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Two-photon photodissociation of NO through Rydberg levels in the
265–278 nm region: Spectra and photofragment angular distributions

B. R. Cosofret, H. M. Lambert, and P. L. Houston
Department of Chemistry and Chemical Biology, Cornell University, Ithaca, New York 14853-1301

~Received 17 June 2002; accepted 20 August 2002!

The spectroscopy and dynamics of the NO photodissociation through Rydberg levels near 74 000
cm21 have been investigated following two-photon excitation. The 6dp2(v51) and 5ss(v53)
levels overlap near 74 070 cm21. Assignment of the rotational transitions for these levels has been
aided by the use of the photoproduct angular distributions measured using product imaging
techniques. Product imaging was also used to investigate the 8dp2(v51) and 5ss(v52) regions
assigned by previous investigators. In all cases, the major products were N(2D)1O(3P). The
angular distributions vary strongly with rotational transition and with the assumed intermediate in
the two-photon excitation scheme and can, for the most part, be predicted by calculation. They
demonstrate that, for the Rydberg levels examined, the major contribution to the two-photon line
strength is aP intermediate, likely theC 2P state, with less than a 30% amplitude contribution from
either aS or D intermediate. ©2002 American Institute of Physics.@DOI: 10.1063/1.1513458#
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I. INTRODUCTION

The spectroscopy of NO Rydberg levels has been a s
ject of continuing interest for over 50 years. The low ioniz
tion potential of NO~9.25 eV!, makes the Rydberg level
accessible by one-photon excitation at vacuum ultravio
~VUV ! wavelengths around 130 nm. The detailed absorp
spectra recorded with the high resolution spectrograph
the National Research Council in Ottawa have been p
lished in atlas form.1 A review of the early work was pub
lished in 1976.2 More recently, NO Rydberg levels have be
accessed by multiphoton laser excitation techniques, wh
conveniently allow the use of longer wavelength radiat
and result in excitation to Rydberg levels not accessible b
one-photon transition.3–18 The optical selection rule for the
change in the atomiclike orbital angular momentum of
Rydberg electron isD,561 for each photon absorbed i
the transition. As a result, thed-like character of the highes
occupied molecular orbital for ground state NO should res
in enhanced excitation top and f Rydberg states for a one
photon transition, whereas a two-photon transition sho
enhance the excitation ofs, dor g Rydberg levels. In addition
to these general guidelines, the nature of the intermed
state~s! and the presence of predissociation of the exci
Rydberg levels also affects the spectrum.

Although it is possible to make a multiphoton proce
resonant with a known intermediate state by judicious cho
of excitation wavelength, in general, there will be more th
one intermediate state, either real or virtual, that will lead
the same final state. A complete understanding of the m
photon process requires knowledge of the relative contr
tions of the intermediate states. Few ways to gain this kno
edge are available. The absence of two-photon lines at loJ
for certain branches or the differing line intensities a
branches can provide information on the symmetry of
intermediate state. As an example, the absence of an e
branch has been observed in several studies and is attrib
8780021-9606/2002/117(19)/8787/13/$19.00
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to parity selectivity in multiphotonP←P excitation through
S intermediates.17,18 In principle, rotational line strength ex
pressions derived for multiphoton excitation of diatom
molecules17–20 may be explicitly summed over all interme
diate states, weighted by the transition moment and an
ergy mismatch denominator, but in practice, sufficiently d
tailed information about the relative transition moments
lacking. Thus, the determination of the proportionate con
bution to the spectrum from each multiphoton pathway is
routine.

Another factor that may affect the observed molecu
two-photon spectrum is predissociation from Rydberg lev
at energies above the several dissociation limits to ato
products. Prattet al.18 investigated the two-photon excitatio
to thendp Rydberg levels of NO forn55,7– 12 and dem-
onstrated that the spectra obtained were consistent wi
2P(b)←2L(b)←2P(a) excitation scheme withL5S, P
estimated to be a 1:1 mixture for the intermediate states,
in which only transitions to theP2 component of the uppe
state appeared. They surmised that the absence of theP1

component was due to a fast predissociation process f
these levels. Clearly a combined strategy of detecting pa
and dissociation products as a function of excitation wa
length would be helpful in elucidating the dynamics of t
Rydberg levels in this region. The current study pursues
strategy. We will show, further, that the angular distributi
of the dissociation products can provide information ab
the intermediate state in the two-photon excitation. Th
new tools are illustrated by further work on the spectra
NO Rydberg levels.

