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Polarized absorption spectroscopy of A-doublet molecules: Transition 
moment vs electron density distribution 
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Polarized two-photon photodissociation ofNOz in the region of 480 nm yields NO(v" = 0) 
with an anisotropic distribution of J. Measured polarization ratios are compared to quantum 
mechanical calculations for a range of expected ratios for the various isolated and mixed 
branches ofthe NO X2n1/2 -+A 2~ + transition. Theoretical results show that main branches 
and their respective satellites (e.g., R II and R21 branches) have the same transition moment 
directionally, though their intensities are in general different, implying that care is needed in 
interpreting polarization data from the mixed branches, such as (Q21 + R ll ) or (QI1 + P21), 

which measure the n+ and n- A doublet, respectively. Recognition of this fact is particularly 
important for properly separating the consideration of electron density distributions of A 
doublets from transition moment directionalities, as this has been a source of confusion in the 
literature. The measured results indicate that the principal two-photon photoexcitation 
pathway in N02 photolysis is 2AI-+ 1 2B2-+2 2B2, with moderate A " state mixing in the 
intermediate. 

I. INTRODUCTION 

Polarized absorption and emission spectroscopies en
hance our understanding of photoexcitation-fragmentation 
processes by illuminating their vector properties. Product 
transition intensities, gathered as a function of pump-probe 
relative polarization, can be used to establish the presence of 
dissociation anisotropy and characterize the electronic tran
sitions underlying parent photopreparation. 1-7 The specific
ity of polarization information has progressed with the reso
lution of state-to-state photolysis experiments. For some 
time, product alignments have been observed in spontaneous 
emission from excited photoproducts following photodisso
ciation.8- 12 More recently, information has been added on 
ground state photoproduct polarizations in triatomic disso
ciations by laser-induced fluorescence. 13-15 

Access to higher-lying states and expanded opportuni
ties for optical selection are offered by means of two-photon 
photolysis. Predicted alignments of photoprepared parents, 
following two-photon excitation have been summarized for 
bent -+ bent, bent -+ linear, and linear -+ linear transitions in 
triatomics. II However, comparatively few systems have 
been studied experimentally. Results of theoretical predic
tions have been used to assign the symmetry of the dissociat
ing state in XeF2 two-photon photolysis. 11.16 Similar argu
ments, based on classical limits for two-photon alignment, 
have been used for H 20 to establish strongly state-specific 
contributions from structured and continuum portions of 
the overlayed parent C and jj states to the distribution of 
ground and excited state OH products. 12 

We have recently reported product NO (X 2n) rota
tional and A-doublet state distributions following two-pho
ton photodissociation of N02. 17 With a 2n product, this dis
sociation affords an opportunity to investigate the 
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orientation offragment unpaired electron density, in concert 
with the alignment of product angular momentum. These 
characteristics are, of course, related through their common 
dependence on angular momentum coupling hierarchies. 
This connection has lead to some confusion in the literature, 
concerning in particular the proper relationship between ob
served polarization ratios and the alignment of unpaired 
electron density (A-doublet selectivity) in spectroscopically 
probed products. 

The most complete analysis presently available is that 
which has been constructed for the photodissociation of 
H20 by Andresen and co-workers. 14b While it draws from 
the data final conclusions about product orientation and 
electron density alignment that are correct for the specific 
transitions used, its approximate forms for spin-rotational 
wave functions of the A doublets and their transition mo
ments, fail to accurately differentiate between mixed and iso
lated branches for n -+ ~ transitions. As a result, the pub
lished formalism confuses the relationship between electron 
density distribution and transition moment directionality, 
and has thus limited general application. Correct and com
plete A-doublet wave function expressions have been includ
ed in more recent work by Andresen and Rothe, 18 as well as 
an insightful paper by Alexander and Dagdigian,19 which 
includes a complete analysis of the cylindrical asymmetry of 
A-doublet electron density distributions. 

In the present work we return to the question of transi
tion moment directionality in 2n -+ 2~ transitions. Using 
complete and detailed wave functions for upper and lower 
electronic state spin-orbit-rotational angular momentum 
components, we derive general expressions for polarized in
tensities that apply to both isolated and mixed branches. We 
then use these expressions to address the question of align
ment of the NO product plane of rotation following polar
ized two-photon photolysis of N02. 

