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Dynamics of Rydberg states of nitric oxide probed by two-color resonant
four-wave mixing spectroscopy

E. F. McCormack, F. Di Teodoro, and J. M. Grochocinski
Bryn Mawr College, Bryn Mawr, Pennsylvania 19010

S. T. Pratt
Argonne National Laboratory, Argonne, lllinois 60439

(Received 17 February 1998; accepted 25 March 1998

Two-color resonant four-wave mixinlf C-RFWM) spectroscopy has been used to probe highly
excitedv=0 andv=1 Rydberg states of nitric oxide. Transitionsne- 16—30,v =0, Rydberg
states, and thef® 9p, 7f, 8f, 8s, and %, v=1 Rydberg states from th& 2>*, v'=0 and 1
states have been recorded. The decay rate of pharsl 9, v =1 states has been extracted from
the observed line profiles by using a recently developed model for the excitation of quasibound
resonances in TC-RFWM spectroscopy. Transitions fromAH& ™, v’ =1 state to theX %1,

v”=10 state have also been observed, allowing an absolute calibration of the TC-RFWM signal
intensity. This calibration is used to determine an excited-state absorption cross section for the 9
v=1 Rydberg state. €998 American Institute of Physids$S0021-960608)01625-(

I. INTRODUCTION reviewed®®*” Recent work using state-selective TC-RFWM
configurations includes the demonstration of a novel slit-jet

Nitric oxide serves as an important system in which todesi n that significantly improves signal strengtand new
study the dynamical properties of highly excited Rydberg 9 gnit ymp 9 3
measurements in a variety of molecular systems;*0

states of diatomic molecules. Further, the interplay betwee 40 a1 27 43 24

experimental observations of the Rydberg states of NO usinEE\%M %ﬁ?ﬂggh S:gg?r?inliﬁvegggaﬁalof LEeNpi)ré;gs-ocia

various spectroscopic techniques and multichannel quantu ) ) :
P P d . tive linewidths of theM 23%, v=1 andH 23, H’ 2II,

defect theory(MQDT),! which provides an integrated ap- a _
proach to describe the dynamics of Rydberg states, has led g~ 2 Rydberg states and the non-Rydbedg’m, v=26

significant advances in our understanding of molecular deca?tate(:‘5 in the determination of energies and rotational con-
mechanisms. The Rydberg series of NO have been studied ffj@nts for several =0 high Rydberg state€,and in a study
detail, beginning with the high resolution vacuum—ultravioletszthe multistate interactions between2 BT, v=28 and
absorption spectroscopy conducted by Miescher andt Hb ’28:8 valence states, and tt@ “Il, v=0 Rydberg
co-workers>™ Since then many experimental studies usingState-" _ _ _
multiphoton excitation techniques have been carried out on  The TC-RFWM techniques have received attention be-
highly excited Rydberg states both befow? and abov&—27  cause they have several valuable attributes. Unlike excited-
the first ionization limit. Remarkably detailed understandingState detection by the fluorescence-dip method, the RFWM
of the photoionization dynamics of these highly excitedtechniques produce a zero-background signal and do not re-
states has been gained through the use of energy and angflire the state of interest to have a significant fluorescence
resolved photoelectron detectiéit?® The photodissociation duantum yield. Although they are inherently not as sensitive
dynamics of the highly excited Rydberg states of NO, how-2S resonance-enhanced multiphoton ionizatit®®EMPI),

ever, have proven more difficult to measure. What is knowrivhich, in principle, can detect a single molecule, RFWM
about these processes has been gained through the compégchniques probe any absorbing transitions of a molecule,
son of multiphoton ionization spectra and fluorescence dipndependent of the decay channel, e.g., ionization, dissocia-
spectra?~**?7 and direct photofragment detectiétr?>%’  tion, or fluorescence. In this way, the spectra obtained by
These studies have shown that when both ionization and digising RFWM are directly related to absorption spectra, with
sociation channels are open, Rydberg and valence statBe significant advantage of state selection when double-
interactiond® 3! lead to a competition between ionization resonance techniques are used. This sensitivity allows effi-
and dissociation, resulting in Rydberg state widths and proeient detection of states that predissociate or otherwise inter-
files that depend strongly on energy and angular momentunmally convert their energy, making their detection by other
MQDT calculationd?=%° have been successful in describing techniques difficult. It is this aspect of the RFWM techniques
this competition, and computed cross sections and linewidththat makes them particularly well suited to the study of
are available to make quantitative comparisons. excited-state decay dynamics.