The NO spectral region accessed by two photons
wavelengths near 269 nm has been of interest since Slan
group developed the (211) resonance enhanced multiph
ton ionization~REMPI! scheme to detect N(2D) and showed
that NO was a good source of N(2D) at these
wavelengths.21,22 They observed that the total ion yield in
7 © 2002 American Institute of Physics
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8788 J. Chem. Phys., Vol. 117, No. 19, 15 November 2002 Cosofret, Lambert, and Houston
creased dramatically in a two laser pump and probe exp
ment when the photolysis laser was tuned across the r
tional structure of a nearby Rydberg state and the probe l
was fixed on the N(2D) REMPI transition. Based on unpub
lished spectra obtained from Miescher and Dressler, the
tational spectrum was identified as theS2S1←X 2P ~3,0!
band, which corresponds to excitation to a 5ss Rydberg
level.

Further work in a similar pump–probe experiment
this spectral region was carried out by Umemoto a
Matsumoto,23 who employed time of flight mass resolutio
to distinguish between NO1 and N1, higher resolution lase
bandwidth, lower pressures, and partial cooling provided
an effusive jet. These workers assigned the spectrum to
blend of the 5ss←X(3,0) band and the 6dp2←X(1,0)
band. The latter additional assignment was based on wor
Pratt et al.,18 who noted that the spectrum was a blend
transitions to these two Rydberg levels, 5ss(v53) and
6dp2(v51) but did not attempt to analyze the spectrum

Only recently has attention been given to the angu
distribution of the products of NO predissociation from R
dberg states.21–24Bakkeret al. have investigated two-photo
dissociation of NO using the technique of velocity map i
aging of the product O(3P2) both using sequential two colo
excitation through theA(2S1) state and one color, two
photon excitation near 275 nm.25,26 In addition to informa-
tion about the branching between product channels O(3P)
1N(4S) and O(3P)1N(2D), the images provided evidenc
that the angular distributions taken across the 4dp2

←X(2,0) band and the 5dp2←X(1,0) band varied signifi-
cantly, despite the apparently poor rotational resolution.

In this work, we have used two-photon excitation
populate the 8dp2(v51), the 6dp2(v51)/5ss(v53),
and the 5ss(v52) Rydberg levels in jet-cooled NO a
wavelengths near 265 nm, 270 and 278 nm, respectiv
Velocity mapped images of the dissociation product O(3P2)
were recorded at various rotational lines in these regions,
the resulting angular distributions were compared to qu
tum mechanical theoretical calculations. Not only did t
angular distributions aid in confirming spectral assignme
but they also distinguished betweenS, P, andD intermediate
states.

II. EXPERIMENT

The technique of ion imaging has been described
more detail elsewhere.27,28 A 10% NO/He ~Matheson! gas
mixture was used from the cylinder without further purific
tion. The gas was expanded at 17 psia through a 0.5
diam pulsed nozzle and collimated by a 0.5 mm diam sk
mer mounted 1.0 cm away from the nozzle orifice. Furt
downstream, the molecular beam was crossed at right an
by two counterpropagating laser beams, one used to diss
ate the molecules and the other to probe the resulting f
ments. The O(3P2) and N(2D5/2) fragments were probed us
ing (211) REMPI schemes at 225.65 nm and 269 n
respectively.9,29–31 Due to the large Doppler widths it wa
necessary to scan the probe laser over the resonances
sure that all product atom velocities were detected with eq
sensitivity.
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The dissociation laser radiation between 265 and 279
was produced by a Nd:YAG pumped SCANMATE dye las
~Lambda Physik! with Coumarin 540 A dye using secon
harmonic generation with typical powers of 0.5–1.0 m
pulse. The output from a second Nd:YAG pumped dye la
~Spectra Physics PDL pumped by Spectra Physics GCR2!
was frequency doubled and mixed with the Nd:YAG fund
mental using a WEX box in order to produce the 225.65
probe light with typical powers of 0.5 mJ/pulse. The photo
sis and the probe beams were focused in the interaction
gion by two 25 cm focal length plano-convex lenses. T
dissociation and ionization laser polarizations were para
to the plane of the detector. Additional data were also ta
with the ionization laser polarization perpendicular to t
plane of the detector, while maintaining the photolysis vec
parallel to the face of the detector. A delay time between
pump and probe lasers of 10 ns was typically used.