Photoproduct polarizations are determined in this work 
by one-plus-one ionization spectroscopy, in which the only 
relevant directionality is that determined by the relative po-
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larizations of the counterpropagating photolysis and probe 
beams. (We assume that the anisotropy associated with the 
transition induced by the second photon, which carries the 
NO to ionization, is negligible.2°-24

) We thus distinguish 
between this and previous work-in which the method of 
detection is fluorescence-by the fact that ionization in this 
case offers a detector with a nearly uniform 41T collection 
efficiency. Limiting predictions, compared with the experi
mental results, determine the nature of the photopreparation 
transition in the parent N02 • 

Our analysis begins with a complete discussion of the 
wave functions and matrix elements for 2II .... 2~ + transi
tions. The polarizations of the various branches, corre
sponding to either the II + or II - A doublet, are shown to be 
strictly a function of llJ, rather than AN (where 
J = N + S). Implications are discussed for polarization 
studies of mixed branches, such as (QII + P21 ), and connec
tion is made to the physical significance of the A doublets in 
terms of electron density distributions. Sections III and IV 
outline the details of the experimental arrangement perti
nent to the polarization studies, and show the results for the 
polarization ratio, R =111 III' Finally, Sec. V discusses the 
meaning of the present results in terms of possible transitions 
in the parent N02• 

II. THEORETICAL BACKGROUND 

A. Ground state 

Before discussing the polarization detection of nascent 
NO A-doublet states, it is worthwhile to briefly review the 
properties of the A-doublet wave functions. The ground 
state of NO is 2II with a single 1T electron forming the p lobes 
and defining the electronic symmetry. The wave functions 
fortheFI(J = N + 1/2) andF2 (J = N - 1/2) levels of this 
ground state can be written using a Hund's case (a) basis 
asI8,19,25 

IJMFle/j) = bJIJ,M,n = 1I2,elj) 

+ aJIJ,M,n = 3/2,elj), 

IJMF2elj) = - aJIJ,M,n = 1I2,elj) 

+ bJIJ,M,n = 3/2,elj), 

where 

aJ = [X - ~ - 2) r2

, 

bJ = [X + ~ - 2) r2
, 

(a} + b} = 1), 

A. =A IB, 

X= [4(J + 112)2+..1(..1 _4)]112, 

(la) 

(lb) 

and A is the spin-orbit splitting constant (123.26 cm -I for 
NO) and B is the rotational constant (1.6725 cm -I for 
v" =0). 

The A-doublet wave functions are given byl9 

1 
IJMn,elj) = {i [lJMn,A = 1,~ = ± 112) 

+EIJM-n,A= -1,~= +112)], 
(2) 

where the upper and lower signs refer to n = 3/2 and 112, 
respectively. The e A-doublet component corresponds to 
E = + 1, and the j corresponds to E = - 1, for both FI and 
F 2 levels. The electronic symmetry with respect to reflection 
through the plane of rotation (POR) is given by + E for F I , 

and - E for F2 levels, so that e levels have positive reflection 
symmetry in FI and negative in F 2, and vice versa forj levels. 

B. Matrix elements and polarization ratio 

The wave function for the 2~ + state of NO is given in the 
case (a) basis as26 

kM2~+'E 

= -l-fIJMn = ~ = -!) + EIJMn = ~ =!)], (3) 
{i 

where E = + 1 corresponds to FI (J = N + 112), and 
E = - 1 corresponds toF2(J = N - 112) spin-rotation lev
els. We will be interested in the matrix elements of the dipole 
operator Pq between the ground 2II and excited 2~ + states. 
Pq is given by27 

(N) J 

[R 21 and 

(QII +P21)] 

[PII and 

(Q21 + Rill] 

P Pe 
~ 

-'-It-+-- + f II-
(3)3~ -eII+ 

1-----fII-
(2) 22 +eII+ 

----+f 11-

(1){'~2~ :::: ===== + e n+ 

FI (J=N+1/2) 

2rr 1/2 

(4) 3J...--- + f II: 
2--- - e II 

(3) 2J...--- - f II+ 
2---+e II-

(2) IJ...--- + f II+ 
2--- - e II-

~ (J=N-1/2) 

2rr3/2 

FIG. I. Schematic level diagram for NO, showingJ level, total parity P, and 
two conventional symbols used to define A-doublet components, elf and "+ 1-. The ( + ) and ( - ) superscripts specify positive and negative elec
tronic symmetries Pe, with respect to reflection through any plane contain
ing the internuclear axis. For high J, the plane of rotation is better defined, 
and Pe is designated with respect to this plane, so that in this limit states of "+ symmetry have the electron density of the single 1r electron concentrat
ed in the plane of rotation, while" - states orient p lobes perpendicularly. 
This is shown schematically, even though, for low J, NO is primarily 
Hund's case (a) with little preferred electronic orientation. The rotational 
parity for case (a) is given by PB = ( - i)J-n, and its product with Pe 
gives the total parity P. The spin-<Jrbit splitting is greater than that shown 
while the A splittings are much smaller (at low J approximately 0.01 cm- I 

for the 2"1/2 state, and several MHz for the 2"3/2 state). 
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Po =Pz , 

P±) = + ~(Px ±iPy )' (4) 

where Px , Py , and Pz are the Cartesian components of the 
dipole operator. 

the branches originate. A branch is designated as IlJ F'F" , 

where F' is either F) or F2 for the 2l:. + state, and F II is either 
F) or F2 for the 2IT state. For example, the branch R21 refers 
to a IlJ = + I transition from an F) level of the 2IT state to 
an F2 level of the 2l:. + state. 