Two-color resonant four-wave mixing TC-RFWM) Considerable progress has been made in establishing the
techniques have emerged as effective nonlinear spectroelationship between the intensities and linewidths observed
scopic probes and many applications of four-wave mixingin TC-RFWM experiments and those of true excited-state
technigues to gas-phase molecular spectroscopy have beabsorption spectra. Theoretical models of TC-RFWM based
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on an extension of theoretical work on DFV§Mhat com- 7/

bines diagrammatic perturbation theory with spherical tensor 7 (NO*X 154)
analysis have been develop®dThis method has been suc- (NO*X 13+) nev=1
cessful in the interpretation of line intensities and line pro- nev=0 330nm

files observed in TC-RFWM experiments detecting bound to

bound state transitions, where the line profile has been AZZhv'=0—¢
shown to reduce to a simple Lorentzian function of the probe
laser frequency! For cases where quasibound states are ac- X 2My"=0 —= : X2My" =0
cessed in the four-wave mixing process, the same approach _

can be used to derive the appropriate signal intensities ariaG. 1. Experimental arrangement for the TC-RFWM spectroscopy of NO.
line profiles. In such cases, the line profiles can exhibit pro-

nounced asymmetries reflecting the configuration interaction

of the discrete and continuum character of the stétes. corresponds to a molecular transition because of the resonant
To demonstrate the utility of TC-RFWM techniques for pehavior of the third-order nonlinear susceptibiligf3), of
quantitative studies of the dynamics of Rydberg states and tghe sample. A spectrum can be obtained by monitoring the
test the recent theoretical developments, highly excited anﬁﬁtensiw of the scattered signal beam as a function of the
guasibound Rydberg states in NO have been investigateqequency of any of the input beams.
The region just above the ionization threshold is of particular  The TC-RFWM excitation schemes used in the experi-
interest because the competition between decay processgiental work presented here are shown in Fig. 1. Grating
leads to transitions that exhibit a variety of line profiles. Thetransitions are made between rovibrational levels of the
region below the first ionization potential is also of interestx 21, , ground andA 23" excited electronic states of NO.
because the =0 Rydberg states are known to be strongly prope transitions are made between A&, * state and the
predissociative and some series have been difficult to obmigher lying Rydberg states. Excited-state spectra are ob-
serve with ionization detection. Results are presented here Qgined by tuning the grating laser beam to a particular
the TC-RFWM spectra oh=16-30,0=0, Rydberg states A 25+._X 2[I,,,, rovibrational transition and scanning the
and the &, 9p, 7f, 8f, 8s, and %, v=1 Rydberg states probe beam frequency over (N& 1S *)nl—A 25" tran-
excited through thé\ X", v’ =0 and 1 states. A model for sitions while monitoring the intensity of the signal beam gen-
TC-RFWM signals arising from transitions to quasibounderated in the four-wave mixing process.
resonances is applied to the observed line profiles of fhe 8 Djagrammatic perturbation theory provides a framework
and 9, v=1 states. The decay rates extracted from then which to calculate they(3) of the sample and thus the
TC-RFWM spectra are compared to multichannel quantungijgnal observed in RFWM spectroscopy®’ For the experi-
defect theorMQDT) calculations and multiphoton ioniza- mental conditions and geometry of the work presented here,
tion (MP') data. Transitions observed in the TC-RFWM the TC-RFWM Signai intensity as a function of the probe-

spectra between tha X", v'=1 state, downward in en- |aser frequency has been given by Williams and co-workers
ergy to thev”=10 vibrational level of the ground state are 5&°

used to calibrate the intensity of the TC-RFWM spectra.

ARZHV =1

21/; 4 4 2
From this calibration an excited-state cross section for the =~ S(@p)*N (il le)|*I(el | F)] Hwp)lglp, 1)
9p, v=1 state is derived. whereN is the number density of the medium, angand! ,
are the grating light and probe light intensities, respectively.
Il. TC-RFWM SPECTROSCOPY Here we have assumed that the probe and grating light are

TC-RFWM spectroscopy can, in many cases, be delinearly polarized, parallel to each other and that their band-
scribed conceptually in terms of light-induced gratifigs, Widths are negligible. The matrix elemefi|x|e)| repre-
hence the name laser-induced grating spectros¢byS)  Sents the molecular dipole transition moment from the initial
and the labeling of the incident laser beams as grating angfate to the intermediate excited state to which the grating
probe light in the four-wave mixing process. The techniqudight is tuned, and the matrix elemef{e|x|f)| is the mo-
iS appiied by Crossing two |aser beams at a Sma” angie in &Cular d|p0|e transition moment from the intermediate ex-
medium Where they interfere to produce a Sinusoidai moducited state to the final state across Wh|Ch the probe I|ght iS
lation of light intensity. When the wavelength is tuned to afrequency tuned to obtain the TC-RFWM spectra. With the
transition in the sample, the varying light intensity producesdrating light on resonance, the line profi¢w;) as a func-
alternating regions of excited and ground-state populationdion of the probe light frequency can be expressed as
These alternating regions result in a Bragg diffraction grating 1 1
characterized by a varying absorption coefficient and index T(wp)= Fx(w o 2 (1122
of refraction. In this case, the grating is called a population € PR
grating because it arises from a population transfer due t&quation(2) describes a Lorentzian profile as a function of
excitation caused by the grating-forming laser beam. A sigthe probe laser frequency, with a full width at half-
nal is produced by scattering a third laser beam, the probenaximum (FWHM), I', and a peak resonance position at
off this grating to produce a fourth beam that propagates in @g. Here,I'; is the decay rate of the intermediate excited
unique, well-defined direction. The four-wave mixing pro- state andl’ is the decay rate of the Rydberg state. Decay
cess is strongly enhanced when the frequency of the lighimes are given by

