comparison of the 
sign of our CDAD spectra with the rotationally summed 
predictions of Appling et al. 13 difficult. We assume that the 
choice of reference frame is what gives rise to the sign 
discrepancy between our measurement and the theoretical 
prediction in Ref. 13. 

The best way of comparing our results with theoretical 
predictions is to fit our experimental data to extract the 
dynamical parameters ro. and fJIA.-I'A.' [see Eqs. (8) and 
(9)] and compare them with those calculated by Rudolph 
and McKoy.16 To perform this fit, we use the data shown 
in Fig. 3, along with the PADs reported by Allendorf 
et al. 7 in which the ionization light beam was linearly 

polarized with 0 T=0· and 0 T =90·. Although the transi
tion studied in this linearly polarized work was P21 

+ Q1 (25.5), one of the assumptions of the model is that the 
photoionization dynamics are independent of the rota
tional level ionized. We have reanalyzed our earlier data 7 

to include data for all transitions with I aNI <;4 in our fit. 
Although the signal-to-noise ratio for the aN = ± 3 and 
± 4 transitions was low (the signal was actually zero for 
± 4), this inclusion improved considerably the quality of 
the fit for the d and/waves. The ion rotational resolution 
is essential for us to obtain a unique fit to all of the dy
namical parameters. We fit the linearly polarized data to 
Eqs. (7) and (11) and the circularly polarized data to Eqs. 
(7) and (12) using calculated values for the S parameters. 

The dynamical parameters riA. and fJIA.-I'A.' that result 
from the fit are presented in Table I. As discussed in Ref. 
8, the partial wave expansion of the photoelectron wave 
function has been truncated at 1=3. We see that the dy
namical parameters have been well determined and that 
the signs of the phase differences fJIA.-I'A.' have been de
duced. To clarify our discussion, we present the phases 
over the interval (-180·, 180·), as opposed to the more 
conventional interval (0·,360·). The parameters listed in 
Table I (together with the total ionization cross section, 
measured by Zacharias, Schmiedl, and Welge26 to be 7.0 
X 10- 19 cm2

) constitute a complete description of this mo
lecular photoionization process (see Sec. IV C). 

The PADs predicted by the results of the fit are shown 
as solid lines in Figs. 3 and 4. We find the fit to be satis
factory; the statistical uncertainties of the data represent 
the vast majority of the error for all but the aN=O tran
sitions. For this transition, the statistical error bars are 
relatively small, and some residual systematic error (per
haps up to 5% of the intensity) is visible. We attribute the 
systematic error to small deviations from ideal polarization 
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TABLE I. Parameters resulting from the fit of experimental data for 
photoionization of NO via the A 21:+ (u=O) state. Also shown are the 
results of the ab initio calculation of Rudolph and McKoy (Ref. 16). The 
rl). values are normalized so that their squares sum to unity. The total 
ionization cross section [0-=7.0(9) X 10- 19 cm2] has been measured by 
Zacharias, Schmiedl, and Welge (Ref. 26). The values in parentheses 
represent 10- uncertainties. Other relative phases (e.g., {jd1T-''') can be 
calculated easily from the values listed here. 

Parameter Fita Ab initiob 

r", 0.204(2) 0.158 
r p" 0.503(11) 0.278 

rfJ1T 0.471(6) 0.537 

rd" 0.166(30) 0.221 

rd" 0.073(15) 0.020 

rf" 0.321 (25) 0.358 

rf" 0.244(13) 0.268 
{jfJ1T-p" + 12.4°( 1.5) +9.9° 

{jd"-d,, -68°(13) -92.8° 

{jf1T-f" -1°(18) -1.6° 

°da-sa -157"(9) + 173.7" 
{jfq-pq -59°(14) -76.3° 

"The relative phases in Ref. 8 included the phase factor of i '. Thus, the 
definition of {jd"-,,, and {jfq-p" differs from that of Ref. 8 by 180°. 
~e phase factors of i' and (-1)" have been removed from the phases 
given in Ref. 16. 

quality of the two light beams and to minor beam path 
deviations that arise from the rotation of the waveplates. 

