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Optical-optical double resonance photoionization spectroscopy
of nf Rydberg states of nitric oxide
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The spectra of vibrationally excitetf Rydberg states of nitric oxide were recorded by monitoring
the photoion current produced using two-photon double resonance excitation via t#e’?NO

state followed by photoexcitation of the Rydberg state that undergoes autoionization. The optical
transition intensities from NQ\ state tonf Rydberg states were calculated, and the results agree
closely with experiment. These results combined with circular dichroism measurements allow us to
assign rotational quantum numbers to thieRydberg states even in a spectrum of relatively low
resolution. We report the positions of thes&(v,N,N;) Rydberg levels converging to the NO

X 13" v"=1 and 2 ionization limits wherH is the total angular momentum excluding electron and
nuclear spin and\. represents the rotational quantum number of the ion core. Our two-color
optical-optical double resonance measurements cover the ramgé&ah 15 to 28,N, from 14 to

29, and the principal quantum numbeifrom 9 to 21. The electrostatic interaction between the
Rydberg electron and the ion core is used to account for the rotational fine structure and a
corresponding model is used to fit the energy levels to obtain the quadrupole moment and
polarizability of the NO core. Comparison with a multichannel quantum defect theory fit to the
same data confirms that the model we use for the electrostatic interaction betwednRdberg
electron and the ion core of NO well describes the rotational fine structure20@ American
Institute of Physics.[DOI: 10.1063/1.1807373

I. INTRODUCTION the form of the multipole interaction model, in which the

ion-core rotation is also treated quantum mechanically. Bier-
Thenf Rydberg states of the NO molecule are generally g Y

. . . ackiet al? successfully used this model to fit the positions
considered to be a hydrogenlike system owing to the wea,;I y P

interaction between the outer Rydberg electron and thé Nogst:renf Rydberg states observed with a high-resolution cw

ion core. In this state the outer electron occupies a hydro- : .
genic orbital with high principal quantum numberwhile Some researchers have also studied the dynamics of the
vibrational autoionization form thef Rydberg state8 '3

the NO' ion core is described as'&@ ™ electronic state with h iy ant iments in thi ; p b
a vibrational quantum numbar and a rotational quantum € mos l'lnlzp?‘[ ant experiments In this aspect were done by
Parket al.*=*"They used rotationally resolved photoelec-

numberN. . The total angular momentum of tind Rydberg b he final d f th
state is denoted bl (where electron and nuclear spins aref[ror) spectroscopy to observe the fina pro ucts o i € auto-
ionization from thens(v=1N,N;) (N. is called Ng in

ignored. The f Rydberg electron can seldom penetrate into
the ion core because of its high centrifugal potential barrierRefS:- 11, 12, and 24np (v=1N,Nc), andnf(v=1N)
Since Jungen and MiescHepublished the structure of R_ydberg states. Their experiments demo_nst_rated_ that th(_a or-
4,5f Rydberg states in 1969, thef Rydberg spectra have bital angular momentum does not remain invariant during
been studied extensively’ Various spectroscopic tech- the autoionization process:® In order to obtain rotational
niques were employed in these experiments to access diffefesolution, Parlet al. excited the ion core to high rotational
ent Rydberg states and to measure the positions and widtt#vels, i.e.,N;>19, whose spectra are rarely studied. They
of these states and to determine their transition intensitiegssigned thenf Rydberg states based on single-channel
Among them, the optical-optical double resonan@ODR) quantum defect theory and did multichannel quantum detect
multiphoton ionization(MP1) method offers the opportunity theory (MQDT) analysis only on a few particular states.
to study a large number aif Rydberg states. Using this Moreover, their laser resolution was not sufficiently high to
method, data for th@f Rydberg states of differeritl,, v, resolve the rotational fine structufenergy level splittings
and n have gradually accumulated. In theoretical studiescaused byN.-I coupling, i.e.,N) of the nf (v,N.;) Rydberg
Jungen and Mieschedeveloped a model based on the mul- states. Hence, their photoelectron spectra were unable to
tipole interaction between the ion core and the Rydberg eleaddetermine how an individuahf (v,N,N.) Rydberg level
tron with large orbital angular momentum to explain thedecays.
structure of thd Rydberg states. Eyler and PipRimproved The present work explores the OODR-MPI spectra of
the NOnf v=1 and 2 Rydberg states with high ion-core
dpresent address: Department of Chemistry, University of Pennsylvania{‘,o'[atiOnalI quantum numbers (3MN:<29). We refined the
231 South 34th Street, Philadelphia, PA 19104-6323. method to calculate the line intensitiesrtdé Rydberg levels.
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pump laser The vibrationally autoionizinghf (v=1 or 2 Rydberg
states are accessed by two-color double resonance excitation
skimmer of NO via theA 23" (v=1 or 2) state. The excitation scheme
; ; a2
vource chamber has been described elsewhere in détai? The pump laser
main chamber excites NO from rotational levels in the ground state, NO
channeltron X2I1 (v"=0J"), to selected rotational levels in the first ex-
cited state, NOA2S ™ (v/=1 or 2,J’, N'=J"+1/2). The
wavelength is around 214 nm for th{é,0) band, which is
generated by a beta barium boré880) crystal that doubles
the frequency output from a tunable dye lagebL-3) using
Excalite 428. For th€2,0) band, the wavelength is around
204 nm, generated by two BBO crystals that triple the fre-
waveplate quency output of the same dye laser using SR610. The probe
probe laser laser excites the NO from a selected rotational level inXhe
pump state to a Rydberg state. Because the AGtate potential
energy curve is similar in shape to that of the Rydberg states,
the Franck-Condon principle limits this transition to be
Av=0. The wavelength of the probe laser ranges from 343
nm to 326 nm and is generated by a potassium dihydrogen
Aided with circular dichroism measuremenfsye deter- phosphateKDP) crystal that doubles the frequency output
mined the relative intensities of the transitions to thegf gnother tunable dye laséPDL-1) that uses a dye mixture
nf (v,N,N;) Rydberg levels excited by OODR via the NO  of pcM and LDS698. The PDL-3 and PDL-1 dye lasers are
state. These intensity measurements permit us to assign UBumped by DCR-3 and DCR-1A Ngttrium aluminum gar-
ambiguously thenf (v,N,N;) Rydberg levels. Using these ney YAG lasers, respectively. Both Nd:YAG lasers fire at a
assignments, the energy levels are fit to the multipolergpetition rate of 10 Hz and are synchronized so that the
interaction modef,from which we obtain values of the quad- probe laser is delayed 10 ns relative to the pump laser. Two
rupole moment and polarizability of the NQon. For com-  ¢ounterpropagating laser beams are coaxially introduced into
parison purposes, we also fit the energy levels usinghe main chamber and are perpendicular to the NO molecular
multichannel quantum defect theory and the quantum defeci§eam. The ionization spectra are obtained by scanning the
are obtained. Both fits are able to reproduce the energy |eveb§avelength of the probe laser while setting the pump laser at
of nf Rydberg states we observed. In this manner we are ab@peciﬁc R,(J") transitions of the NOA-X (1,0 or (2,0
to explain completely thef Rydberg spectra obtained by pands. Both laser beams are linearly polarized and have par-
OODR-MPI. Even though the laser’s resolution is not ad-g|ie| polarizations when spectra are being recorded. In order
equate to resolve fully the rotational fine structure, ourig ensure reliable energy measurements, the wavelength of
double resonance excitation geometry can reveal the specifige probe laser is calibrated by using etalon fringe patterns
nature of differentf Rydberg levels. This information gives gpq comparing them with positions of three xenon excited-
us the opportunity to discover the vibrational autoionizationsiate [ined® The wavelength of the pump laser is not cali-
decay dynamics of individual N@f Rydberg levels. brated because we do not use this wavelength to calculate the
energy levels of theA state. Instead, we calculated these
energies from reliable spectroscopic parameters given in the