2
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1 . S(wp)=N[(i| w|e)|* (el ulc)|“T(wp) 121, (8)

7(s)= ——.
2mcl(cm™ ) where the line shape functio(w,), is given by

The signal expression in Edl) applies to four-wave T(wp)
mixing schemes that access discrete states of a system. The

2

analysis of the TC-RFWM signal when a state in the excita- 2 2 (wp—wg)
. . +2r+1)°+ +(14r) ———
tion scheme has a continuum character, such asnihe 1 (@+2r+1) 2+ (1+0) r2
Rydberg states probed in this study, requires a modified ex- ~ 4 (wp— wr) 2+ 4(T'12)? '

. . . . . e p R
pression for the signal. A RFWM signal is calculated, in
general, by summing over all of the states of the system in ©)

which the four-wave mixing is taking place. In practice, thewith r=p,/p.. The constants of proportionality omitted in
application of the rotating-wave approximatidRWA) sim-  Egs. (1) and (8) are the same in both cases. By fitting the
plifies the calculation by determining a subset of resonanppropriate lineshape functions to observed TC-RFWM pro-
and nearly resonant terms that contribute significantly to thdiles, valuable dynamical information in the form of theq,
sum. When this procedure is carried out for the case of aandI’ parameters can be determined.

isolated upper level resonance that consists of both a discrete

and continuum character, the signal can be expresséd as ||| EXPERIMENT

S(wp) = N?|(i|u|e)]* A. Spectroscopic background
5 2 ) The levels accessed in the excitation scheme shown in
X JDU|<9|M|7I>| L(wp,wg;m)dn| IGl,. (4)  Fig. 1 are denoted as follows:
25+ 7 + AR Y 2 "_— "
Here a configuration-interaction modeto describe the AT UINTLNT I X Aly,07 =0, 7, (10
quasibound resonance in terms of a continuum staes, (NO*X = *)nl,u,N*,N,J—A 23+ v’ NT' N',J".
and discrete statgR), coupled by an interaction Hamil- 11

tonian,V, has been used. The energy index, Throughout the discussion, levels of the?Il,,, state are

denoted with double primes, levels of the®S " state are
(50  denoted with single primes, and Rydberg level ef0 and

1 are denoted without primes. For low rotational levels, the
where wg is the unperturbed resonance position of the disX 21'[1,2,3,25tates are best described by using Hund'’s ¢ajse
crete state, has been introduced to characterize the eigegeupling. TheF; component withQ)”=3 is well separated
states) ), of the coupled discrete and continuum state confrom theF, component with)”= 3, which lies 124.9 cm*
figurations. Here,L(w,,wq;7) is a complex line shape higher in energy’ The A 23" state is close to Hund'’s case
factor. Applying the RWA in the analysis results in a range,(b) coupling and is described by the total angular momen-
D, of continuum stated), that must be included in the tum,J’, the total angular momentum exclusive of spit,
summation process. and the rotational angular momentum of the N®n core,

In the configuration-interaction model, the transition N™'. AlthoughN™ is not generally a good quantum number

probability for excitation of the eigenstaltg) is given by the  in Hund’s case(b) coupling,N'=N"" for the A °2™ state

_ WpT WR

="T12

well-known Beutler—Fano line profif&:>° because the excited electron is in th&3orbital. The levels
( 2 are labeledr; for J’=N’+3 andF, for J’=N’'—3, where

a+t7 3 is total electronic spin of the molecule. The grating-

(elulm)2=pe 7z +Pu, ® P graing

forming transitions in Eq(10) are denoted in the standard
way, for example,R,;(J") indicates a transition from the

INhlerle p|°2 IS (tjhe _prt%babllltky)/ t()){_tex?ltlngk_ thet con_?_nuurtn, X 2I1,,, (theF, componentstate to thé=, component of the
(€|u|c)l”, andp, is the probability of making transitions to A 23" state, and)’ =J"+ 1. The splitting between the dif-

other uncoupled continua not interacting with the discretPTerentJ’ levels with the same value of is not resolved in
;tate. The asymmetry pa_rameter,is ameasure of the rela- the present study. Because tg; branch, however, is not
tive strengths of the continuum and discrete dipole momentg, \ed in single-photon excitation for parity reasons, the

scaled by the interaction Hamiltonia¥, tis given by” P, branch is not overlapped and it can be used to selectively
(n|nle) @ excitela plIJreFl spin state, i.e., a singl¥ level, for a series
q= , of N’ levels.
m(RIVicKclule) High Rydberg states are generally described by using
with T'=|(R|V|c)|2. Hund'’s casdd) coupling in which|, the angular momentum
By substituting the transition probability given by Eq. of the Rydberg electron, is uncoupled from the nuclear axis
(6) into the expression for the TC-RFWM signal in Ed) andN™, the rotational angular momentum of the N@n
and then integrating, assuming p., and p, are energy core, and\N, the total angular momentum exclusive of spin,
independent nean=0, the following expression for the TC- are good quantum numbers. The projectiorh oh the inter-
RFWM signal for probing a quasibound resonance isnuclear axis is denotet and the total angular momentum,
obtained®? N, takes on the valuel=N'+ ¥. The F components