B. Dynamical interpretation and comparison with 
ab initio results 

Our interpretation of the photoionization dynamics for 
the system NO A 2};+ ..... NO+ X 1};+ +e- remains essen
tially unchanged.7,8 The photoionization cross section is 
dominated by the contribution of the p wave, which shows 
little preference for parallel or perpendicular character. 
This interpretation agrees well with the description of the 
NO A 2};+ state as an s Rydberg state. We see sufficientf 
wave in the photoionization to indicate that the NO+ ion 
potential has a significant quadrupolar moment. The small 
partial cross sections for the sand d waves suggest that the 
dipole moment of the potential must be relatively weak. 
Because our results agree so well with the ab initio calcu
lations of Rudolph and McKoy (see beloW),16 the one
electron picture seems adequate to describe the direct 
photoionization of the NO A2};+ state. 

The new information on circular dichroism obtained 
from this experiment is the observation of contributions 
from terms that are proportional to sin 8/),._/,),., [see Eq. 
(12)]. The results of the fit are better determined as a 
result of this additional observation. Perhaps more signif
icant is that the overall fit no longer has double-valued 
relative phase shifts 8u _/'),.'. The physical interpretation of 
the phase shift is the relative attractiveness of the potential 
for the outgoing partial waves 11,1,) and 11',1,,).27 In our 
earlier work, we determined only the size of the relative 
phase shift. Our CDAD spectra have revealed which par
tial waves are actually attracted more strongly than the 
others. 

An interesting parallel can be drawn between the 
Rydberg series of NO and our observed relative phase 
shifts for the transition dipole matrix elements for ioniza
tion from the A 2}; + state. The continuity between high
lying Rydberg states and near threshold photoionization 
continuum states has long been recognized; this continuity 
is the focus of the quantum defect theory.28 The quantum 
defect is known to be directly related to the scattering 
phase shift. Although the relative phase shifts we have 
deduced from our photoionization experiment are not the 
same as scattering phase shifts, a qualitative analogy can 
still be drawn between these two quantities. An obscuring 
detail is that, in general, molecular Rydberg states do not 
have good quantum numbers for I and A; so the one-to-one 
correspondence between the "nIA" Rydberg series and the 
asymptotic 1,1, partial wave is only approximate. The Ryd
berg series of NO, however, are relatively unscrambled by 
the anisotropic ion core potential, especially in the p and f 
series. For this reason, the quantum numbers I and A are 
fairly good for these series. 

Applying these ideas to the case in hand, we consider 
our observation that the phase of the prr(A= ± 1) partial 
wave is advanced by + 12° with respect to that of the pa(A 
=0) partial wave. The sign of this phase suggests that the 
prr wave is more attracted to the ion core than the pa wave. 
This result is completely consistent with the relative sta
bility of the npA Rydberg states, just below the onset of the 
ionization continuum. The nprr states have a larger quan
tum defect (J-Lprr=0.75) than the npa states (J-Lpa=0.66)29 
and are correspondingly more strongly bound. The relative 
phase shift predicted by these quantum defects is (J-Lprr 
-J-Lpa)rr= +0.28 rad, or + 16°, in good agreement with 
our result. A similar result is found for the fa and frr 
partial waves-our fit reveals almost no phase difference, 
and the Rydberg series have essentially the same quantum 
defect J-Lj),. =0.03. The agreement for the phases between 
the p andfpartial waves is less good. Our fit reveals 8/a- pa 
to be - 59°, but the Rydberg series quantum defects give 
(J-Lja-J-Lpa)rr= -1.98 rad, or _113°. This discrepancy 
arises at least in part because of the I-dependent Coulomb 
phase shift, which we have not included; thus our analogy 
is overly simplistic for the comparison of partial waves 
with different values of I. Last, because of the relatively 
mixed nature of the "s" and "d" Rydberg series,30 we can
not easily apply these arguments to interpret the relative 
phases of the sand d partial waves. 