The allowed transitions are summarized in Fig. 1, which 
includes two conventional labels28 for the ground state A 
doublets, as well as the total parities for those states. The 
parities of the 2l:. + states, connected by the branches shown, 
are always opposite the parities of the 2IT states from whence 

In determining the matrix elements of Pq , we will limit 
ourselves to the F) level of the ground state (F2 levels may be 
calculated in an identical fashion) and will explicitly write 
the electronic angular momentum for the l:. + state and as 
A = 0. All excited state quantities will be primed. 

Using Eqs. (la), (2), and (3), we write 
f 

(2l:.+ IPq 12IT F) = H (J'M',N = o,n' = l:.' = -!I ± (J'M',N = o,n' = l:.' = m 
XPq [bJ (IJMA = l,n = !,l:. = -!) + EIJMA = - l,n = - !,l:. =!») 

+ aJ (IJMA = l,n = ~,l:. =!) + EIJMA = - l,n = - ~,l:. = -!»)]. 

The + sign of ± refers to F» and the - sign to F2 levels of the 2l:. + state. 
To establish the polarization direction of the transition moment, we will need to compare 

Wl:.IPo I2ITW with HWl:.IP)12ITW + Wl:.IP _)1 2IT)1 2). 

(5) 

It is easily shown for a given branch, that only one of the above matrix elements will be nonzero for a given choice of E. It is 
for this reason that the various spectroscopic branches probe uniquely one or the other ofthe A-doublets components, as is 
shown in Fig. 1. Since no new information is conferred by retaining the EIJMA = - 1, n, l:.) pieces, we drop them with the 
understanding that the correct photoselection is that given in Fig. 1. (Strict inclusion merely adds a factor of2 to the transition 
moment which is irrelevant in the determination of polarization ratios.) We can now write the matrix elements as 

(2l:.+ IPq 12IT F) =! bJ (J'M',N = o,n' = l:.' = - !IPq IJM,A = l,n = !,l:. = -!) 

±! aJ (J'M',N = o,n' = l:.' = !IPq IJM,A = l,n = ~,l:. = !), 

where the upper sign is for F) and the lower for F2 levels of the 2l:. + state. 

(6) 

Now consider an external field which defines thez axis. In our case this reference field is most conveniently defined by the 
polarization axis of the photolysis beam. Polarized photolysis generates products with a nascent distribution of M states given 
by W(J,M). For example, a cos2 0 distribution would be given by W(J,M) = M 2/[J(J + 1)]. 

We now define the polarization ratio R for product NO as 

R= i= l:.M W(J,M)!el:.+IPo I
2
ITF)1

2 

11 l:.M [W(J,M)/2] [I (2l:. + IP) 12IT F) ) 12 + I (2l:. + IP _) 12IT F) 12] 
(7) 

1 II is the signal intensity when probe and photolysis polarizations are parallel; likewise 11 is the relative signal intensity when 
the two beams have polarizations perpendicular to each other (with the photolysis polarization always defining the z axis). 

The matrix elements ofEq. (6) are calculated using Eq. (27) of Ref. 27. The Clebsch-Gordan coefficients found in this 
equation are tabulated in Appendix I of Rose. 29 We assume that the reduced matrix element also found in this equation is 
independent of spin. 27 Listed here are the results for the parallel and perpendicular relative signal intensities for the Q, P, and 
R branches (1lJ = 0, - 1, + I, respectively). The polarization ratio may then be calculated by simply dividing 1 II by 11 . 

Q branches (1lJ = 0): 

1 = ~ W(JM) [b .fi (M(2J + 1 ») + a .fi (M 2
(2J - 1)(2J + 3) )112]2 (8a) 

II M~-J ' J 8 J(J + 1) - J 8 J2(J + 1)2 ' 

W(J,M) 

2 

X {[bJ (J +M + I)(J -M)(2J + 1) )112 + aJ (J +M + I)(J -M)(2J -1)(2J + 3»)112]2 
8 J2(J + 1)2 - 8 J2(J + 1)2 

+ [bJ (J -M + I)(J +M)(2J + 1) )112 ± aJ (J -M + I)(J +M)(2J - 1)(2J + 3»)1I2]2}, (~b) 
8 J2(J + 1)2 8 J2(J + 1)2 

J. Chern. Phys., Vol. 87, No. 10, 15 November 1987 
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where + = QI1 and - = Q2I' 

P branches (t::J = - 1): 

I = ~ W(J,M) [h Ii (J - M) (J + M) )112 ± ali ( (J - M)(J + M)(2J + 3) )112]2, (9a) 
"M~-J J 8 J2 J 8 J2(2J - 1) 

11 = ± W(J,M) {[hJ (J-M-l)(J-M»)1I2 + aJ (J-M-l)(J-M)(2J +3»)112]2 
M= -J 2 8 J2 - 8 J2(2J - 1) 

+ [hJ (J +M)(J +M -1) )112 + aJ (J +M)(J +M -1)(2J + 3) )1I2]2}, (9b) 
8 J2 - 8 J2(2J - 1) 

where + = PI1 and - = P21 • 

R branches (t::J = + 1): 