waveplate
NO gas pulsed nozzle

FIG. 1. Schematic diagram of experimental apparatus.

Il. EXPERIMENT literaturel®
A. Recording two-color optical-optical double The NO ions produced by the autoionization of NO
resonance ionization spectra Rydberg states are collected by a channeltron ion detector

(Galileo 4839, which is held at a voltage-1700 V relative

to the grounded walls of the chambers. The ion signal in the
channeltron is sent to a digital oscillosco@@ktronix TDS
620), where a resident program measures the intensity and
then sends the value to a computer for further analysis. The
electric field strength at the ionization point introduced by
Hwe channeltron is determined by simulation to be less than

The experiment apparat@shown in Fig. 1 is similar to
that used by Parkt al!*'2NO gas is injected into the source
chamber through a heated pulsed noz&Beneral Valvg
which is backed with~1 atmosphere of 99% pure NO
(Matheson CPR After being collimated by a skimméwith a
0.3 mm pinhole, Beam Dynamicbetween the source cham-

ber and the main chamber, NO molecules enter the mai oVl This field h is insuffici b b
chamber where they are ionized. The opening of the nozzlé cm. This field strength s insufficient to perturb by a

is synchronized with the firing of the laser sources. The Opeﬁneasurable amount the resonance energies of the Rydberg

duration can be adjusted to optimize the amount of NO gagtates we studied.

in the chamber. Because the experiment described here in- ]

volves high rotational states, the pulsed nozzle is heated ar? Assignment of P, Q, and R branches

maintained at a temperature of 75°C to avoid supersoni fom circular dichroism measurements

cooling of the NO. The pressure in the main chamber is  Circular dichroism(CD) is used to distinguish members
7x10 8torr when the nozzle is off and less than of theP, Q, andR branches in the probe step. We choose the
2x10 " torr when it is on. two laser beams to have “parallel” polarizations. By this we
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mean that for linear polarizations both electric vectors areearly 15 nm. New Focus 5540 works well as a quarter wave
parallel to each other and for circular polarizations the propaplate in the wavelength range of the probe laser, but not so
gation directions of both laser beams are parallel. For thisvell at 214 nm. There is always residual ellipticity in the
choice we can make an incoherent summation over the magrump laser at 214 nm, which causes the measured growing
netic sublevels of the lower state, that is, coherence effectsr shrinking factor to be reduced from 6 to 4.5 for p&rer

can be ignored. Then for the case of optical-optical doubldR branches. Nonetheless, the factor of 4.5 is sufficient to
resonance ionization, the intensity of the ion signal can balistinguish pureP, Q, andR branch transitions although it is

written as an angular part multiplied by a constént not qualified for quantitative evaluation as discussed later.
{(AJ: AJ But for the pump laser at 204 nm, the quarter wave plate
(A1, A0z, 11, 12) produces very good circular polarization. As a result, we ob-
J o1 J \?%/3 1 J \2 tained the factor of 6 for puré andR branches in the spectra
=C , . . _ . i K ’
MEN (M” w —M ,) M, —M terminating on they=2 vibrational manifold of thenf Ryd

n berg states.

J'=J"+AJ;, J=J+AJ,,

where double-primed, primed, and unprimed variables are

the quantum numbers of the ground, intermediate, and find|!- THEORY AND CALCULATIONS
state respectivel\AJ; andAJ, are the changes of the angu- A. Relative intensities of transitions
lar momentum quantum number in the pump and probeo nf Rydberg states

steps, respectively. They have values-d, 0, and 1, which The nf Rydberg states are reached by two-step excita-

corresponds @, Q, andR branch, respectively. In Ed1) .tion, i.e., from NO ground state to thestate and then from

K1 ar_1d,u 2 are the photon’s qua_ntum numbers related to thel(triheA state to the Rydberg states. We first consider the tran-
polarizations. In the CD experiment, we set both pump an

" S f
probe lasers to be circularly polarized. They either have th('es'ltIon probabilities in the second step. Both MG ™ and

same helicity(SH) or have opposite helicityOH). We mea- nf Rydberg statgs are W?" defcrlbed by an outer electron
) . . . , coupled with an ion core in &7 electronic state. In both
sure the ion signal intensity for the lasers with the same .
. d : - tasesN and| are good quantum numbéesThe difference
helicity and for the lasers with opposite helicity and record

the intensity ratiol u,./la. The pump step is always between them is that th®23, * state follows Hund’s casg)
OH/lsH- ) i
branch. Therefore foP, Q, andR branches in the probe step, wherea Rydberg state follows Hund's casé) coupling.