In the right-hand column of Table I we list the ab initio 
dynamical parameters calculated by Rudolph and 
McKoy.16 In general, there is excellent agreement, includ
ing the signs of the phase differences. We note that the 
8drr- da and 8da- sa relative phases do not agree within the 
uncertainty of the fit, but because these quantities are ob
tained from a relatively small amount of information, 
namely, the weak aN=±! and ±3 transitions, we are 
reluctant to draw conclusions about these discrepancies. 
As an alternative way of comparing their results with ours, 
we have calculated rotationally resolved CDAD spectra 
using their parameters. The results are shown in Fig. 5, 
scaled for comparison with the results of our fit. Although 
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FIG. 5. A comparison of the predictions of the fit with the ab initio predictions of Rudolph and McKoy (Ref. 16). The solid lines were calculated using 
the experimentally derived parameters listed in the first column of Table I, while the dotted-dashed lines are the theoretical predictions derived from the 
second column. The scaling of the ab initio results to the results of the fit was performed such that the total photoionization cross section was equal for 
the two calculations. 

their prediction AN = 0 CDAD signal (the major contrib
utor to the rotationally summed signal) is in good agree
ment with our measurement, we see that the agreement is 
less good for AN = - 1 and that there is a large discrepancy 
for the rotational levels corresponding to AN= -2. Al
though we observed almost no CDAD signal for the IlN 
= - 2 transition, the parameters of Rudolph and McKoy 
predict a CDAD signal that is up to - 30% of the helicity
averaged signal. Also, as we have observed before,8 there is 
substantial disagreement between the experimental (AN 
=0):(!lN= ±2) branching ratio and the theoretical pre
diction for this quantity. The reason for this discrepancy is 
the difference between the result of their calculated value 
and our fit value for the ratio r pa:rp1T' i.e., the fraction of 
parallel character of the p wave. In light of our results, we 
are quite confident that the true value for this ratio is ap
proximately one, as opposed to their calculated value of 
approximately one-half. 

C. Completeness in molecular photoionizatlon 

A complete (or "perfect") scattering experiment has 
been defined by Bederson31 and Kessle~ to be an experi
ment that permits the unique determination of all of the 
theoretical parameters that completely describe the pro
cess. "Completely describe" means that all the quantities 
of the system state that result from the process can be 
predicted with knowledge of these theoretical parameters. 
In the case of photoionization, one must be able to predict 
unambiguously the internal state distribution of the ion, 
including its alignment and orientation, the three
dimensional photoelectron angular distributions, the angle
resolved spin orientation of the photoelectron, and all pos
sible vector correlations between these quantities. Subject 
to the approximations and assumptions of our formalism 
discussed below, the dynamical parameters rI)o. and 

D/J .. _!'),! are sufficient to completely describe the photoion
ization process NO A 2};+ -+NO+ X 1};+ +e-. 

The assumptions we have made in deeming our exper
iment complete should be discussed. As is usual, we neglect 
the contributions of interactions of higher order than the 
electric dipole. We truncate the photoelectron partial wave 
expansion at 1=3 (see Refs. 7 and 8) because there is no 
sizeable contribution from rotational transitions with 
I IlNI > 2. We assume that the photoionization dynamics 
are independent of the molecular rotational level and that 
the photoionization dynamical parameters are constant 
over the range of photoelectron kinetic energies involved in 
our experiment (136-203 meV). The influence of nuclear 
and electronic spins in our system of study is very weak, 
although nonzero. Therefore we expect the emitted photo
electron to have negligible spin polarization. Finally, for 
this photoionization process (but not in all cases; see, e.g., 
Ref. 32), the relative phase shifts between even and odd 1 
waves are unobservable (disregarding a measurement of 
the coherence between N+ levels) and have been excluded 
from 
Table I. 