The imaging technique uses an electrostatic immers
lens which serves to extract the ionized N(2D5/2) or O(3P2)
fragments from the interaction region and to focus ions w
equal velocity vectors to the same point on the detecto32

The ions were imaged by a position sensitive detector c
sisting of a chevron-mounted, double microchannel pl
~MCP! assembly~Galileo! coupled to a fast phosphor scree
The image on the screen was recorded by a 6403480 pixel
CCD camera~Xybion!. Both the MCP and the camera we
electronically gated to collect signal corresponding to o
the mass of either the N(2D5/2) fragment or the O(3P2) frag-
ment. Signal levels were kept below 100 ions per frame
ensure accurate ion counting. Data were accumulated t
cally for 45 000 total laser shots.

One experimental complication is the potential contam
nation of the images obtained in the two-color experime
by signal due to dissociation by the 225.65 nm probe rad
tion. Careful adjustment of the spatial overlap between
lasers, coupled with the high power of the photolysis pu
relative to the probe allowed images to be acquired w
minimal probe contamination in most cases.

The time of flight~TOF! mass spectrum indicated sign
corresponding to the following masses: N1, NO1, and
NONO1. The NO dimer signal was particularly strong whe
the lasers were probing the center of the molecular be
pulse. In order to avoid contamination of our images by s
nal originating from the dimer, we adjusted the nozzle timi
such that only the low density, leading edge of the molecu
beam was probed.

The wavelength calibration of our photolysis laser w
checked by two photon dissociation of NO at the N(2D5/2)
(211) REMPI resonance. The resulting mass 14 ion sig
from both photolyzing NO and detecting the N(2D5/2) pho-
tofragment with the same laser pulse allowed us to determ
that the resonance was at 268.92 nm. According to the
ference in term energies between the2S1/2 and the2D5/2

states as published by NIST,33 the resonance should be
269.0 nm. The observed 0.08 nm difference is consis
with the air to vacuum wavelength correction. All spectra a
plotted against the two photon energy expressed in cm21,
which incorporates the air to vacuum wavelength correcti

The NO1 spectra in the region of the Rydberg stat
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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8789J. Chem. Phys., Vol. 117, No. 19, 15 November 2002 Photodissociation of NO
8dp2(v51), 6dp2(v51)/5ss(v53), and 5ss(v52)
were obtained by monitoring the NO1 signal using a photo-
multiplier tube ~Hamamatsu 1P21! mounted near the phos
phor screen while scanning the photolysis laser. Two phot
of the photolysis laser were used to access the specific R
berg state of NO, while a third photon ionized the molecu
The output of the photomultiplier tube was sent to a box
averager gated at the appropriate arrival time. The la
power was also measured with a photodiode and dye ce
order to normalize the NO1 signal intensity for power fluc-
tuations. Similarly, we also obtained a photofragment yi
spectrum of NO in the 6dp2(v51)/5ss(v53) and
8dp2(v51) regions by monitoring the O(3P2) signal while
scanning the photolysis laser. In the 6dp2(v51)/5ss(v
53) region, we undertook further diagnostics by scann
the photolysis laser for both linear and elliptical polarizatio
in order to better understand the observed spectral lines
switched between elliptical and linear polarizations by us
the combination of a rotatable double Fresnel rhomb an
right angled prism. For each transition observed in
6dp2(v51)/5ss(v53) spectrum, a ratio of the linear ve
sus elliptical polarization was obtained by integrating t
overall signal for both cases and normalizing for the app
priate photolysis laser power.

The branching ratios for the fine structure states
O(3PJ) and N(2DJ) were measured by scanning the pro
laser over the several resonances. Fluctuations in the
energy were monitored and used to normalize the spe
after taking into account the power dependencies determ
in separate experiments.

III. CALCULATIONS

This section outlines the method we used to calculate
angular distributions produced by photodissociation follo
ing two-photon excitation to NO Rydberg levels. We beg
by providing a method for one-photon excitation of Hund
case ~a! states, extend this to two-photon excitation
Hund’s case~a! states, and then modify the result for tw
photon excitation of Hund’s case~b! states.

When predissociation from an excited state is slow
the time scale of rotation, one can expect that excitation
the state will exhibit resolved rotational structure. We fi
consider predissociation following one-photon excitation t
particular level via a selected rotational branch. The ax
recoil approximation is assumed; that is, even though
predissociation may take a longer time scale than rotat
we assume that the energy released when the molecule e
tually predissociates is sufficiently large that the produ
recoil nearly instantaneously with respect to rotation. Fo
diatomic molecule, this means that they recoil along
bond direction. We further assume that the angular distri
tion is unaffected by the competition between ionization a
dissociation of the Rydberg level; that is, we assume eit
that the dissociation rate is much faster than the ioniza
rate at the laser intensities employed, or that ionization d
not differentially affect themJ distribution created by ab
sorption to the Rydberg level.