. . . . In Hund’s casgb), A and A, the projections of andN onto
respectively, the ratiby/l sy, predicted by calculations are : . :
the internuclear axis, respectively, are good quantum num-

Lo 2323 large J 1 bers whereas in Hund’s cagd), N, is the good quantum
P branch: Ton 5 5 besided andN. In 1983, Cheungt al? calculated transition
12)°+243+10 probabilities for the NOnf-A 23" band system in their ex-
1 periment. Their calculation was based on the assumption that
== for Jinthis work, the A23 ™ state (which consists mainly of 8 character
possesses a small amountdaf character, which makes the
Q branch: Ilﬂ: jiS large J , @ nf-A23" transition not equal to zero. Their calculational
SH process was to evaluate the electronic dipole moment matrix
lon elements using a Hund’s cage) basis set first and then
R branch: —=6 all J. transform them into casé) and then into caséd). But in
'sh fact it is unnecessary to calculate the electronic dipole mo-

In our experiment the total angular momentum of the Ryd-ment in a caséa) basis set because the transition does not

berg states) ranges from 15.5 to 27.5 in the experiment. flip the spin of the electron and no states in Hund’s dase

Hence, the highl limit is appropriate. Examination of Eq. are involved. Therefore we directly calculate the electronic

(2) shows that thé®, Q, andR branches can be easily distin- dipole moment operator matrix between Hund's cése

guished by looking for peaks that either grow or shrink by abasis-set wave functions first and then transform it into

factor of 6, or remain the same. This conclusion obtains foHund’s case(d).

pure branches and for pure polarization states of the laser The wave function of the NGA?X ™ state, if we con-

beams. For blends between different branches or for impuréiderdo character, can be written ds

polarization states or for both, these ratios are reduced, as

discussed below. Indoc*NM)=|vX ")|N,A=0M)|ndo), )
Both pump and probe lasers are originally linearly po-

larized. In the pump step for the N®- X(2,0) band, a quar- where|vX ") is the vibronic wave function of the NOion

ter wave plate(Optics for Researghat 204 nm is used to core. In Eq.(3) M is the magnetic quantum number associ-

convert linear polarization into circular polarization. For the ated withN. The superscript sign ondo indicates that the

NO A-X(1,0) band, a variable wave plaidew Focus 5540  wave function is unchanged upon reflection in a plane con-

is carefully adjusted to perform as a quarter wave plate ataining the internuclear axis. The wave function of M®

214 nm. In the probe step, another New Focus 5540 is usedydberg state is not an eigenfunction of Hund’s cése If

as a wavelength-tunable quarter wave plate over a range ekpanded in a Hund’s casb) basis set, it has the form
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which is the approximation of a more complicated f6fm
|”fiNcNM>:; (NFAENM[nF=NNM)[NFA=NM), whenN’ is large compared to unity. In E¢7) AJ=—1, 0,
(4a) or +1 if the A state is prepared vi®-, Q-, or R-branch
transitions, respectively.
What we measure in our experiment is the ion yield,
1 v YN MY A which not only depends on the population of the Rydberg
V2(1+ 6y0) level but also on the competition between autoionization and
N~ MY f,—\)] (ab) other decay ways such as predissociation that is not included
= ' ' in our relative line intensity calculation. We discuss this issue

. . . . ) in more detail in Sec. lll.
where(nfA*NM|nf*N:NM) is the unitary transformation

matrix connecting Hund’s casb) to Hund’s cas€d), whose
form can be found in Ref. 20. As in E(), we use a super- ) . ) )
script = sign to indicate electronic reflection symmetry but it B- Circular dichroism study on branch ratios

[NfAFNM)=

is not an independent quantum number. In our cake | Consider the case that a blended line occurs in an OODR
—N=even is associated with " symmetry andNo+I—=N  spectrum excited by two linear polarized lasers of parallel
=o0dd is associated with = symmetry. polarization. This blend includes either three transitions be-

. With excitation by linearly polarized light, the electronic |onging to theP, Q, andR branches, or two transitions be-
dipole moment between the Hund’s ca® components of  |onging to different branches. Then the CD method can, in

thenf Rydberg state and thé state takes the form the first case, estimate the branch ratio of the strongest tran-
sition among the three, and in the second case, give the
(NN NM|u, /n'de™N'M") branch ratios of those two transitions. Recall that the OODR
1 spectra were taken via consecutive excitations by two lasers
=(nfA%,N, A=\, M| 2 Dégﬂé with parallel and_ Iine_ar pol_arizations. If we assuimpg |p,
q=-1 and I are the ion intensity of th&k-, P-, and Q-branch

transitions(again, the pump step is always by means oRan

! + ! r__ !
x[n"do",N",A"=0M") branch excited by two lasers with parallel and linear polar-