Downloaded 09 Feb 2012 to 165.106.1.42. Redistribution subject to AIP license or copyright; see http://jcp.aip.org/about/rights_and_permissions



66 J. Chem. Phys., Vol. 109, No. 1, 1 July 1998 McCormack et al.

3000 [T T ——T
—_— NO+X 1+ = [ ]
BMT - ( ynev=0,1 : ]
cop H o, 2500 - 8s 9s P
™ _ E\ T
Filtler _L_ Y A23+ v'=0, 1 £ 2000 | X2, v = 10 ]
Lens _| o8 g 1500 F XMl v'=10 /]
Pinhole —|— X 2y, V"= 0 T ’ Py |7 o
- £ 1000 | B
Lens > of
s
2 s00[ l 8p [ L E
o
. o st I\ L ]
S o ] Pulsed Valve
-: ," 1 1 . [ 1 -
\ 28000 28200 28400 28600 28800 29000 29200
Probe Laser Energy (cm')

FIG. 3. The TC-RFWM spectrum obtained by tuning the grating-forming
lasers to theR,,(1.5) branch of thed 23*, v’ =1+X ?[I,,, v"=0 tran-
sition and scanning the probe laser in the energy region of transitions to
several (NOX '3 %)nl, v=1 Rydberg states lying at and just above the

v =0 ionization potential.

FIG. 2. The TC-RFWM schemes used to probe the (XGOS ™)nl,

v=0 and 1 Rydberg states of NO.

were taken with a delay of-20 ns between the grating-
forming pulses and the probe pulses. The bandwidth of the
probe laser light was 0.4 cmh. The wavelength of the probe

not resolved in the present study, the probe transitions in Eci?jegf“gsh;&/i\f; Cglr:zra;?:o?]y g?;%ﬁ?;ﬂg;ﬁilspﬁ?ﬁ I\{ﬁglcl_slgesc-

(11) are denoted in terms i as™' "N AN, . spectrunt?

Because the electron is decoupled from the molecular’ 5 molecular beam was produced by a pulsed valve op-
. . 2 + .
axis in both theA “X™ state and the high Rydberg states, grateq with a backing pressure ofL atm of pure NO. The
transitions between differefit components are weak. Thus, major velocity component of the molecular beam was ar-

F1<—Fé transitions are expected to be much stronger thap,geq to be parallel to the grating fringes to minimize the
F,—F, transitions. Similarly, because the coupling betweeryecay of the grating due to molecular motion. With this ar-

| of the Rydberg ezlegtron and t_he rotation of the nuple| ISrangement the grating persisted ferl00 ns. Grating light,
small in both theA X" _State’_WT'Ch r)a$=+0, anid,the high  with frequencywy=2mc/\ 4, was divided into two beams
Rydberg states, transitions with™ —N"=N"—N""=0 are  hat were crossed at a small anghe,=3°, in the interaction
expected to be strongest. _ , _ region to form the grating. Probe lighs,, was then scat-

The orbital of the excited electron in the“X ™" state is tered off the grating to produce the signal beany, The

pr_edommgntly_?. with small amounts otl andp character  yngie of incidence for the probe beam is restricted by the
mixed in" This suggests that while transitions to the  yhase-matching constraint, equivalent to the Bragg scattering
Rydberg states will be strongest, transitionsn® nd, an_d condition)\g/sin(gIZ)z)\p/sin(G)pSIZ)Fg The signal beam

nf Rydberg states are also allowed. The allowed singley, a5 detected through a spatial filter consisting of a telescope

photon transitions from tha N state to the high Rydberg 54 pinhole. A color filter was used to further reduce back-
states are restricted by the selection rdeéls=0, =1 and an ground due to scattered light.

odd parity change. This results in the following derived se-

lection rule for the observed transitions: for edeRydberg

statesN* —N’ must be odd and cannot be equal to zero; for'V- RESULTS AND DISCUSSION
oddd Rydberg statesN™ —N’ must be even and therefore A. v=1 Rydberg states

can take on the value of zefd.

are defined in the same way as described ab&vyefér J
=N+ 3 andF, for J=N—3). Because th& components are

Figure 3 shows an example of a TC-RFWM spectra as a
function of the probe laser frequency in the energy region
from ~28 100 cm! to ~29 100 cn?, which includes en-