The probability amplitude,A, for excitation in Hund’s
case~a! from levelV9, J9, M 9 to levelV8, J8, M 8 is given
Downloaded 28 Dec 2002 to 209.63.72.214. Redistribution subject to A
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by matrix elements that can be found in seve
references.19,34 For excitation by linear polarization, there
no change in the projection of the rotational angular mom
tum onto the axis of linear polarization, which we will tak
to be theZ axis; that isM 85M 9, and for simplicity we will
denote either byM. Thus, A(V9,J9,V8,J8,M ) gives the
probability amplitude for excitation of a rotational stateJ8
making a projectionM onto Z. For Hund’s case~a!, the pro-
jection of J8 onto the molecular axis,z, is 6V8.

The remaining problem is to determine the distributi
of anglesu betweenZ andz that is consistent with these tw
projections, because it is this distribution that, in the ax
recoil limit, provides the distribution of product angles. Th

rotation matrixdM ,V8
J8 (u) is normally described as the prob

ability amplitude that ifJ8 makes a projection ofM onto an
axisZ, it will make a projectionV8 onto an axis rotated from
Z by an angleu.35 However, another way to view the rotatio
matrix is that it provides the probability amplitude for th
distribution of anglesu consistent with havingJ8 projections
of M ontoZ andV8 ontoz. Thus, the angular distribution fo
the products would then be given by

I ~u!5(
M

uA~V9,J9,V8,J8,M !dM ,V8
J8 ~u!u2. ~1!

A minor change in Eq.~1! should be made to account for th
fact that the projection ofJ8 onto z may be either1V8 or
2V8. By the normal convention, the positive linear comb
nation of these two projections is associated with the leve
positive parity, while the negative combination is associa
with negative parity. Thus, the angular distribution shou
properly be written as

I ~u!5(
M

uA~V9,J9,V8,J8,M !dM ,6V8
J8 ~u!u2, ~2!

where

dM ,6V8
J8 ~u![

dM ,V8
J8 ~u!6dM ,2V8

J8 ~u!

&
. ~3!

The extension of this formula to two-photon excitatio
of Hund’s case~a! molecules is straightforward. Let th
unprimed quantum numbersV, J, M be associated with the
virtual intermediate state~s! through which the two-photon
process occurs. Then the angular distribution of the pho
fragments is given by

I ~u!5(
M

U(
V,J

1

~E~V,J!2hn!
A~V9,J9,V,J,M !

3A~V,J,V8,J8,M !dM ,6V8
J8 ~u!U2

, ~4!

where the sum within the absolute value is over all poss
intermediate electronic states and rotational levels.

We now modify Eq.~2! for Hund’s case~b!. In this
coupling scheme, the electron spin,S, is uncoupled from the
internuclear axis, while the total angular momentum for t
final state,J8, is given by the vector sum ofS with N8. The
projection ofN8 onto z is 6L8. The probability amplitude
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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8790 J. Chem. Phys., Vol. 117, No. 19, 15 November 2002 Cosofret, Lambert, and Houston
for the two-photon transition depends on a sum over ene
denominators and matrix elements for various intermed
states. For the case of a transition from a2P ~case a! through
a 2L ~case b! intermediate to a2L ~case b! final state, the
two-photon probability amplitudes are given in Eqs.~2! and
~3! of Ref. 18. In addition to the quantum numbers for t
initial, intermediate, and final states, the transition amp
tudes depend one9, the lambda doublet level of the initia
state (e951/21 for e/ f levels!, andh8, which is equal to
11 for the2L1 component and21 for the2L2 component.
In analogy to the notation of Ref. 18, we denote the tw
photon transition amplitudes, summed over energy deno
nators and intermediate states but prior to summing overM,
asDL8,h8←L9,e9

(2) (J8,N8,J9,N9,M ).
The complication of Hund’s case~b! coupling is that the

relationship between thez internuclear direction and theZ
polarization direction is less straightforward. The vectorJ8
still makes a projection ofM onto Z, but now we need to
calculate its projection ontoz. However,J8 is the vector sum
of N8 andS. N8 makes a projection of6L8 ontoz, whereas
S makes a projection ofMS56 1

2. Consequently,J8 must
make a projection of6L86 1

2 ontoz. The probability ampli-
tude for having a particular value of this projection is simp
the Clebsch–Gordon coefficient (N8,L8,S,MS ,J8,M ). The
angular distribution of photoproducts for two-photon exci
tion to a case~b! state is thus

I ~u!5(
M
UDL8,h8←L9,e9

~2!
~J8,N8,J9,N9,M !