~ W(JM) [h Ii (J -M + I)(J +M + 1) )112 + a Ii (J -M + I)(J +M + 1)(2J _1))112]2 
I" = M~-J ' J 8 (J + 1)2 - J 8 (J + 1)2(2J + 3) , 

(lOa) 

I = ~ W(J,M) {[hJ (J +M + 1)(J +M + 2»)112 + aJ (J +M + I)(J +M + 2)(2J -1) )112]2 
1 M~-J 2 8 (J + 1)2 - 8 (J + 1)2(2J + 3) 

[
hJ (J -M + I)(J -M + 2»)112 + aJ (J -M + I)(J -M + 2)(2J -1) )1I2]2} 

+ 8 (J+l)2 - 8 (J+l)2(2J+3) , 
(lOb) 

where + = RI1 and - = R21 • 

c. Theoretical results 

To illustrate the J dependence of the polarization ratio 
R, we choose a J directional distribution of cos2 e. We thus 
imagine NO produced anisotropically with its J vectors pri
marily pointing in the ± z lab directions. We then set 

M2 
W(J,M) = , 

J(J + 1) 
(l1 ) 

corresponding to the cos2 e distribution. The results for the 
Q, R, and Pbranches are shown in Fig. 2. It must be empha
sized that the polarization ratio R is independent of whether 
one is probing a main branch or its satellite. Thus we see that 
the transition moment directionally is only dependent on t::J, 
not flN. For example Q21 and QI1 branches both have the 
same curve for R. This is not to be confused with the relative 
intensities of Q21 vs Q11 for a set polarization. In fact the main 
branches will always be more intense than their respective 
satellites. For example,!" for Q11 will be greater than I" for 
Q21' To see this, we take for simplicity M = J. Then 

( 2~+1P. 1211F > =h Ii [(2J + 1)2]112 
o I J 8 (J + 1)2 

Ii [(2J-l)(2J+3)]I12 +a -
- J 8 (J + 1)2 

= Ii (2J + 1)) (b + a), (12) 
8 (J + 1) J - J 

where + = Q II and - = Q21' This approximation is good 
for moderate to high J( > 10). Then, squaring: 

1( 2~+1P. 1211F >1 2= _1_ (2J + 1)2 (b 2 +a2 + 2a b ) 
o I 32 (J + 1)2 J J - J J 

= _1_ (2J + 1)2 [1 + (2c2 - 1)], 
32 (J + 1)2 - J 

(13) 

where C7 = 1/2 + aJhJ. We therefore obtain 

- 2 CJ lor 11 

1( 2~+1P. 1211F >12= 16 (J + 1) 

{

I (2J + 1)2 2 l'. Q 

o I _1_(2J+1) 2 d 2 
J for Q21 

16 (J + 1)2 
(14) 

whered7 = 1- C7· 
For pure Hund's case (b) C7 = 1, while for pure case 

(a) d 7 = C7 = 1/2. For all intermediate cases, therefore, C7 
will be greater than d 7. This result means that the intensities 
of main branches relative to respective sattelites will depend 
on A through the CJ and dJ coefficients, and thus show pro
portions which are different for different 211 molecules. We 
will see later that C7 and d 7 are directly related to the compo
nents of the electron density distribution. 

Note, however, that the ratio R, as defined in Eq. (7), is 
insensitive to A. That is, for a particular reference anisotro-

a 
a 
..; 

a 
on 
N 

o 
o 
o 

0.0 4.0 B.O 

Q21 , Q11 

cos2e distribution 

12.0 16.0 20.0 24.0 2B.0 32.0 

J 

FIG. 2. Theoretical polarization ratio R for the six isolated F, level 
branches, computed for a cos2 B J distribution. Note that satellite and their 
respective main branch lines have the same values of R. 

J. Chem. Phys., Vol. 87, No.1 0,15 November 1987 
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py, all zIT molecules undergoing a transition to z~ + will 
show the same R for a given isolated branch at a given J. At 
this point it is important to stress the word isolated, since, for 
each fine structure component, two pairs of branches each 
have very nearly degenerate transition energies. For the FI 
levels these are the (Q21 + R ll ) and the (QlI + PZI ) bands. 
To properly consider the composite polarization ratio for the 
case when one of these mixed bands is being probed, one 
must add the contribution from each branch within the pair 
(recalling that their polarizations are opposite, as is seen in 
Fig. 2). In this case, the value of A. is very critical, and R is 
given, for example, by 

R = III (Qll) + III (PZI ) 

11 (Qll ) + 11 (PZI ) . 
(15) 

This is shown in Fig. 3, where R is plotted for the 
(Qll + PZI ) lines for A. = 3, 10, and 74. Thus, different zIT 
molecules, such as NO or OR, will exhibit different polariza
tion ratios as a function of J when such mixed branches are 
used for excitation. As mentioned above, however, for a giv
en isolated branch, all zIT molecules with a given anisotropy 
will exhibit the same R as a function of J. This point has been 
the source of recent controversy. Andresen et al. 14

(b) assert 
that, for a given alignment, different zIT molecules with dif
ferent A. will show different polarization ratios even for a 
given isolated branch, and that these differences follow the 
different electron density distributions for these molecules. 
They call this effect A mixing, referring to the mixed nature 
of the electron density distribution in and out of the plane of 
rotation. We claim that their approach confuses the relation- • 
ship between transition dipole directionality and electron 
density. See Sec. II D for further discussion. 