Using the dynamical parameters from the fit, we can 
predict the angular momentum polarization (i.e., align
ment and orientation) of the molecular ion formed in each 
final rotational level. The procedure for doing this is ex
plained in Sec. II C of Ref. 17. When the ionizing light is 
circularly polarized, the ensemble of rotational angular 
momentum vectors of the ion can be oriented as well as 
aligned. Alignment refers to the situation in which the 
ensemble of N vectors has the symmetry of a double-ended 
arrow, while orientation arises when the N vectors point 
preferentially in one direction like a single-ended arrow. In 
Fig. 6, we show the angular momentum polarization of the 
NO+ ion for N+ =22, 23, and 24 following the excitation 
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&1-+1 

FIG. 6. Predictions of the three-dimensional distributions of the rota
tional angular momentum of NO+ calculated from the results of the fit 
listed in Table I. The view is from a point in the YZ plane above the Y 
axis (not shown). 

P21 +Ql(22.5) to the A 2l:+ state with left circularly po
larized light, based on the dynamical parameters listed in 
Table I. Because the excitation step is essentially a Q tran
sition, the ensemble of N vectors in the intermediate state 
lies preferentially parallel to the polarization vector, i.e., 
along the X axis. As in our earlier work,8 we predict that 
for the !IN=O transition, this alignment is essentially un
changed by the ionization. For the llN = + I transition, the 
ionization step favors those N vectors that are more nearly 
parallel to the propagation vector, and we see that the 
distribution ofN+ vectors bends toward the +Z axis, giv
ing rise to orientation. The !IN = + 2 transition causes ori
entation in the opposite direction. For each value of !IN, 
we predict the opposite orientation for + llN vs -llN 
transitions; e.g., llN = - 1 would look essentially like llN 
= + 1, except that the orientation would be in the -Z 
direction. This situation is exactly analogous to bound
bound transitions-P and R branches create opposite ori
entation upon excitation with circularly polarized light. 
Although the direction of orientation changes when the 
helicity of the light is reversed, the shape of the distribution 
of N+ vectors does not change. This is different from the 
PADs, which show no orientation, but have different 
shapes following photoionization with left and right circu
larly polarized light. In Fig. 7, we show the three
dimensional photoelectron angular distributions for the 
same transitions as those plotted in Fig. 6. As in Fig. 6, 
these PADs have been calculated by using the dynamical 
parameters deduced from the fit. The CDAD sin 2rp depen
dence appears in these plots as a left-right asymmetry. The 
direction of the skewing is seen to be opposite for the llN 

L1N=+1 

&1=+2 

FIG. 7. Predictions of the three-dimensional PADs calculated from the 
results of the fit listed in Table I. The view is from a point in the YZ plane 
above the Yaxis (not shown). 

=0 and llN= + 1 transitions. On the other hand, because 
virtually no CDAD spectrum is predicted for the !IN = + 2 
transition, the PAD is almost cylindrically symmetric. 

v. CONCLUSIONS 

We have presented the first observation of circular di
chroism in photoelectron angular distributions (CD AD) 
for rotationally resolved ion levels. We observe that this 
dichroism depends on the ion rotational level and in par
ticular note that the nonobservation of CDAD for our IlN 
= ± 2 PAD is an important measure of the pa to p1T ratio 
in the photoelectron wave function. We have been able to 
determine the signs of the relative phases between photo
electron partial waves and so have probed the handedness 
of the photoionization process. Because our results consti
tute a complete description of the photoionization process 
NO A 2l:+(v=0,N)-+NO+ X1l:+(v+=0,N+)+e-, we 
have also predicted three-dimensional PADs and the po
larization of the angular momentum of the final ion rota
tionallevels. We have presented a formalism that is general 
for any degree of ellipticity of ionizing light and for any 
alignment of the level ionized. 
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