3(
MS

H ~N8,L8,S,MS ,J8,M !dM ,L8
J8 ~u!

6~N8,2L8,S,MS ,J8,M !dM ,2L8
J8 ~u!

J U2

,

~5!

where the1 sign is for positive parity levels and the2 sign
for negative ones. We note in passing that the selection r
of Eq. ~2! of Ref. 18 should be included inD (2) if the inter-
mediate state is2S.

IV. RESULTS

Our experimental efforts have concentrated on
O(3P2) fragments formed in the photodissociation of diffe
ent NO Rydberg states. We have investigated three diffe
photolysis wavelength regions corresponding to the exc
tion of the 8dp2(v51), 6dp2(v51)/5ss(v53), and
5ss(v52) NO Rydberg states.

We first looked at the NO1 spectra generated by sca
ning the photolysis wavelength in the regions indicat
These are shown in Fig. 1 along with the corresponding
signments. The spectra were obtained by using the photo
laser as both an excitation and ionization source for the
signal. Our results indicate that the NO1 signal has a powe
dependence of 2.6360.07, typical of a (211) REMPI pro-
cess with a partially saturated ionization step. The 8dp2(v
51) spectrum was taken with both 100% NO and 10
NO/He in order to vary the expansion conditions. The sp
trum was assigned by assuming that the 8dp2 Rydberg state
belongs to Hund’s case~b!, that the intermediate state is
Downloaded 28 Dec 2002 to 209.63.72.214. Redistribution subject to A
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2P(b) state, and that the ground state of NO is pure
Hund’s case~a!. The rotational constant for ground state w
fixed at 1.696 cm21,36 and our calculated rotational consta
for the upper state is 2.20 cm21. The spectrum was fitted
using a spin splitting constant of zero. All of the spect
constants were obtained by adjusting the upper state va
until a good fit was produced. Similarly, the 5ss(v52)
spectrum has a straightforward assignment with a calcula
upper state rotational constant of 1.93 cm21. The NO Ryd-
berg state is a2S1 Hund’s case~b!, while the intermediate
state is again a2P(b) state, and the ground state is2P(a).
Table I shows our constants for all the different Rydbe
states along with previously measured values.

As demonstrated in the past,9,10 the NO spectral lines in
the 269 nm region have been difficult to assign due to mix
of both the 5ss(v53) and the 6dp2(v51) Rydberg states
of NO. In order to better understand this region, the N
spectrum was also taken with 100% NO so as to use diffe
expansion conditions with increased rotational temperat
This spectrum is also shown in Fig. 1. The spectrum co
not be attributed to either the 5ss or the 6dp2 transition
alone, but was a blend of transitions to both Rydberg lev
as well as an extra, unassigned line marked by an asteris
Figs. 1~a! and 1~b!. Our assignments were determined
employing the ion imaging technique as described later.
also made use of the results of the ratio between ellipt
and linear polarizations to determine which lines haveQ
branch character. Integrated intensities of features scan
with linear and elliptical polarizations yielded ratios~linear/
elliptical! of ;2/3 for all non-Q branch peaks in Fig. 1~a!,
;1.5 for the dominant 6dp2 Q21 peak, and;1 at the posi-
tions of the otherQ21 lines and at the 6dp2 Q11 bandhead.
We also observed NO1 signal that was not dependent on th
excitation laser wavelength and therefore not dependen
the rotational level and rotational branch accessed. This
nal formed an underlying broad baseline in the spectra, an
was especially strong in the 6dp2(v51)/5ss(v53) re-
gion.

Further information can be extracted from the spec
yielding the rotational temperature of our expansion. T
temperature is calculated using the intensities of the pe
present in the spectra along with the line strengths for e
of the transitions. The intensities are obtained by fitti
Gaussians to the peaks of interest. In the case of blen
lines, a deconvolution is performed using a sum of Gau
ians. The line strengths used correspond to the transit
which involve aP intermediate state. The slope of the Bo
zmann plot, an example of which is shown in Fig. 2 gives
desired rotational temperature. For the 10% NO expans
we measured a rotational temperature of 961 K from the
5ss(v52) spectrum and 1165 K from the 6dp2(v
51)/5ss(v53) spectrum. For the 100% NO expansion t
8dp2(v51) spectrum gives a rotational temperature of
64 K, while the 6dp2(v51)/5ss(v53) spectrum yields a
value of 36612 K.

Figure 3 shows the yield spectrum for the 6dp2(v
51)/5ss(v53) region measured by monitoring the O ato
fragment through the (3p 3P2,1,0←←2p 3P2) transition. The
predissociation signal is a result of two-photon excitation
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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FIG. 1. Two-photon ionization spectra of NO as a function of the two-photon energy.~a! Ionization of the 6dp2(v51)/5ss(v53) bands using 10% NO in
He. Top assignments correspond to 6dp2(v51), while bottom assignments belong to 5ss(v53). ~b! Ionization of the 6dp2(v51)/5ss(v53) bands
using 100% NO.~c! Ionization of the 8dp2(v51) band using 100% NO.~d! Ionization of the 5ss(v52) band using 10% NO in He. The assignments we
made using the spectroscopic constants present in Table I.
h
e
n-

that
tion
ab-
cia-
the Rydberg state followed by a (211) probe step of the
atomic oxygen fragment. It is noted by comparison of t
O1 action spectrum to the NO1 spectrum that some of th
transitions in the NO1 spectrum do not have matching inte
Downloaded 28 Dec 2002 to 209.63.72.214. Redistribution subject to A
e
sities in the action spectrum. This observation indicates
the spectra are the result of competition between ioniza
and dissociation of the Rydberg accessed by two-photon
sorption. Because there is rotational structure, the disso
TABLE I. Spectroscopic constants used in assigning the 8dp2(v51), 6dp2(v51)/5ss(v53), and the
5ss(v52) NO Rydberg bands. Also included are constants from previous work.

State

This work Previously measured

B8 ~cm21! Gamma Tv ~cm21! B8 ~cm21! Gamma Tv ~cm21!

8dp2(v51) 2.20 0.07 75 376.0 2.20a 0.0a 75 382.0a

6dp2(v51) 2.10 0.0 74 067.7 2.10b 0.0b 74 048.0b

2.10c 0.0c 74 069.7c

5ss2(v53) 1.90 0.0 74 067.3 1.90d 0.0d 74 077.0d

1.90c 0.0c 74 073.3c

5ss2(v52) 1.93 0.0 71 791.4 1.93e 0.0e 71 792.0e

aObtained from Prattet al. ~Ref. 18!.
bCalculated by interpolation based on values given by Prattet al. ~Ref. 18!.
cObtained from Umemotoet al. ~Ref. 23!.
dCalculated by extrapolation based on the values given by Miescheret al. ~Ref. 1!.
eObtained from Miescheret al. ~Ref. 1!.
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp



th
ha
n
ie

a-
b

e
s
th

e

n
a

tin

s
t of
re

erg

any
for

e of
ec-
nd
si-
the

tion
ace
ec-

rse
ity

e
om-
ing
istri-
all
rther
en-
O
i-
he

tri-
NO
nnel
s
ak
is

8792 J. Chem. Phys., Vol. 117, No. 19, 15 November 2002 Cosofret, Lambert, and Houston
tion lifetime is longer than a rotational period, about 10212 s.
To compete with ionization, which happens in less than
laser pulse width, the dissociation must occur in less t
about 1028 s. The line strengths corresponding to transitio
through aP intermediate state along with the peak intensit
in the action spectrum reveal that the 5ss(v53) Rydberg
state is more strongly predissociative than the 6dp2(v51)
Rydberg state. The O1 action spectrum also provides a me
surement of the rotational temperature, which we find to
1563 K, in good agreement with the NO1 spectrum.

In the 8dp2(v51) NO Rydberg state region, ther
were no apparent differences in the intensities of feature
the O photofragment yield spectrum compared to those in
NO REMPI spectrum. However, we observed an increas
the full width half maximum~FWHM! of the transitions with
an increase of the upper stateN8 quantum number, as show
in Fig. 4. A model calculation, which fit the data, showed th
the broadening was due to a small but non-zero spin split

FIG. 2. Boltzmann plot for the 5ss(v52) region.

FIG. 3. Photofragment yield spectrum of NO 6dp2(v51)/5ss(v53)
bands. