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.Recent high resolution photoelectron spectroscopic studies of the (I + 1) resonant enacd NTIS A&
multiphoton ionization (REMPI) of NO via theO0-0 transition of the A-X bandt (y bond) have DTIC TAB
shown a pronounced AN =0 signal (AN N4. - N,) and smialler, but measurable AN = 2 Unnnune

peaks. The authors [K. S. Viswanathan eta!., J. Phys. Chemt. 90, 5078 (1986)1 assign the Jat~ai
excitation to be via an XR(21.5) line, with no further specification. We have peformed ab init
calculations of the rotational branching ratios for the four possible "R(21.5)" transitions, 1
namely, the rotationaly "-clea" RV and R12, and the ".miXed" X12 + Q22 and R11 + 011 Distribution5/
branches. We find the mixed A,2 + 9Q2 (21.5) branch to agree best with the observed AvailabilitY Codes
phowelectron spectrum collected parallel to the polarization vector of the light. The AV-yaido
discrepancy is larger for detiction perpendicular to the polarization. To understand thi.sv ado
difference, we have assse the influence of laser intensity and polarization "contamination" la pca
on the branching ratios and photoelectron angular distributions.

INTRODUJCTION shown to arise from the nonspherical nature of the molecular
Within the pest decade resonant enhanced multiphoton potential. In a previous paper"' we compared the calculated

ionization spectroscopy (R.EMPI), combined with high re- rotational branching ratios for (I + 1) REMPI of NO via
solution photoelectron spectroscopy (PES) has provided the A 21 (3w) state of NO to the earlier results of Wilson
significant dynamical insight into several aspects of multi- etial.' The agreement was moderately good and the observed
photon ionization processes."- The R.EMPI-PES technique photoelectron spectra could be explained on the hbi of an
has been successfully employed in studies of diatomic mole- "atomic-like" model, in which the 3sa Rydberg state jc~ts a
cules (H2, NO, CO, N2, 12),"" exploiting their less con- photoelectron primarily into the odd I partial waves of the
gasted vibrational and rotational manifolds, which allows a electronic continuum. However, the analysis of the D 21 +
greater specificity in the excitation schemes. The -%pectral state PES indicates that the photoionization dynamics is
resolution of the PES detectoes have been refined to a point more complex and that the "atomic" picture may be mnade-P
where the rotational structure of the ion can be resolved in quate.
the photoelectron spectra, providing information about the In this paper we present further detailed results on the
character ofthe resonant intermediatestate, and on t he dec- 0 + 1) REMPI-PES viathe A 2y-+ state. As the rotational
Ironic continuum."-" Nitric oxide NO, has attracted the line in the data in Reft. 6 ua 7 was identifiedl a simply an
mfoat attention becase of its low ionization potential (4 24 R (21.5) line, we present results for the four possible __

eV) and its WA-stud iedbuad-bound spectrum. 1 Reilly R(21.5) transitions, two of which are -pure and two are
and o-wrkes hve, n asensoeeaet paers~ 'tudixj mixed rotational lines. The meared rotational branching

the lowrl yha ia m of Nvu t paer," %uieg ratios for parallidl detection agree best with those calculated
reoltin 3 WYstbf) 61cltto resolve the tomnic fortheR, 2 +Qu,(21.5)banch.Thapemintheper- ,

rodasrwi~md mlmlgia rotational qatntum pendicuar directioin is lea sathihetory. To asses the- [d
number (N.h W211. The a a kwe il xei ble influencet of saturation Podheta the solution of the rawe

nuia i ~~ ek "" reats isaa. enrally eqa ion fo ( + 1) REI4PI is dho analyrzed.

lk, t Notio we be*~ dasarie the ussta Mtp in
_______ _____ heamal at I + 1) RBMVt ad nr drthador to

*gnat" aimRat 1 fa deuill. Ile (I + 1) UIMM isvieaw sa

isle J. Chea~ Phs (3). 1 ftnrr IS m e-eMMas0osthi-out 0 tiles Amwaynu Roo~m at *s
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one-pot excitation to a resonant intermediate state (the F, F2
A421* state) frm a (initially) unaligned ground state N

(the n state), ffolowedby sequutone-phton ion* - 1: 2.5 2
tioia out of this aligned intermediate state. The problem _-___

therefore has two parts: (i) a bound-bound excitation dy- 221 22.--1

namical part and (ii) a bound-free photoionization part. We 21.5- , PE
have in previous papers concerning NO concentrated our 21.5 - - AE-

effort on the latter since the bound--bound dynamics can be 21 f 20. f_ _ f -- 2adequatly descibed bya simple perturbatiresce ,

where the populationp, oftheintermediatestatesm, sub- 20{ 20s-
levels ae proportional to*2'

-M, 0 MJ IIQ, R. pp Q 142

HereJoandJ, dewte the total angular momentum quantum "3 }I ? I III
number for theX .H andA '1' states, respectively, and M, T [l i jJ1
imation is valid in the low laser intensity regime where satu- xn

ration and depletion effects can be neglected and in the ab-
sence of M, mixing term (linearly polarized light and
collision free conditions, etc.). However, for moderately
high law intensities, Eq. (1) does not adequately describe FIG. i.The poble rotational branch. originating from tbeJ 21.5 level

of saturation of the Xl rstate. The ,. brnches are mixed with the corresponding Qz
population ofthe intermediate state due to sa n (X - I or 2) branches because of the negligible splitting of the 1-levels

effects, In this regime one has to use the density matrix equa- originting from the sme N level of the upper state (A 'I + state).

tiom As explained previously by usP and others,2 ' ° these
reduce to a set of rate equations in the high intensity regime
and under certain dephasing mumptions. The term high
intensity regime is used rather loosely here, but generally
refers to a situation where one or more of the excitation, state 10) and the two resonant intermediate states 1i), and
fluorecenw, or ionization rates are comparable to or larger Vi), which are coupled to the continuum Ik ) and described
than the reciprocal of the laser pulse duration (r.,). In the by the following rate equations":
saturation regime the REMPI process is quite sensitive to _) W,
the lae characteristics and resonance conditions. - _ W, ( poo - p) - Wqf (poo - p#) , (2a)

The ground 1211 state of NO belongs to the intermedi- dt

ate coupling case between Hund's cases (a) and (b), where- a

as the upper 2 + state belong strictly to Hund's case - = W ( Poo - P. ) - ' ., (2b)
(b).i03 In the intermediate coupling regime, neither N, the d =
nuclear rotationl quantum number, nor A, the projection of dt= Wo, ( POO - PN - PU, (2c
the total angular momentum I on the internuclear axis d(
(n - JA + 11), is a iood quantum number 2" " Each to- ", . -
tationallevdJissplitWtotwoomponents.f, andfA.whose di ' 'm.Pa + 17-, P) (2d)

splitinq depen on db spin-obit coupling constant A and
the rotational constant A. A doubling causes a further split- Here Wo, and W., are the excitation rates from the ground
ting of each of thse componets, but this is quite %mall for state to the two rotational sublevels
thex 2 l -sateandwibeellected The A '' " tateisina (Jo 1 J,

similar sft q&tt two ,sublevels (F. andF). This W, 0 K= ,S( J, J,) M, 0 M, 1(t) , (3a)
a spltetliagnlm oo -lIv m8X10-'cm I)'-th3ninthe
XIlstateudlau mliol iseurrentexpenments. The w' = KJS( JJ) - 0 1(), (3b)
v 11io1 111 h ihO byo tipe o-photon dikle %election ( Jo 2

rueAJ- O,"k I Weewab l 4 !1. The notattm for label- which are proportional to the laser intensity ICt). The K,
ingshabst n s~V w4' Asiithsublevel for the upper and K, factors depend on the ionization rates rv. and qv-,(A s2+)S0WPtJeW4WrbloVWr (a H state. Whenever(442 1.)IW * a l .e'ver( i the. Wheare as explained previously,2" and on the laser bandwidth. In the

nut lve in t er following the Ko, and w factors are assumed to be identical
abwuhm 1 M-P M 40011 0b. For a one-pho. and their values taken from .3 1. S(,o, J ) and S( 4 , J)
toM toikis o6 nla otationay clean P, I,, , are the rotational line strengths as calculated originally by
PI, d *Jt N , mdf towi y mixedQ,, Q P.R%, EAr31 The ionization widths 'm. and I'* are defned as':;"~~ls and rl,~ am-,i i defineda n"

.!. ot. fjs ,b n-in r. + (Mr)nh) (4,)

J. Chwn. Phys., Vol. 5, No. 3,1 Pr-wy ION
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In t hish inteity limit, the upper limit on the summationThe rate eiuatis (2) ae valid in the low to the medu is dtermiaed by thesmaller 02(1 + 1) or 2.,,, where
I,. is the maximum partial wave retained in the expansion

s) permits us to ignore the spontaneous emission rates y, of the photoelectron continuum orbital. The resulting pho-
and r, Of the intermedate states (see Fi. 2). The two rota- toelectron angular distribution is the sum over all the M,
tional sublevels of the intemediate states 1j) and i) are as sublevels and branches () and integrated over the pulse du-
sumed to be incoherently excited. This assumption is justi-
fled because of stron dephasing due to Ia bandwidth ration r,
effects, shot-to-shot fluctuations, etc. For the excitation of a PM9 = Pf(o9 L''fi M 8
rotationally clan branch, Eqs. (2) reduce to a set of three J
ratequations thatc besolved inclosed form, but the four- Saturation effects in P(O) in Eq. (8) appear through the
level mixed-branch system must be solved numerically. intensity dependence ofpm. The rotational branching ratios
Since different laser temporal profiles have previously been and the photoelectron angular distributions are obtained by
shown to have a minor effect (5%-10%) on the final re- the calculation of P(8) for the different final rotational lev-
sults, J ° the shape of the laser pulse is assumed uniform. As C (N)
seen by inspection, the rate equations of Eq. (2) do indeed
yield the result of Eq. (I) in the low intensity regime. RESULTS

The ionization cri section o involves the ,sums of
squares of the matrix element t, The recent experimental results by Viswanathan et al.illustrate the branching ratios for (I + 1) REMPI of NO via
" Y(9 ,,. (r)Y.A (P)Iry, (P)I ,.(r) Y4 (Y)), (5) aR(21.5) branch of the.A 2+ state. As in their previous

I'IL experiment they observed only the even AN
between the bound i) and the final 1k ) state.2' The elec- (AN,=N+ - N, ) terms, with the AN= 0 signal as the do-
tronic continuum wave function of the final state is calculat- minating feature. The general selection rule for single pho-
ed in the Hartree-Fock fixed-nuclei-frozen-core approxima- ton ionization out ofa I state leaving the ion in a I state,"5 is
tion using the variational Schwinger method" and includes &N+ i = odd, (9)
the effects of the nonspherical, nonlocal nature of the molec-
ular ion potential. The bound electronic wave function is where I is the partial wave of the photoelectron. Since the
calculated at the Hartree-Fock SCF level using a Gaussian bound state is a 3so- Rydberg state,' ," the I = I wave is pre-
basis set.2 dicted to be dominant in an atomic-like model, and hence

Finally, the Mi-resolved photoelectron distribution AN is even. The previously reported calculated branching
PN"(9) is given by ratios were for the isolated (although in reality mixed)

dPNmO) R12(21.5) or R,, (21.5) branches. These branches lead to
me= '() p. (t) . (6) identical rotational branching ratios in the perturbative lim-

dt it.* We have confirmed that the branching ratios are also
P(O) can furthermore be expanded in terms of Legendre essentially the same as those for the clean R2 and R 2,
polynomials PL (cOs 9): branches, since the branching ratios change very little with

N for such high values ofl. The AN = 0 signal indeed is the
strongest, with a weak AN = ± I signal probably buried
under the detection threshold. There are, however, as shown
in Fig. 1, four possible R(21.5) branches: the two clean R
branches, R22 and R21 , and the two mixed branches, R,

Z/ + Q2, and R,2 + Q22- The resonant wavelengths for these
four branches are respectively, 2255.03, 2247.88, 2252.49,
and 2259.67 A." ,1. The photoelectron kinetic energies for a
AN - 0 transition via (0 + 1) REMPI are all around 1.70
eV. As the actual wa ielength used in the experiments of
Rdfl. 6 and 7 was not quoted, the closeness of photoelectron

t -kinetic energies makes it diffcult to identify the specific
R(21.5) branch accessed in the experiment. Furthermore,
thereset to be a slight difference between the AN =0

e e skinetic energy positions in the two published photoelectron

spectra, that may be muod by small dIag in the surace
potential in the electron spectrometer. In the following we

W will dtlb the i o lcablitio of d bracift radf via the
four POW*bl ftanhes bodh Wn the perturbative limit and

--l 2 imd4I~ct 4'l) i3 whef,,,i ,- ,. later in the h Intensity lImit.
J. Thee r i wave nctio of th bound stae.is calcu-

J.Q~snp~,,Ye. ~N I ;Peesyiu
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ated with an extensive Gaussian basis set used in previous TABLE1. Rotational branching ratioa forthe law light parize paral l
studies of highe" membe~rs of the ' Rydberg series, 22'23 (9 = 0) and Perpendicular (0 = 90') to the detectiom direction (perturba-
yiesling tota e f me er of .1.e 7 28 a.u. for a jive limit). The branching ratios are normalized to the AN = 0 signal

bond length of 1.062 A. the equilibrium internuclear dis- Parallel detection (9 - )

tance of the A 1+ state.- The single-center expansion of AN R,,(21.5) R,, (21.5) R,, + Qz, (21.5) R,3 + Q1 (21.5)

the 6o orbital about the center of mass shows 94.0% s char- -2 0.292 0.292 0.142 0.050

acter,DO.3%pcharacter,5.4%dcharacter, O.l%fcharacter - 0.041 0.041 0.020 0.007

and 0.2% g character in agreement with our previous re- o 1.ooo 1.000 1.000 1.000

stlts and the results of Kaufnann et al." For a kinetic + I 0.042 0.042 0.021 0.008

energy of 1.67 eV, corresponding to the AN = 0 signal of the + 2 0.301 0.301 0.156 0.061

observed R(21.3) band, the relative magnitudes of the Perediclar etetin (S=W')
I ,,I2 ofEq. (5)are0.038,0.091,0.048,0.119,and0.005for AN R,(21.3) R,(21.5) R, +Q,1(21.5) R,2 +Q2(21.5)

1 = 0,4 in the ko channel, and 0.299, 0.014,0.173, and 0.007
for = 1,4 in the kw channel. As expected the ionization out -2 1.916 1.916 0.38 0.881-I 0125 0.125 0.123 0.120
ofthe primarily gerade (even/) bound 6oorbital gives rise to 0 1.000 1.000 1.000 1.000
a primarily ungerade character of the continuum, and it is + 1 0.125 0.125 0.129 0.132
seen that the r channel contributes the major part (0.804 + 2 2025 2.025 1.520 0.998

Mb) of the total cross section ( 1.158 Mb). These cross sec-
tions are in agreement with our previous results," and the
experintal results of Rottke and Zachanas.'

In Fig. 3, we compare the experimeal and the calculat-
ed branching ratios for parallel and perpendicular (relative identical normalized branching ratios in the perturbative

to the polarization of the radiation) detection for the three limit, since the only difference is the rotational line strength

different branches. The A22 (J) and R2, (J) branches have S(Jo, J,), which for clean branches is an overall factor. The
rotational line strengths are32 R, (21.5) =4.212,
R12 (21.5) = 1.166, R2,(21.5) = 1.373, Rz2 (21.5)
= 4.005,Q 21 (21.5) = 2.596, and Q, (21.5) = 8.398. The

up s) b) 1 mixed R12  +Q 22 and R,, +Q2, branches have been
-weighted appropriately with these factors, and the resulting

I branching ratios convoluted with a Lorentzian detection
function with a FWHM of 6 meV. They are shown on the

a.a same absolute energy scale as the experimental results.6" '
SThe normalized branching ratios for both directions of de-

tection (normalized to the &N = 0 signal in each branch)
-- are given in Table 1. The calculated relative intensities for the

I AN = 0 signals for the four branches are R,2  + Q22
=1.000, Rt +Q21 =0.5006, R22 =0.1989, and R2

RZMA = 0.0682. Comparison to the experimental results suggestsII that the most likely candidate among these branches is the
S !mixed R, +Q 2 (21.5) branch. It is also seen, that the

. .. AN = ± I signals, although present, are embedded in the
strong AN = 0 signal, and therefore not experimentally ob-

I servable.
I . Agreement between the experimental and the calculat-

ed branching ratios is less satisfactory for perpendicular de-
tection than for parallel detection. The experimentally ob-

S.served strong AN = 0 signal is only partly reproduced in the
~calculated branching ratios, with the best agreement once

! i again for the mixed R,2 + Q12 (21.5) branch. This discrep-
li ancy could in part be caused by the finite width of the detec-

it tor in combination with the forward peaked Waound O = 0")

angular distribution for the AN = 0 peak. (See FI. 6).
A ~~~~~~~~Averaging the signalovrafntdeeorcepnragl

__,_, _ -"for a realistic width ofrdid not improve the agreement. The
perpendicular signal is calculated to be about 50 times

Fo. 3. .. ,i ib calclated (ngh) weaker than the parallel signal. Even a mall experimental
~~Ibv sw~gbr~b~m~bkrwahn (a) R4, or Al,.

mreL~m~ ~ m tlm, Qtma m: orR misalignment or less than 100% linearly polarized light
(U. -0) iipami, (9 - f') wmuuthifdss, lad (t.- scud 1l to a -eSitmltion" of the Vpedcule tinal

by the pasmlbl signal. With this large dfrsnoe in the signal

...- Ps. Vol, .h6 S. I PO s
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of the perpaxdalr signt by the parale signal a sumcin -xeimn -) -

to cause the measured -petpemdicular" signal to havea sub- ---

stantisly morne AN -0 peak as experimentally oh-
servell.' We will, however, in the fblIowiiag aisume the sys-
tem to be aligned and the light source to be 100% linearly
poharzed. Another possible reason for this discrepancy
between theory and experiment could be high intensity cf-

fects, arising from the higher laser intensity necessary to - _1 1
rectdy solving the rat equations (2). The An and , are i i
assumed equal, and their values are taken from Ref. 3 L.The I
sumption of a constant lase bandwidth and detection func- )U

tion (FWHM = 6 meV). The resulting branching ratios, as
function of intensity, are shown in Fig. 4 for parallel dete- _

tion and in Fijg. 5 for the perpendicular detection. It is seen - _ _ _

that the branching ratios for the R, and the Rat branches,
whichwereidenicalin te peturbtivelimi. dochane FI. S.Samucas Fig. 4, but frdtcinperpaidicidar to the ihpoaze

with highe laer intensities, and that the AN = 0 peak for tw di-mon

the mixed branches becomes less dominant at higher intens-
ties. The perpendicular signal shows the same trend which is
opposite to that seen experimentally. The differences are
hence probably due to effects not incorporated in the present For higher laser intensities saturation effects will give

study. rise to higher#p values (higher than the perturbative limit of
j~) 24 The magnitude of the higher# values depend on the
relative saturation rates for the different M. channels. The

-x -) photoionization cross sections are nearly constant for the

______ -different M, sublevels, as found experimentally by Jacobs el

al 3' and theoretically by us."' Therefore, the terms beyond
IA fl, will have finite values for higher field intensities although

their magnitudes are expected to be small. In fact our calcu-
lations indicate that the only higher# value of significance is

IIthe#, value, and it never becomles larger than 5% ofthe,6,
- - value. The photoelectron angular distributions for the differ-

ent rotational branches (AN = 0, ± 1, ± 2) ionized via the
R 1IR2 + Q2 2(2 1.5) branth are plotted in Fig. 6 as afunction of

A ~i iiintensity. It is seen that the photoelectron angular distribu-
tion for the AN = 0 signal in the perturbative (low intensi-
ty) limit are strongly peaked around 9 =0W and that the
distilbutions for the different AN signals become similar for

intenenste ws rniinenry em ogv

haWela haves dicuse rottina bran..i rutios resultingoeg
ruetead~uhdmim.1h uad~auqs~frousa (a +.~c' 1) tacuglotEMPl oMtOn detetr rhghnsifties

-- ad( ad o h orpsil rnhsta a

be0eP~,VIISI asige ew as R(15.Tecluaioswrmoeih
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