In Fig. 4 are shown the expected polarization ratios, 
assuming an initial cosz () distribution of J, for the four 
branches typically seen in rotational spectra of NO (two of 
the branches are mixed). Note for low J, where QZI carries 
the greater line strength factors, Z7.30 that the (QZI + R 11 ) 

branch shows R greater than unity. While for higher J, 
where the R II carries the greater line strength factor, R falls 
to less than unity. Because QZI is a satellite, its line strength 

,\.=74 

cos 28 distribution 

0.0 4.0 B.O 12.0 16.0 20.0 24.0 28.0 32.0 

FIG. 3. Polarization ratio R for the (Q" + P2') mixed branch, given a 
cos2 

() J distribution. Shown are curves of R for A = 3, 10, and 74, the last 
one of which is the A appropriate to NO. 

o 
"' N 

a:: ~ 
o N 

~ 
Z 0 
o "' 
~ ~ 
Ii' 

~ g a. . 

g 
ci 

0.0 

For cos2e distribution, '\'=74 

4.0 8.0 12.0 16.0 20.0 24.0 28.0 32.0 

J 

FIG. 4. Polarization ratio R from the four branches typically resolved in an 
NO(A = 74) spectrum, given a cos2 

() J distribution. 

will eventually fall to zero, and the ratio R will approach 0.5 
as for RZI and PlI . 

Also shown on Fig. 4 are the dashed lines representing 
the classical high-J limiting value of the polarization ratio 
for Q and for P, R branches. These are evaluated in a 
straightforward manner by taking the dipole moment to be 
classical and aligned along J for Q branches and perpendicu
lar to J, in the plane of rotation, for P, R branches. With 
reference to Fig. 5, the relative intensities for parallel versus 
perpendicular polarizations are given classically by the fol
lowing expressions, where we explicitly show the cos2 () of J 
distribution. 

For Q branches: 

rZ1T rZ1T 

[ III a: Jo dw Jo difJ 0 (cos2 ()cosz () sin () d() 

8r 
S' 

z 

8 // 
/ 

/ 
/ 

/ 

x 

/ 
/ 

/ 
/ 

jNO~ 

;TEi 
/ 

/ 
/ 

y 

(16a) 

FIG. 5. Schematic showing the dissociation beam £d and the counterpropa
gating probe beam with polarization either parallel, £11 • or perpendicular, 
£" to the polarization of £d • Also shown are the directions of J NO in the lab
fixed frame. 
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11 0: 1211' dw 1211' sin2 rpdrp i11' (cos2 0) sin2 Osin 0 d 0 

8r 
-lS' 

I 
RQ = .JL = 3. 

11 

For P, R branches: 

(16b) 

III 0: i
211' 

cos2 wdw i
211' 

drp i11' (cos2 O)sin2 0 sin 0 dO 

8r 
lS' 

(17a) 

11 0: i
211' 

1211' i11' (cos2 0) [sin rp cos 0 cos w 

+ sin w cos rp] 2 sin 0 dO drp dw = 16r, (17b) 
15 

III 
Rp,R = T= 1/2. 

1 

D. Electron density 

We now turn to the physical significance of the A doub
lets in terms of their electron density distribution. As origin
ally discussed by Gwinn et al., 31 these distributions are char
acterized by the expectation value of the operator 
(x2 _ y2) 0: (cos2 rp - sin2 rp), where rp is the azimuthal an
gle made by the 1T electron density about the internuclear z 
axis. We adopt the convention 1M I = J~ 1, which makesyz 
(body-fixed) the plane of rotation (see Ref. 19). Theanglerp 
is measured from the x axis. The expectation value is defined 
as I::. and is given byl8,19 (for M = J) 

I::. = (2nlcos2 rp - sin2 rpl2n) = + (E)aJbjS, (18) 

where S = [(J - 1/2)/(J + 3/2)] 1/2 and where the -
sign refers to FI and + to F2 levels. (For a r occupancy 
molecule the signs would be reversed.) For high J, 

aJ;::::,bJ;::::,1/.J2andS~1;thenl::.-+0.5forE= - (that 
is, for n - A doublets), and the electron density is primarily 
out of the POR, pointing along J. For E = + (n + A doub
lets), 1::.- - 0.5 and the electron density is primarily in the 
POR, perpendicular to J. This is shown schematically by the 
symbols attached to the A doublets in Fig. 1. 