Figure 2 shows a schematic diagram of the experimentatrgies at and above the=0 ionization potential of NO.
arrangement. Light pulses at 226 and 215 nm, used to exFransitions from theA 2%, v'=1, N'=2 level to several
cited thev’ =0 andv’ =1 levels of theA 23 state, respec- members of thel, v=1 Rydberg series are identified. TC-
tively, are generated by frequency doubling the output of &RFWM spectra were recorded for th&1(1.5), P14(2.5),
pulsed Nd:YAG-pumped dye laser. Light pulses at 350 andR;4(0.5), Ry1(1.5), R;11(2.5), andR;4(3.5) branches of the
330 nm; used to excite the=7—9, v=1 Rydberg states A 237, v'=1X 21, v”"=0 grating transition. For each
and then=16-30,0 =0 Rydberg states, respectively, were Rydberg state, the probe transition energies observed in the
produced by a second pulsed Nd:YAG-pumped dye laselTC-RFWM spectra agree with previously reported values to
All laser beams were collimated to a diametera®2 mm and ~ within the energy uncertainty of 0.5 crh These include
were linearly polarized parallel to one another. Laser pulseneasured energies for thes8and %, v=1 Rydberg
energies could be varied from 10 to 30 per pulse. Light statess*'*1%the 7f21418219nd & 2 y =1 Rydberg states,
pulses from the two lasers were8 ns in duration and data and the $* and 9,%*v=1 states. Also visible in the TC-

B. Experimental arrangement
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120 LB w i s TABLE I. Fit results for the  and 9, v=1,N*=1,N=1,J=1.5 Ryd-
8 vele AZEnyed  m 1 berg states of NO. The first uncertainty listed is the standard deviation from
% 100 9R,(0.5) - Ei?‘a ] multiple measurements of the line profiles; the second is the average statis-
5 w | tical uncertainty obtained in the fits.
§ 60 | B 8p %
2 [ ] Energy (cm?) 28 450.7(0.4) (0.05 28 922.3(0.5) (0.0
; 40 ] I (cm™) 2.85(0.16 (0.0 1.41(0.25 (0.08
) o b ] q 4.6(0.7) (0.2 4.2(0.2 (0.3
1 r 9.5(1.6) (0.9 21.3(2.2 (3.2
o ! ) ! . ! L c? 831(37) (20

28430 28450 28470 28490

Probe Laser Energy {cmr1)

FIG. 4. The &, v=1, N" =1, N=1, J=15 resonance observed by TC- yery sensitive to the background level of the signal and care
RFWM via the P14(1.5) branch of theA 3", v'=1«X °Il;,, v"=0 . .
grating transition and th&R,(0.5) branch of the (NOX 3 *)8p, v=0 was t_aken to e,Stab“Sh the zero for the Ob,served signal by
—A?23* y'=1 probe transition. The solid line is a least-squares fit of the PlOCKing each input laser beam to distinguish between the
data to the TC-RFWM line profile given in E¢9). contributions of any scattered light getting into the detector
and the true signal beam. The statistical uncertainties associ-
ated with the fit parameters indicate that the line profile in

RFWM spectra are additional transitions close in energy t&q. (9) does very well in characterizing all aspects of the
the 9, v=1 states. These peaks arise from transitionsbserved profile, including the asymmetry of the feature and
downward in energy to the”=10 level of theX 21'[1,2,3,2 the observed background level.
ground state in the four-wave mixing process. In Table II, the fit results for the decay raig, are com-

The Rydberg states of NO probed in this study lie abovepared to MP} measurements and MQDT calculatidhef I
the ND)+O(*P) and the N¢S) + O(3P) dissociation lim-  for the 80 and 9, v=1 states. The procedure for fitting the
its to which several doublet valence states convergegp, v=1 data is discussed below. While a comparatively
Calculation$®~** and experimental studi&s"**?>?have  smaller width for the 9 state is observed in both the MPI
shown that the interactions of Rydberg states with valencand the TC-RFWM data, the absolute values measured with
states lead to dissociation at varying rates that can changeach technique, especially for the State, are in disagree-
depending on the angular momentum and rotational quantumment. A comparison of the measured TC-RFWM decay rate
numbers of the Rydberg state. In the particular case of they the MQDT decay rate requires some discussion. The TC-
np Rydberg series, photofragment studfeS provide strong  RFWM widths presented here were extracted from the data
evidence that thenp states observed in the present studyby assuming a configuration interaction of the Rydberg states
decay primarily by dissociation through interaction with thewith a single continuum channel. In comparison, the MQDT
continuum of theB 2I1 valence state, which converges to the treatment is more complete and includes several ionization
N(?D)+O(®P) limit. Even above the ionization limit where channels and two dissociation chaniBl& As discussed
autoionization decay processes are energetically possible aaghove, however, the decay of the &nd P states proceeds
do compete with dissociation, the experimental evidéhce by dissociation through a single dominant charfieind
indicates that the 8 and 9, v=1 states decay predomi- thus the simpler model is justified and the results obtained
nantly through this dissociation channel. with it can be compared to the fuller treatment. To the extent

A measurement of the decay rate of thp &nd P, that this is a valid approach, the good agreement observed
v=1 Rydberg states can be made by fitting the function irbetween the decay rates obtained by using TC-RFWM and
Eq. (9), appropriate for the excitation of a quasibound resothose calculated by MQDT, especially in the case of the 9
nance in the RFWM process, to the line profile observed in)=1 state, is meaningful.
the TC-RFWM spectra. For thep8and 9, v=1 statesp, Because the |8 and the ® states belong to the same
is interpreted as the probability of transition to the dominantRydberg-state channel and both lie in the continuum energy
B 2I1 valence state coupled to the &nd %, v=1 Rydberg region of theB 2II valence state, one might expect thand
states,I' is the predissociative decay rate of the Rydbergr parameters to be similar for thgp8and 9 states, and the
state,q is the asymmetry parameter characterizing the reladecay ratesl’, to scale as H®. Not all of these behaviors,
tive strengths of the transition moments to the Rydberg stathowever, is observed. In the configuration interaction be-
and the dissociative continuum, apglis the transition prob-
ability to any noninteracting continua.