2 1 3 izations, we have the following relations:
=Consty(2N+1)(2N’+1) N —x) e | d.'P 15 025
N L N an ranches overlappe .G’v m,
—/_\N+N’ 5)
1o —x )\)(“( >, ( D 1O branch opeq P L5LET
and Q branches overlappe 'GNW’ (8)
where the dipole operatqr, in lab frame is transformed into | 107+ 6rJ— 6
molecular frame first' Hence, the electronic dipole moment R and Q branches overlapped: R_ —r
between amf Rydberg level in Hund's cas@) and anA | 6J—rJ

state in Hund’s caseéb) can be obtained by combining wherer is the value of the on/l g ratio. The numbers ap-
Egs.(4a) and(5). pearing in Eq(8) are calculated al=19.5 which is a good
The relative line intensity of a transition from a level in approximation forJ in the range from 16.5 through 27.5 in
the A state to the Rydberg level in the OODR spectra is alsgyyr experiment. Using this relationship, we can draw curves
dependent on the first step, i.e., the excitation from the NQyf lon/lsy and lgy/l oy Versus the relative distributions at
ground state to thé state by the pump laser. Here, we only gifferent P, Q, andR branches combinatiorishown in Fig.
consider a common excitation geometry: the pump laser i$) These curves can be used to resolve blended lines into the

linearly polarized and the polarization is parallel to that of ati of different branch transitions that contributed to the
the probe laser. In this case, the line intensity tandrRyd-  gyerlap.

berg level takes the form

2 2% +
|(XTI=AZT —niNN) C. Multipole interactions
=Const. >, <fNCNM|MZ|dU+N,M,>2ps|,f|v|l1 6) The rotational fine structure of the N@f Rydberg
M.M’ states, as Jungasi al1?3pointed out, is caused by the quad-

rupole and polarization interactions between the Rydberg
wherepy, . is the density matrix oA?S* state. Assuming electron and the ion core. Eyler and Pigkideveloped a

that the molecules are unpolarized in their ground states, th@u@ntum mechanical treatment for multipole interactions be-
N’ . tween the Rydberg electron and the ion core. Actually, simi-
pmw has a simple form

lar interactions between the nuclei and the electrons has been
well known for a long tim&* Under Eyler and Pipkin’s treat-
7) ment, the first-order energy correction arising from the quad-

N N'—AJ 1 N’\?
' rupole interaction can be written as

pM'M’DC _M/ O M/
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o €Q,[3C(C+1)— ANy(Ng+ 1)l (1 +1)]
QT R3320+ 3)(1+ 1)(21+ 1)1 (2 — 1) (2N +3) (2N, 1)
C=N(N+1) = N(N+1)—I(1+1), ©)

whereQ,, is thezz component of the quadrupole momentum tensor of thé M anday, is the Bohr radius. In the literature,

Q,, is frequently given in atomic unit. To convert the energy from atomic units to'cme sete=a,=1, and multiply Eq.

(9) by a quantity equal to two times the Rydberg constant. Similarly, the first-order energy correction for the polarization
interaction is

B _ 2e2aq 3n?=1(1+1) B 2e?y[3n?—1(1+1)]
: a% nS(21+3)(1+1)(21+1)l(21—1) 3ain®
y 3C(C+1)—4Ng(Ng+ 1)l (1 +1)
(21+3)2(21 —1)2(1+ 1) (21 + 1)1 (2N +3) (2N~ 1)’
C=N(N+1)~N(N+1)—I(1+1), (10

wherea, is the isotropic part ang is the anisotropic part of stant if N, andN have the same relationshipe., N.— N is

the polarizability. _ o constant no matter howN, varies from 14 to 23in v=2
Clearly the energy corrections arising from quadrupolespectra or from 17 to 29(in v=1 spectra Considering the
and polarization interactions are dependent onrthie N, near degeneracy we mentioned abo@,, and @, are
and N quantum numbers. Therefore, fb=3 in our case, strongly correlated for the levels having the same value of
each rotational leveN. splits into seven sublevels ofl. IN.—N|. Therefore, in order to have a meaningful fit, the

Among them, the energy dfi=N.+3 is very close to the  experimental data points should be taken evenly among the
energy ofN=N.—3. Such near degeneracy also exists forgeyen sublevels.

theN=N;*2 andN=N.*1 levels. Comparing Eq9) with We also fit the energy levels using MQDT. In the

Eqg. (10) more carefully, we can find that the coefficient as-MQDT, a number called the quantum defect is used to rep-
sociated withQ,, and the coefficient associated wifthave  resent the phase shift imparted to the hydrogenlike wave
exactly the same dependenceMmndN, . Considering that  fynction. In principle, the quantum defect is the integrated

in our casen=9 andl is a constan{=3), the two coeffi-  resylt of all perturbations between the Rydberg electron and
cients also have similar dependencesnoand|. Therefore,  the nonhydrogenic ion core. Therefore, by comparing the
in our experimen,, and y are indistinguishable. More se- QDT fit with the multipole interaction fit, we can examine
riously, in Egs.(9) and(10) the value ofC is nearly a con-  \hether perturbations other than the quadrupole and polar-
ization interactions play significant roles. The full description
of MQDT applied to the NO Rydberg states can be found in

6 @ 77 © the literature’®?>2® As many researchér$??%2?’ have
] ] pointed out, there is nbmixing in nf Rydberg states. Hence,
5] 6‘: ; it is adequate to consider only seven eigenchanhaels,
] fz=, 6, andf¢~ in the fitting procedure.
»j’ R and Q branches // :ﬁ 4': P and Q branches // IV. RESULTS AND DISCUSSION
34 ¥ A. OODR-MPI spectra
] We recordedv=1 spectra terminating in the=1 vibra-
27 7 21, tional manifold ofnf Rydberg states via intermediate states
R and P branches ] P and R branches A%S* V=1 andN’'=19, 21, 23, and 27. The same was
I P — = done for andv=2 nf Rydberg spectra vi& 23" v/=2, N’
0.5 0.6 07 0.8 09 1.0 0.5 0.6 0.7 0.8 0.9 1.0 =16, 17, 18, 19, 20, and 21. Figure 3 presents examples of
Relative intensity of R branch Relative intensity of P branch v=1 andv=2 spectra. The assignments in the spectra are

iven by single channel quantum defect theBrithe nf

FIG. 2. Circular dichroism measurement used to estimate relative intensit% . . INT NT
(normalized to onjeof a transition in a blended peala) | o /1 Vs relative ydberg series associated Bp=N'—2, Nc=N', and N,

intensity of anR-branch transition; antb) | s,/1 o, ratio vs relative intensity =N'+2 are found in all spectra. Although allowed by se-
of a P-branch transition. The dashed curves and the solid curves represefgction ru|951,3 nf Rydberg series associated N\p=N'=*4