Another way to see the rp dependence of the A-doublet 
wave functions is to rewrite Eqs. (1) and (2) making use of 
the fact that the eigenfunction for I A = ± 1) has the form 
e ± iq, , and this, in turn, can be written as cos rp ± i sin rp. As 
discussed in Ref. 18, the square of the resulting wave func
tion can than be integrated over all coordinates except for rp 
to yield the electron density p (rp) which has the form 

p(rp) -c~ sin2 rp + d~ cos2 rp 

p(rp) -c~ cos2 rp + d ~ sin2 rp 

where 

C~ = 0.5 + 11::.1, 
d~ = 0.5 -11::.1. 

(19) 

Note that c~ and d ~ are the same as for Eq. (13) except for 

the factor of Sin Eq. (18), which quickly approaches 1 for 
moderately high J. 

Summarizing these results, we have that for low J, I::. - 0 
and c~ -d ~ -1/2, so that the electron density is essentially 
cylindrically symmetric. This corresponds to the case (a) 
limit. At higher J, as the molecule takes on more case (b) 
character, the electronic density distribution becomes pref
erentially oriented in the POR for n + A doublets, and per
pendicular to the POR for n- A doublets. The extent to 
which a given A doublet has electron density principally di
rected either in or out of the plane is given by the mixing 

ffi · 2 dd 2 ' coe Clents CJ an J In a manner that depends on which A 
doublet is under consideration, as is clear in Eq. (19). 

Finally, as mentioned above, the extent of A mixing 
bears no relation to the directionality of individual transition 
moments. For example, despite the fact that R21 and Ql1 
both gauge the n - A doublet, their polarization directions 
will be opposite. The only case where A mixing is important 
is when a mixed branch, such as (Ql1 + P21 ), is measured 
due to the typical inability to resolve the individual branches 
of such a pair. Then, the fact that these two branches have 
opposite polarizations, will dramatically effect any measure
ment made for the polarization ratio R. For example, in the 
specific case of (Ql1 +P21 ), the relative weight of the Ql1 

contribution will be4c~, and thatofP21 will bed ~ (at moder
ate to high J). Therefore, measurements of R should always 
be done on isolated branches whenever possible. 

As already noted, this last point has been the source of 
some confusion in the literature. For example, Eq. (3) of 

• Ref. 18 and Eq. (12) of Ref. 14(b) give a prescription for 
determining the electron density. Those equations, however, 
are used improperly as wave functions in Eq. (22) of Ref. 
14(b) and the "Polarization Effects" section of Ref. 18. 
Such functions are not appropriate as representations of the 
lower state for deriving transition moment directionality, 
because they ignore crucial information imparted by the 
quantum numbers J, M, A, fl, and ~.32 Most seriously, the 
formalism established by Eq. (22) of Ref. 14(b) fails to dis
criminate between isolated main and satellite branches and 
mixed branches [e.g., (Ql1 + P21 )]. Conclusions expressed 
there, relating degree of alignment to observed polarization 
ratio as a function of J, would be qualitatively correct only 
insofar as the mixed Q branches, ( Q 11 + P 21 ) and 
(R 12 + Q22), are concerned. In this case, observed polariza
tion behavior will follow J in a manner that varies from mol
ecule to molecule depending on A, as illustrated by Fig. 3. 
Missing in the treatment of Ref. 14(b) is the fact that transi
tions of both I::.J = 0 and t::.J = ± 1 exist for each A doublet. 
These yield opposite transition moment directionalities, 
even though the electron density being probed within each 
set of transitions that originate from the same A doublet is 
obviously the same. 

III. EXPERIMENTAL SECTION 

The experimental arrangement used for the polarization 
study of the nascent NO states is identical to that described 
in Ref. 17. Briefly a free jet of N02 (1: 1 :20 seeded; 
N02:02:Ar) is crossed by the focused counterpropagating 
outputs of the photolysis (pump) and probe beams. The 
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two-photon dissociation of NOz just above the O( ID) 
threshold generates product states of NO that are vibration
ally cold (v" = 0) for the OeD) channel. The rotational 
and A-doublet distributions of the nascent NO are studied 
by conventional 1 + 1 ionization spectroscopy employing 
the X zn -A z~ + transition. 

Of particular relevance to the polarization measure
ments is the Pockels cell (Lasermetrics DKDP) used to ro
tate the relative polarization directions between the pump 
and probe beams. In this case it is placed in the pump beam 
path just before the molecular beam chamber. No loss of 
total intensity is measured as a function of applied voltage to 
the cell. For 487 nm light with vertical input polarization 
and an applied voltage of 3000 V, we find more than 95% of 
the output horizontally polarized. No distortion of the origi
nal polarization occurs for zero applied voltage. Alignment 
of the cell is critical and was expedited using sensitive x, y, z 
tilters and translation stages. 