Figure 4 shows a fit of the TC-RFWM line profile in Eq. TABLE Il. A comparison of measured and calculated value§ ¢tm™?)
(9) to the measured profile of th¥R,;(0.5) branch of the forthe & and 9, v=1 resonances.
probe transition to th&=1, J=1.5 level of the ®, v=1
Rydberg state. In this case, tdé=0.5 level of theA 23+
was selectively excited by the,,(1.5) branch of the grating 8p 2.85 3.9 4.9
transition and thus a singlé level of the Rydberg state is 9 141 3.0 18
accessed in the probe transition. Table | summarizes the fif;yiphoton ionization spectra; Ref. 13.
results for this transition. Thg andr parameter values are PMQDT calculation; Ref. 33.

TC-RFWM MPP Calculatedl” (cm™%)P
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tween the Rydberg state and the continuum of Ehéll 400 T T ]
valence state, the intersection of the potential energy curve of Er v 10 A vt - E
the 8 and the $ Rydberg states with the inner part of the wo b Rpf0.5) - i

B 2II potential energy curve will occur at different internu-
clear separations that would change the overlap of the two
wave functions and could measurably affect the size of the
configuration interaction as a function of energy. The slightly
smaller decay rate observed for thep $tate indicates a
smaller configuration interaction with th@ 2I1 state con-
tinuum in comparison to the@state, which could be indica- L ST L
tiVe Of SUCh an effeCt. 28850 28900 28950 29000

Ther parameter can be interpreted in two ways. Making,
first, the assumption that the transition moment to the noninFIG. 5. The $, v=1,N*=1,N=1,J=1.5 and theX 2II,, v"=10, J"
teracting continuum does not vary over the energy d|fferenc§1 5+resonin0§(s (;?SGWG;d gy T(t? RFtWM \tfla Fhﬁ((jlt:%?brgréchbof th:
between the p and & states, the Igrgar value for the Q) of the (UNO*X s+ )932 ; OFir%ng, ;an—szllogrgge tranls(mon) a:iincthe
state, compared to thep8state, implies a smaller transition R,,(0.5) branch ofX 2[14,, v"=10—A 25*, p'=1 probe transition, re-
moment to the interacting continuum at the energy of the 9 spectively.
state. As described by E¢7), a smaller interaction Hamil-
tonian and a smaller value fqu. would suggest a larger
value ofq for the 9 state. Somewhat surprisingly, however,
a nearly equal value df is observed for the 9 state. This X e _ X
result implies a transition moment for the excitation of the@MPplitudes, the sum consisting of the line shapes given by
perturbed § state that is~2.3 times larger than the transi- £9S-(2) and(9),
tion moment to the perturbedp9state. This value is almost c2
twice as large as the @;Eor of 1.2 obtained by scaling théS(wp) = (0= wx) 2+ (T x12)2
transition moments by~ *'“. Making, instead, the assump-
tion that the difference in the parameter for the 8 and the ) 2, —wgl?
9p state energies is due mainly to a variation with energy of (@°+2r+1)°+ 29+ (1+ r) (FR/2)
uncoupled continua, the differenceqgrvalues for the § and + — 2 ) (12

X o o o (wp— wR)>+4(T'r/2)?
9p lineshapes implies a transition moment for the excitation P
of the perturbed B state that is only-1.5 times larger than can be fitted to the adjacett 2I15,, v”"=10 and P, v
the transition moment to the perturbeg State. In either =1 peaks observed in the TC-RFWM spectrum. Hérgjs
case, however, the differences in the parameters observed ftire FWHM andwy is the resonance position of the?I15,,
the 8p and P states that are not accounted fordmgcaling v”"=10—A 23", v’ =1 transition profile. SimilarlyI' is
factors are evidence for a significant variation in the structuréhe FWHM andwg, is the resonance position of the v
of the continua over an energy range equal to the energy:1—A 237, v’'=1 transition profile. Comparing Eq$l)
difference (450 cn!) between the p and P states. and(8), the constan€? is defined as the ratio of the squared

transition probabilities,

200 B
9p, v=1e A28 V' =1

= OR,(0.5) E

100

TC-RFWM Signal (Arb. Units)

Probe Laser Energy {cm-1}

Neglecting any possible coherent addition of )

4 4
B. Excited-state absorption cross section of the 9 p, 2_ M # ef (13
v=1 Rydberg state I(e[ulc)| P