Fhe cases when there are only two transitions of different b_r_anches as Ia_bel%,e not found except one levelf Qv=2, N.=20, N=17)
in diagrams. For the cases when there are three transitions belonging t0

. . 2 + y_ _ . .
members of thé®, Q, andR branches, respectively, the relative intensities eXCIth viaA“X" v'=2, N,__ 16 intermediate stateN-!
are located between the two curves. coupling forms seveiN rotational sublevels, but only three
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nf,N,=23 -
(a) o, N, = 21| [n=11 [ | | (a) (d) _(.‘H\
N, =19 | [n=12 ] [ T i
| [n=13 | | 7T 1T 111
74
78755 78760 78755 78760
‘1 : : : (b)
77100 77300 77500
nf, N,=23
(b) nf,Nc=21In=10 | | I
WoN,=19 [n=11 | | | T
[n=12 | | T T T 111
79430 79434 79430 79434
© D
79400 79600 79800 |
Absolute energy (cm!) i
A

FIG. 3. Examples of OODR-MPI spectra of N@) nf (v=1) Rydberg 79390 79395 79390 79395

states via the intermedia!leZ_E+ (U,_Zl- N’ =21, J'=20.5) level; andb) Absolute energy (cm!)

nf (v=2) Rydberg states via the intermedia®’>* (v =2, N'=21, J’

=20.5) level. The horizontal axis represents the absolute energy relative 8| 4. Circular dichroism study aff Rydberg collections. Panels), (b),

the NO ground stat “I1,, (#/'=0, J"=1/2). and (c) are the § (v=2, N=16, 17, and 18N.=19) collection via the
N’=17 intermediate state, the flL2v=2, N=19, 20, and 21N.=20) col-
lection via theN’ = 20 intermediate state, and thefl1@=2, N=19, 20, and

of them (belonging to theN.=N’+2 and N’ series, and 21, N.=18) collection via theN’=20 intermediate state excited by two

corresponding tP-, Q-, and R-branch transitionscan be counter-propagating linearly polarized laser beams. Three arrows locate the

L . energy positions simulated by the multipole interaction moflehdicates a

accessed by our excitation scheme. Our laser source is uB-'branch transition,0 indicates aQ-branch transition, and indicates an

able to resolve most of thdl sublevels. Therefore thef R-branch transition. The height of the bar right above each arrow represents

Rydberg state we observed is what we call a “collection” of the calculated line intensity of that transition. Panels-(f) show the cor-

the threeN sublevels associated with the saN@vaIue. The responding dichroism spectra where the solid line represents excitation by

. . S laser beams of opposite helicity and the dashed line represents excitation by

linewidth of an individualnf Rydberg level should be N0 | cer peams of the same helicity.

more than 1 cm! because the linewidths of the collections

are all less than 1 cnt, which is twice that of the linewidth

of the probe laser. This observation indicates that the lifetime . ) . o
of an nf Rydberg state is much longer than that of ansame helicity. The right peak in the CD spectra is eitNer
np Rydberg state, which has a high probability to =17 orN=18 or both. The overall ensemble performs like a

predissociaté:1316 P.branch withl g/l o ratio equal to 4:1, which, according to
Fig. 2, means that thie-branch transition= 16 leve) con-
tributes 91%—-93% to the overall peak in Figapand N
=17 and 18 together only contribute 7%—9%. The calcu-
We studied nearly alh f Rydberg ensembles in the=1  lated branch ratios, as presented in Figg)4dare N=16 is
and v=2 vibrational manifolds that we could access. Figure79%,N=17 is 14%, andN=18 is 7%.
4 presents three of them. Figuréay shows the spectrum Figure 4b) shows the spectrum of the flZv=2, N,
connecting to the B (v=2, N.=19) Rydberg ensemble, =20) Rydberg collection wherbl.=N’. Figure 4e) is the
whereN.=N'+2. The arrows under the spectrum locate thecorresponding CD spectrum which shows that the collection
energy levels of thé\=16, 17, and 18 sublevels, which are is like a Q branch and the measurégd,/l gy ratio is 1.27,
simulated by multipole interaction fitting. The bars indicatejust slightly larger than 1.0. So neithir=19 (P branch nor
the calculated line intensities. The corresponding CD spectrdl=21 (R branch dominates the spectra. But this does not
are shown in Fig. &l). Clearly the unresolved spectrum in necessarily mean that tli¢ branch dominates the ensemble
Fig. 4(a becomes partially resolved in Fig(d}: the left because no matter how much a régbranch transition is
peak in the CD spectra idl=16, a P-branch transition, present in the spectra, if the intensities Bfranch andR
which is favored when the two exciting laser beams have théranch are equal, then the ensemble should look likg a

B. Circular dichroism study and line intensity
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TABLE I. Quadrupole moments and polarizabilities. Both quadrupole moment and polarizability are in atomic
units. The error bars in this work are given as 90% confidence interval.

Jungen and Eyler and Biernacki
This work Lefebvré Martin et al® Biernackf et ald
v=1 v=2 v=0 v=0 v=3 v=1
sz(eaé) 0.80121) 0.8323) 0.586) 0.305255) 0.68948) 0.7412)
ag(ad) 8.1(1.1) 9.01.3 7.5 7.795812) 8.1824) 8.174)
y (ad) @yl3 a3 a3 11.578150) a3 a3
B(cm 1.96805) 1.94928) 1.886° 1.987 946 3% 1.92967) 1.9682)

®Reference 23. Their value was given in the frame of center of charge of theidtOcore. Othergincluding
ours are given in the center of mass. The data of Ref. 23 reféfN&O.

PReference 32. They gave seven groups of parameters based on different models. We only cite one here.
‘Reference 5.

dReference 3. The error bars in this column are not confidence intervals.

°Fixed.

branch. The calculated branch ratios, as shown in Kig), 4 can be found in Ref. 2. The=1 nf Rydberg states behave
areN=19 is 33%,N=20 is 25%, andN=21 is 42%. For similar tov=2 nf Rydberg states in the CD spectra. We find,
this distribution, the predictethy /15y ratio is 1.1, which is  however, that thé g/l sy andl g/l oy ratios are noticeably
very close to the observed value. smaller for the N.=N’—2 and N,.=N’+2 ensembles

Figure 4c) shows the 1P (v=2, No=18) collection  \hereas] /Iy, ratio is still very close to one for thdl,
whereN.=N'—2. This time, as shown in the CD spectrum _ N’ ensembles. One apparent explanation for this behavior
in Fig. 4(f), the N=21 (R branch dominates and the mea- ig yhe |ack of purity of the circular polarization of the laser
suredl oy/l gy ratio is 3.3. According to Fig. 2, thil=21 beam for theA-X(1,0) band transitions.

i i 0,
level contributes approximately from 85.6 to 87.4% to the An additional possible explanation is discussed in what

overall intensity of the collection. The branch ratios are cal—foIIOWS Recall that we detect ion vield. whose intensities are
culated to be 4.2% foN= 19, 11.5% forN=20, and 84.3% ' yield,

for N=21. This result agrees very well with our observa- not only dependent on thd +1') transitions probability.via
tions. Unlike the CD spectra in Fig(d), we do not explic- the A state but are also dependent on the competition be-
itly observe two or more peaks in Fig(f4 owing to the tween vibrational autoionization and predissociation of the

laser’s poor resolving power. Nevertheless, it is obvious thaRYdPerg states. Our calculation does not take into account
the CD spectra are asymmetric about the highest point. Thé€ autoionization-predissociation competition. The very
left side of the ensemble prefers the OH excitation so th&0ood agreement between the CD measurements and calcula-
N=21 level should be on the left side. The collection has dions indicates that, for thosef (v=2) Rydberg states, either
long tail to the right side with only a slight helicity prefer- the predissociation probabilitie®o matter large or small
ence because according to the calculatibhs20 is more are similar for all threeN sublevels in arlN, collection, or
than two times stronger thax=19. predissociation is so small compared with autoionization that
The othernf (v=2) Rydberg states, categorized into nearly all molecules excited into these Rydberg states decay
Ne=N"+2, N;=N', andN.=N"—2, have similar appear- into NO" ions. This conclusion appears contrary to that re-
ance as the above three Rydberg collections, respectiveljorted by Fuijii and Moritd® They found that the decay pro-
except for slightly smaller or largelioy/Isy (or Isu/lon)  cess in the 7 (v=1) state is mainly governed by predisso-
ratios. Therefore, in our OODR-MPI spectra, thé (v=2,  ¢jation, and decay rates from the levels &f symmetry
N=N.—3,Nc) Rydberg level is dominarigenerally>85% (corresponding tdR- and P-branch transitions in our experi-
in the No=N’+2 Rydberg collection and thef (v=2, N0y are much faster than those from the levels\of sym-
.=N°+3’ Neo) /Rydberg level is domlnar(tgenerally>85%) metry (corresponding td&-branch transitions in our experi-
in the No=N"—2 Rydberg collection. In many cases, the H1ent). Two possible explanations may account for this

branch ratios of these levels are so large that the correspon . . . : .
: . . L Seeming disagreement. One is that Fujii and Morita studied
ing collections can be considered as pure individual levels;

This behavior is caused by the excitation scheme and geo ow N states Ne=3) .whereas we study highl, s:tates

etry. For N,=N'=4, as mentioned previously, onlyf9 N.=14). Low and highN. states may have different

(v=2, N=17, N.=20) is found and the transition to it is predissociation/autoionization ratios. The other, maybe less
1 H (o4

very weak. Our calculations show transitions connecting to'gnificant than previous one, is that different vibrational
N.=N’=+4 are strictly forbidden, under the assumption thatsStates could also have different predissociation rates.nfhe

do character in the state is the only term permitting tran- Rydberg states oA ™ symmetry may experience more pre-
sitions to thenf Rydberg states. Therefore, it is not surpris- dissociation inv=1 vibrational state than in=2 vibrational
ing that we can hardly observe the=N’=+4 Rydberg lev- state. This behavior could lead to leRsandP-branch like-

els. The explanation for the only exception is not wellness forN.=N'—2 and N;=N’'+2 collections inv=1
established so far but an argument on a similar phenomenapectra.
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TABLE Il. MQDT fitting parameters (f Rydberg states TABLE llI. Positions ofnf Rydberg states im=1 vibrational manifold and
the residuals between calculations and experimental data.
This work Raoultet al®
Quantum Multipole
defect v=1 v=2 7f (=1 15f (v=1) Rydberg level Measured MQDT interaction
Uio 0.019862  0.0249112) 0.0173 0.0182 energy residual residual
n N N (cm™ (cm™b (cm™
i 0.014756)  0.0159103 0.0159 0.0172 c
s 0.011652  0.012199) 0.0119 0.0128 9 29 26 77 414.0 0.32 023
o 0.003666)  0.007468) 0.0052 0.0057 9 29 o8 77 415.2 _0.22 032
B(cm™) 196785 194939 10 19 18 767128  —0.09 -0.07
; — 10 21 18 76 872.4 -0.21 -0.22
“Reference 26. The rotational constants used are not given in the reference. 10 21 19 76873.2 025 -0.09
10 23 22 77 050.6 0.23 0.18
. ) . 10 27 28 77 450.7 0.10 0.15
C. Multipole interactions and MQDT 10 29 26 77672.6 0.17 0.10
. 10 29 27 77 673.6 0.26 0.36
_ As shown above, the CD spectra revgal the rotational 1 17 20 76 757.6 043 0.08
fine structure of the f (v,N.) Rydberg collections. As a very 1 21 18 77 063.7 —0.26 —0.25
good approximation, we can assign in most casesNhe 11 21 19 77064.4 —-0.22 —-0.08
=N’#2 collection in the spectra to an individual Rydberg 11 21 23 77064.9 0.14 0.30
level N= N, 3. About 80% of the fitting data are from these 1% 21 24 77064.2 020 024
two kinds of collections. But owing to the correlations in the 1 23 20 772404 010 o1z
WO ons. wing t 11 25 22 774325  —0.22 —0.24
fit, they cannot provide good fitting just by themselves. Con- 11 25 23 77 433.3 ~0.08 0.00
sequently, we also include some data from the=N’ col- 11 25 28 77432.6 -0.16 -0.21
lections into the fitting procedure. Thid,=N’ collection 1 27 26 776415 0.18 0.11
comprises three individual Rydberg levels of similar inten- 12 gé ;g ;; ;gg'g :8'12 :8';;
§|ty. The full width atihalf maximuntFWHM) of the col!ec— 12 23 29 77 386.4 023 _0.27
tion is less than 1 cm' commonly, and the multipole inter- 12 23 24 77 386.7 —0.04 —0.07
action model indicates the transition to tNe=N.+ 1 level 12 25 22 77578.6 0.53 0.47
is located in the middle of the collectiorsee Fig. 4e)]. 12 25 28 77578.7 0.49 0.44
Hence it is not a bad approximation to assign the maximum 2 29 26 78009.6 —0.30 0.30
f N.=N’ collection to theN=N_.+ 1 Rydberg level 13 19 18 friezl . —003 008
O Nc= c yaberg ' 13 19 22 771614 021 —0.21
With these data, we have the opportunity to go beyond 13 21 24 77322.6 0.02 0.00
the single-channel quantum defect theory. We use the MQDT 13 25 22 77 691.6 0.28 0.21
method and the multipole interactions to fit the energy levels. 14 21 24 774124 0.11 0.08
This procedure allows us to obtain the quantum defects and 14 23 22 775892 —0.09 ~0.16
the quadrupole moment and polarizability of the NO ion 15 21 24 ra8a8 015 010
quadrup mer p y « 15 25 28 77853.6 0.10 0.02
core. This information is generally only available fromi 16 19 22 77382.6 ~0.33 037
Rydberg states of low principal quantum numiteor by 20 21 24 77 698.1 -0.58 —0.65
high-resolution laser spectroscopye assume that the 21 17 20 77417.2 -0.73 -0.77

guantum defects and the multipole moments are different for
different vibrational states. Therefore, we fit separately the
two vibrational states.
limit of the NO molecule, 77 376.94 cm, is evaluated from
the molecular constants given by Huber and HerZBeagd

For the multipole interaction, the total perturbed energythe ionization potential of the NO moleculé® After fitting,
is the combination of the quadrupole and polarization interwe obtain the multipole parameters and the rotational con-
actions given by Eqg9) and(10). Becaus&,,andycannot  stants of NO, which are listed in Table I. If we use
be determined separately by fitting, it is customary toset =ay/2.13, we getQ,,=0.75+0.21 forv=1 andQ,,=0.78
equal to a fraction ofr,. Jungen and Mieschemnd Bier-  =0.24 for v=2 while a, and B remain unchanged for both
nacki et al>® used y= a/3. But the theoretical calculation vibrational states. We use the reduggdvalue to judge the
by Feher and Martitf showsy= a(/2.13. Therefore, we try goodness of the fit: Smallery? gives a better fit. A rule of
both possibilities. In the range of the principal quantum num-+humb is that reduceg?~1 indicates a “moderately” good
bers considered here, the ion level positions are as importafit. The reducedy? values are always less than 0.7 for both
as the multipole parameters. These leviglgh rotational the v=2 andv=1 data no matter whicla,/y ratio is used.
levels in our experimentscould deviate from their real val- The main reason for such a small reduggdis that we use
ues significantly if evaluated using inaccurate rotational conthe FWHM as the uncertainty in a measured energy level.
stants. Therefore, the rotational constants are not fixed b@wing to the relatively low resolution of the laser and the
are allowed to vary freely in the fitting. The centrifugal dis- overlap of some transitions, the FWHMs, whose magnitude
tortion is also included in the calculation to improve the are generally 0.3—0.8 cil in our experiment, are frequently
accuracy. Thev=1 ionization limit of the NO molecule, larger than the rotational fine-structure energy spacings of
77065.47 cm?, is taken from Ref. 3. The=2 ionization the sublevels in anf Rydberg collection. A consequence of

1. Multipole interaction fit
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TABLE V. Positions ofnf Rydberg levels inv=2 vibrational manifold and manifold and the residuals between calculations and experimental data.