The overlapping arrangement of the foci of the two 
beams is also critical and is accomplished using x, y position
ers for the two focusing lenses. Possible distortion of the 
exact overlap due to the Pockels cell was tested by checking 
I II vs 11 for J = 1/2. For J = 1/2, no polarization difference 
would be expected, and so any change in the signal would 
indicate a movement of the pump beam focus, and therefore 
a fault in the Pockels cell alignment. No change was found as 
the voltage was varied smoothly from 0 to 3000 V, indicating 
no misalignment. (In fact polarization differences only start 
to appear in the R21 branch for J> 11.5; see Sec. IV.) These 
results, given the relative ease of alignment of the Pockels 
cell (using the x, y, z tilters) show its distinct usefulness for 
polarization measurements for cases, such as focused photo
lysis or ionization detection of products, where alignment of 
pump and probe beams is critical. 

IV. RESULTS 

Two bands have been chosen to obtain the polarization 
ratio, RZI and (QZI + R II ), because their high-J lines occur 
in the least conjested part ofthe NO spectrum. Several two-
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FIG. 6. Two-photon photodissociation spectrum ofN02 • Structure is indi
cative of the N02 intermediate state structure. Arrow indicates the peak at 
which the photolysis wavelength is set for measurements of the polarization 
ratio for J> 20.5. 
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FIG. 7. Comparison of measured polarization ratio R for the R21 branch 
with three possible two-photon generated J distributions for that branch. 

photon photolysis wavelengths have been examined 
(484.79,479.05, and 471.22 nm) and found to give essential
ly the same results. The particular wavelengths were chosen 
to maximize the available signal by resting on peaks in the 
two-photon photolysis spectrum of the NOz. Such a spec
trum is shown for the 471 nm region in Fig. 6. 

The measured ratios, R = IllIIl , are given in Figs. 7 
and 8 for the R21 and (Q21 + R II ) branches, respectively. 
Also shown are the theoretical results calculated in the man
ner discussed in Sec. II for a sin4 

(), cos4 
(), and cosz () sinz () 

distribution of J. These are meant to model the three possible 
limiting distributions for a two-photon transition, assuming 
an ideal and instantaneous planar dissociation, and will be 
discussed further in the next section. 

For all the cases studied, it is found that all energetically 
allowed NO rotational states are populated, with population 
dropping sharply for states of energy higher than the excess 
two-photon photolysis energy for the production of 0 ( ID), 
indicating a relatively cold initial state distribution, and dis
sociation dynamics for NO( v" = 0) determined exclusively 
by the energetics of the 0 (' D) channel. 

g 
N 
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FIG. 8. Comparison of measured polarization ratio R for the (Q21 + R"l 
mixed branch with three possible two-photon generated J distributions for 
that branch. 
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Zlb) 

FIG. 9. Near-prolate axes direc-
V(o) tions for N02 • 

v. DISCUSSION 

Spectroscopic language distinguishes parallel from per
pendicular transitions for bent triatomic molecules accord
ing to their effect on the K quantum number. Referring to 
Fig. 9 for NO l (a near-prolate top), transitions with mo
ments that lie along the top axis a (y) are parallel, with 
l!J( = 0, while those with moments that lie along b or c (z or 
x) are perpendicular, with l!J( = ± 1. In dissociation dy
namics, however, the reference is generally taken to be the 
plane of the triatomic prior to dissociation. For fast dissocia
tions of low angular momentum triatomics, the rotation 
plane of the diatom is the same as the original triatomic 
plane, designated as 1.l.4 Thus, transitions exciting in plane 
moments along a orb <l11.l) produceasinl eproductJ distri
bution with respect to photolysis polarization. Transitions 
exciting the perpendicular moment along c (ll.l) produce a 
cosl e distribution of J vectors. 

The six possible two-photon transitions for NOl are list
ed below together with the J distribution predicted for 
each33: 

2AI -+ lBl -+ 2B2 sin4 e, (20) 
IIA IIA 

2AI -+ lBl -+ lAz cosl e sinl e, (21 ) 
IIA lA 

2AI -+ 2B2 -+ lAI sin4 e, (22) 
IIA IIA 

lAI -+ lBI -+ lBI cos2 e sinl e, (23) 
lA IIA 

lAI -+ lBI -+ lAl cos2 e sinl e, (24) 
lA IIA 

2AI -+ lBI -+ lAI cos4 e. (25) 
lA lA 

The intermediate state region of NO l accessed by the 
first photon is composed of vibronic states whose characters 
contain mixtures of the four low-lying electronic states. Os
cillator strength for transitions from the ground lAI state is 
carried by the 1 lB2 and 1 lBI electronic states, with 1 lBl 

found to dominate most regions in the visible spectrum that 
have been studied.34 The only known state in the region ac
cessed by the second photon is the 2 lBl state, whose origin 
at 40 126 cm- I lies 872 cm- I below the OeD) threshold 
which is 40 998 cm -I. This state is predissociated at the 
origin with a lifetime of 42 pS.3S This lifetime decreases rap
idly with increased energy. Rotational structure becomes 
completely diffuse by 40 850 cm -1,36 and it is inferred that 
the lifetime is subpicosecond by the energy region of the 

O( ID) threshold. If the final electronic state in the present 
photolysis is indeed 2 lB2' and the intermediate is 1 1 B 2, then 
the principal excitation path will be Eq. (20) above, with a 
resulting sin4 e J distribution. 

The results of Figs. 7 and 8 show that the measured 
polarization ratios more closely match a sin4 e distribution 
than a cos2 e sin2 e or cos4 e distribution. That is, the J vec
tors of the nascent NO are produced in an aligned fashion 
predominantly perpendicular to the polarization direction 
of the photolysis beam. This conclusion is confirmed by the 
consistency ofthe results for the two separate branches, R21 

and (Q21 + R 11)' What might be thought of as surprising 
that the (Q21 + R II) branch shows less polarization differ
ence for higher J than the R21 does, is actually seen to be due 
to the opposing polarization directions of the Q21 and R 11 

partners. For low J, where Q21 carries most of the line 
strength, the polarization ratio displays what would be ex
pected for a Q branch. At higher J, where R II has the larger 
line strength, the ratio crosses R = 1 and starts to approach 
the limit for an R branch. 

The fact that there is any deviation from an R = 1 mea
sured ratio allows one to put certain limits on the nature of 
the two-photon transition, as well as the time scale for disso
ciation. Since the polarization measurements which were 
taken at several different photolysis wavelengths give consis
tent results, the above mentioned similarity to the sin4 e dis
tribution shows the most likely set of electronic transitions to 
be 1 A 1-+ 1 B2 -+ 2 B 1 • This result is supported by the recent dou
ble resonance work ofTsukiyama et al. who excite with A.I at 
471.4 nm andA.1 at 518 nm to reach the 2 2Bl origin.37 Their 
results, consistent with those of Smalley et al.38 indicate the 
intermediate to be lB1 . Any mixing of BI character, how
ever, in the intermediate state, or of B I> A1, or A I character in 
the final state, will result in a depolarization from the expect
ed sin4 e distribution. Yet even for a well defined set oftran
sitions, results may be extensively depolarized if the dissocia
tion lifetime is greater than a typical rotational period. The 
fastest rotations induced (largest rotation constant) are 
those in which K is excited, implying a rotation about the 
axis (a), with a period of h / I.l v - 2 ps. Thus, an upper limit 
to the lifetime of the dissociative state is on the order of a ps. 
Since the diffuse spectra indicate that, in fact, the lifetime is 
much shorter than this, one is left to conclude that the reason 
for the observed depolarization is not caused by a long disso
ciative lifetime, but rather to a moderate amount of state 
mixing in either the intermediate or final states of the N01•39 

Earlier work40 has speculated on the existence of a linear 
2'J.,g+ state in the energy region 5840 cm -I above the O( ID) 

threshold in order to explain rotationally cold NO product 
state distributions. However, for the energy region of 0-1400 
cm - I in which the present work has been conducted, it is 
found that all energetically allowed rotational states are pop
ulated. Since only relatively low angular momentum states 
of the jet-cooled N02 are excited, the highly rotationally 
excited products must arise solely from the dynamics of the 
dissociation itself. The data, thus, do not evidence crossing 
to a linear, totally symmetric state for energies less than 1400 
cm- I above the OeD) threshold. Similarly, Tsukiyama et 
al.37 and Hallin and Merer3S show no evidence for state mix-
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ing near the origin of the 2 2B2level. We therefore conclude 
that the final 2 2 B2 state is relatively unperturbed, and that 
depolarization must result primarily from state mixing at the 
intermediate level. This mixing may be understood more ap
propriately in Cs symmetry. TheA J/B2 conical intersection 
forms A , levels, whereas theAJ/BJ Renner-Teller pair form 
A " levels. Any A " mixing in the intermediate, originating 
from the B J state, would result in a depolarization of both the 
first and second photon steps, since A '+-+A " are perpendicu
lar transitions. Thus, the results imply a primarily B2 inter
mediate, but with nonnegligibleA " character most probably 
mixed in by Coriolis interactions. 

VI. SUMMARY 

We have developed the quantum mechanical calcula
tions necessary for correctly analyzing the polarization de
pendencies expected for the various isolated and mixed 
branches of the NO X 2n J /2 -+ A 2~ + transition. The results 
are general for all 2n molecules undergoing a transition to a 
2~ + state, and may be extended to other transitions with 
slight modifications. We find that main branches, such as 
QIl> have the same transition moment directionality as their 
respective satellite branches, such as Q2l' although their in
tensities are in general different. This means that careful in
terpretation is needed in analyzing polarization data from 
mixed bands such as the (Q2J + R ll) or (Qll + P2J)' which 
measure the n+ and n- A doublet, respectively. We have 
shown how to properly analyze such mixed bands, and have 
applied these results to the two-photon photodissociation of 
N02 followed by 1 + 1 ionization detection of the nascent 
NO. Comparison of experimental product alignments with 
theory indicates that the principal two-photon photodisso
ciation pathway for excitation just above the O( JD) thresh
old in N02 is 2A J-+ 1 2B2 (A ') -+2 2B2 with moderate A " 
character mixing in the intermediate. 
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