In Fig. 3 unexpected transitions are visible in the TC-Because in both transitions the sathés accessed, specific
RFWM spectrum close in energy to peaks corresponding texpressions for the rotational line strengths in each case are
transitions to the P, v=1 Rydberg state. The source of not required in this analysis.
these resonances was determined tO(b7dT3,2,1,2, v"=10, The results of the fit of Eq(12) to the X 2I1,,,
J'—A23* v, N, J' probe transitions downward in en- v”"=10—A 23", v'=1 and the p v=1—A 3" v'=1
ergy in the four-wave mixing process. This explanation istransitions are shown in Fig. 5 and values for the fitted pa-
supported by the absence of these transitions in a doubleameters are given in Table Il. To obtain these results,
resonance MPI spectrum taken over the same energyas set equal to the bandwidth of the probe laser since the
regiorP® and was further confirmed by a comparison of thelinewidth that would result from the natural rate of decay of
observed peak energies to transition energies calculated withis state is much less than the laser bandwidth. The energy

measured spectroscopic constants for ¥élls, 1, v”  of the transition to the)’=1.5 level of theX 21y, v”
=10 level of the ground stafé.Because the absolute oscil- =10 state was determined in the fit to be 28 918.Tfnin
lator strengths and Einstein coefficients of tA&> ", v’ good agreement with previous measurementsXdl,,,

X 253, v" transitions of NO are well establish€4®  v”=10 state energie¥

these transitions can be used to calibrate the magnitude of From the fit results the cross section for photoabsorption
the TC-RFWM spectrum and derive a value for theof the 9, v=1 state from theA 2%, v’'=1 state can be

A 23 *-state photoabsorption cross section of thg =1  calculated. The cross section can be expressed in terms of the
Rydberg state. continuum states &%
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_Wwp 2 500 L L B L RS S AR B A AR BN
U(wp)_ 37LCEO |<e|,u| 77>| ' (14) 16 20 25 30 np (Nt =3)
100 [ T T T T T TTTTII0 ]
Substituting Eq(6) into this expression, the cross section is ) LI |2|1 =5
expressed in terms of the fit parameters as g 300 |- 10 woran ]
-~ L T 4
—1 2 2 g [ + =
o(wp)= 3ﬁ77 V(Cm_l) |pesel® ( (g+ 77; ], s f 200 IPo (N* = 3)
ceg '(cm™) C 1+7n g ,
100 —
The factor ofl" in Eq. (15 comes from the energy normal-
ization of the continuum states. 0 o
From the experimentally determined Einstein coefficient, 29%00 0100 %00 2000 2070
A115=2.944¢<10¢ 1% for the X 25, v"=10 Probe Laser Encroy (e

—A?23*" p'=1 transition, a value of[(e|u|f)|?>=4.3  FIG. 6. The TC-RFWM spectrum obtained by tuning the grating forming
X 10782 C2m? for the transition moment is calculated. Sub- laser to theRy;(2.5) branch of thet 2%, v’ =1X I, v"=0 transi-
stituting in the values fo€, v, andl’ Iistedzin TabIeHII and 23:” :r’;iss‘(’zg‘;”ﬁ’ztffn I’?’Sieo'aRSerb;”rg”;fat‘z”sel;gizgrﬁg'lgcv ?;;%”fgtr'fns o
the dipole transition moment for th&X “Ilg,, v"=10  i;4i0n potential.
—A 23 v'=1 transition, we obtain the following expres-
sion for the photoabsorption cross section for the 8=1
Rydberg state: The laser bandwidth of the 350 nm probe radiation is
~0.4 cm . An estimate of the effect of this finite bandwidth
on the extracted widths of the predissociating Rydberg states
was assessed by doing a numerical convolution of a Gauss-
_ _ o ian curve with a FWHM of 0.4 cm® with the TC-RFWM

The uncertainty of the exmted_-s’_tate Cross sectl_on is estiipe profile given in Eq.(9), incorporating the parameters
mated to be~25%, based on variations observed in @&  gpserved for thdR,(0.5) branch of the probe transition to
para_meter _determined from s_everal wavelength scans. Thge 8p, v=1 state. The effect on the apparent width of the
maximum in the cross section occurs at an enewy profile was less than-5% for this case. An analytic expres-
= ®max, When »=1/q, which is slightly shifted from the gjop for the TC-RFWM line profile that includes finite laser

actual resonance positiomyg, of the Rydberg state. At pangwidth effects would be useful and is currently being
wmax, the term g+ 7)%/(1+ 7?) becomes)®+ 1. Evaluating investigated.