Multipole Multipole
Rydberg level Measured MQDT interaction Rydberg level Measured MQDT interaction
energy residual residual energy residual residual
n N, N (cm™h (cm™h (cm™h n N, N (cm™h (cm™h (cm™b
9 19 16 78 756.5 —-0.11 —-0.21 12 19 22 79352.8 0.12 0.23
9 19 17 78 758.1 -0.15 0.29 12 20 17 79430.2 —0.03 —-0.01
9 20 17 78834.7 0.32 0.20 12 20 17 79430.6 0.32 0.34
10 16 17 78 806.9 0.19 -0.04 12 20 21 79431.1 0.09 -0.02
10 17 18 78872.6 —0.23 —0.46 12 21 18 79512.2 0.21 0.23
10 18 15 78941.6 0.07 0.01 12 21 22 79512.9 0.27 0.18
10 18 17 78942.8 0.01 —-0.15 12 22 19 79597.6 0.15 0.17
10 18 19 78943.0 0.07 —0.15 12 23 20 79687.0 0.15 0.13
10 19 16 79015.2 -0.27 —0.33 13 14 17 79134.9 -0.17 —0.09
10 19 20 79017.9 0.07 0.86 13 15 18 79192.9 0.02 —0.41
10 20 17 79093.2 —0.03 —0.09 13 16 17 79 256.2 0.00 —0.07
10 21 18 79175.4 0.45 0.38 13 16 19 79 255.2 -0.39 -0.39
10 21 22 79176.6 0.10 0.16 13 17 18 79321.8 —0.52 —0.59
10 22 19 79 260.8 0.31 0.28 13 17 20 79321.7 -0.09 —-0.06
10 22 20 79261.8 0.19 0.55 13 18 19 79392.1 —-0.34 —0.40
10 23 20 79350.1 0.30 0.20 13 18 21 79391.9 —0.02 0.02
10 23 20 79349.7 -0.11 —0.20 13 19 16 79 465.0 —0.70 —0.66
11 14 17 78876.0 -0.26 -0.23 13 19 20 79 466.1 —0.16 -0.22
11 15 18 78934.4 —0.33 —-0.28 13 19 22 79 465.9 0.15 0.19
11 16 17 78997.8 0.00 -0.15 13 21 18 79625.4 0.27 0.27
11 16 19 78996.7 -0.22 -0.25 13 21 22 79626.3 0.30 0.20
11 17 18 79 063.8 —0.13 —0.28 14 14 17 79224.8 0.05 0.08
11 18 15 79132.8 -0.19 -0.27 14 15 18 79282.6 -0.61 -0.57
11 18 19 79134.2 0.16 0.00 14 16 19 79345.1 —0.37 —0.33
11 18 19 79134.0 0.00 —0.16 14 17 18 79411.4 —0.65 -0.71
11 18 21 79133.2 0.00 0.03 14 18 21 79481.4 —0.28 —-0.23
11 19 16 79 206.6 -0.24 -0.38 14 19 22 79555.7 0.13 0.19
11 19 22 79207.3 -0.11 0.22 15 14 17 79297.1 -0.10 —0.06
11 20 21 79 286.0 0.16 0.11 15 15 18 79 354.6 —0.99 —0.94
11 21 18 79 366.6 0.19 0.22 15 16 19 79417.7 -0.18 -0.15
11 21 22 79367.8 0.31 0.26 15 18 21 79554.1 —0.01 0.05
11 22 19 79452.2 0.29 0.31 15 19 22 79628.2 0.12 0.22
12 14 17 79021.7 -0.12 —0.07 16 14 17 79 356.3 —0.18 —-0.14
12 16 17 79143.4 0.17 0.14 16 15 18 79414.2 -0.71 —0.64
12 16 19 79141.9 —-0.61 —-0.54 16 16 19 79477.1 —-0.04 —-0.02
12 17 18 79209.2 —0.36 —0.19 16 18 21 79613.2 —-0.11 —0.07
12 17 20 79207.9 0.27 —0.67 17 15 18 79463.1 -0.81 -0.78
12 18 15 79278.7 —0.02 0.16 17 16 19 79526.2 —0.02 0.01
12 18 19 79278.9 0.18 —0.49 17 17 20 79593.0 0.58 0.62
12 18 21 79278.6 —-0.01 —0.01 17 18 21 79662.3 —-0.20 —-0.15
12 19 20 79353.3 0.04 —0.03 18 14 17 79446.1 —0.56 —0.53

this procedure is large confidence intervals for the fitted pahigh Rydberg states, this term becomes quite shamitl we

rameters. The correlation between the coefficien®gfand  find that fitting with it does not alter the quadrupole moment

aq in our fitting makes the parameters even more uncertairand the polarizability outside of their error bars. Hence, we

These are the reasons that the error K869 confidence do not include it in our final results.

interval) in this work are larger than those of others in Table  From Table I, we can see that our fitting results #erl

I. Among these four sets of parameters from other researcldata agree very well with that obtained by Biernaekial?

ers, three of them were obtained from fits to lovikydberg  whereas the results far=2 are slightly larger than those of

levels. Accordingly, they have smaller uncertainties. The erv=1. This observation is understandable because at higher

ror bars for the last one, which were based dn I2f, and  vibrational levels, the effective internuclear distance is

15f Rydberg states, as mentioned by authors, are not confienger and consequently the multipole effect could be stron-

dence intervals but estimated from variations betweermger. This explanation seems to be contrary to the comparison

fits 3 between the parameters o£2 and v=3 listed in Table I.
Martin et al3? and Eyler, Biernacki, and Colsdhadded But remember that the levels in our experiments are high

a core-penetration term to the model. They assumed that thretational levels whereas the levels#r3 data are low ro-

o componenfin Hund’s caseb) coupling of nf Rydberg tational levels. Hence, the comparison betwaen2 and

states would penetrate to some extent into the core. It is=3 might not be as meaningful as the comparison between

necessary to add this term in low Rydberg states. But fow=1 andv=2 of our data.
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2. MQDT fit different from that ofnf Rydberg states with low rotational

Table Il lists our results and compares them with thoséduantum number and also slightly different from thatefl
found by other workers. In our fits, the reduced values, Nnf Rydberg states whose CD measurements, in some cases,
again, are less than 0.7. Hence, both MQDT and multipol@dree less with the calculations. The goodness of the fits
interaction models give good fits. Comparing Tables | and 110btained by using multipole interaction and by MQDT and
we find that the rotational constants produced by fits to thes#1€ close agreement and consistency between them indicate
two different models not only agree well with each other for;hat the quadrl:)po_le arl;d po'”';ﬁ‘é‘g”dg‘teraclt'ons aredthe
both thev=1 andv=2 states but also are close to their coun-dominant perturbations between ydberg electron an
terparts calculated from molecular constants of thethf®  the ion core in NO.

In Table II, the quantum defects of=1 state obtained by us
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