Eq. (16) at its maximum using the andr values given in
Table Il, the maximum in the cross section is found to bec
46.3<10° 22 m~2 or 46.3 Mb. This maximum value is com-
parable to the value of 22.1 Mb for the maximum in the  Figure 6 shows the TC-RFWM spectrum observed via
ground-state photoabsorption cross section of the®=1  the Ryy(2.5) branch of theA *27, v'=1—X?Ily,, v"
state calculated with a MQDT treatment by Giusti-Suzor and=0 grating transition as a function of the probe laser fre-
Junger?? It is somewnhat larger, however, than the value ofquency in the energy region from 30 000 thto the ioniza-
2.7 Mb obtained for the , v =1 state by scaling by~ 2 the tion potential near 30550 cm. Transitions from the
cross section value of 0.94 Mb for thef,3 =1 state mea- A °S", v'=0,J'=3.5,N'=3 level to members of thap
sured by using fluorescence depletion in méS* statel® andnf Rydberg series are observed, and their term energies
The uncertainties given in Tables | and Il only include and quantum defects are reported in Table Ill. The strong
the statistical uncertainties of the fits and the standard devidtansitions observed in this spectra are identified as belong-
tion of multiple measurements. Other sources of experimenig to thenp series converging to the" =0, N " =3 level of
tal uncertainty include possible power broadening of thethe ground state of the NOon. The weaker series consist of
transitions and the effect of the finite bandwidth of the probetransitions to levels of thef states converging principally to
laser on the line profiles. Probe laser power studies wertheN" =5 level of the ion core. These Rydberg series can be
conducted to examine the behavior of the linewidths as &nalyzed with the well-known Rydberg formula,

(q+n)?
o(w )=1.2><10‘22m2(—+r .
( P 1+7]2

(16)

. v=0 Rydberg states

function of the power of the probe laser pulses. For probe- Ry
pulse energies below 10@J, the fitted linewidths did not E=IP,+ y+— GG 17)

measurably change. Above 1Q@, the widths began to in-

crease with increasing laser power. The magnitude of the The best fit of Eq(17) to the observed energies of the
TC-RFWM signal was also examined as a function of thenp, v =0 series is obtained with a quantum defect of 0.71
probe laser power. As expected from E@b). and (4), the  +0.01 and an ionization potential of 7474%.0.4 cm ' for
TC-RFWM signal varied linearly with the energy of the thev* =0, N* =3 level of the ion core. By using the rota-
probe pulses for values below 15@]. At pulse energies tional constant for the ground vibrational state of the iBn,
greater than 15@J, the signal intensity began to saturate. As=1.997 cm,®° the ionization potential for the rotationless
a consequence of this observed trend with laser power, theore is found to be I=74721.9-0.4 cmi %, which is in
parameter results presented here are based on data taken wjthod agreement with the value of 74 721:67.10 cm'?
probe-pulse energies below 1(04. measured by Biernacldt al® A fit of Eq. (17) to the ob-
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TABLE Ill. Term energies, quantum defects, and assignments of thefor the n=16—21 members of the=0, nf Rydberg states
(NO™X = *)np andnf, v=0 Rydberg states observed by TC-RFWM via have not been reported before.
theJ’=3.5,N"=3 level of theA 237, v’ =0 state (44 222.77 cnt). The

uncertainty in the energies i50.5 cm L.
V. CONCLUSIONS

A +_ +_
ni Energy(emh ANTSD)  ANT=3)  A(NT=S) Nonlinear optical techniques continue to be developed
16p 74276.4 0.71 and applied as distinct and useful probes in gas-phase mo-
ig} ;i 2232 0.69 001 lecular spectroscopy. The absorption-like nature of the TC-
18p 74.379.6 069 ' RFWM signal makes it a particularly favorable approach for
17f 74 402.4 —0.01 the study of excited states that rapidly convert their energy
19 74 416.6 0.74 and therefore are difficult to observe with fluorescence or
10f 744191 0.08 ionization techniques. Here, Rydberg states of NO both
;gfp ;i j;‘gé 073 0.00 above and below the first ionization potential have been ob-
21p 74.478.7 072 served by using TC-RFWM spectroscopy. The observation
220 74502.2 0.77 of the v=0 Rydberg states by using the zero-background
20f 74 505.8 0.05 TC-RFWM technique in field-free conditions illustrates the
23p 74524.4 0.73 advantages this technique can offer.
;i;f) ;i gigg 070 —0.01 The possibility of doing quantitative dynamical studies
250 74.560.4 066 on highly excited and rapidly decaying molecular Rydberg
26p 74575.2 0.62 states by using TC-RFWM techniques has also been demon-
27p 74587.2 0.68 strated. Decay times of the quasibound 8nd 9, v=1
28p 74599.1 0.63 Rydberg states have been extracted from the observed spec-
29 74609.2 0.64 tra by using a recently developed theoretical model for the
30p 74 617.9 0.69

TC-RFWM signal intensities and line profiles of quasibound

states whose decay dynamics are well described by a

configuration-interaction treatment. The decay rates have

been compared to those computed from MQDT calculations

served energies of thef series converging to the” =0,  and observed previously in MPI measurements. In addition,

N*=5 level of the ion core yields a quantum defect®f transitions observed in the TC-RFWM spectra from the

=0.00+0.04 and an Ip,;=74721.4-0.4 cn’l, alsoingood A 23" p'=1 state downward in energy to th&€=10 vi-

agreement with previous measurements and the result fromyational level of theX 2I15, ground state have been used to

the analysis of thep series. derive a cross section of 46.3 Mb for absorption from the
The background level above zero in Fig. 6 is a reala 25* ' =1 state to the p, v=1 Rydberg state.

FWM signal that indicates the contribution of a continuum to

the signal. This energy region includes the continua of theacKkNOWLEDGMENTS
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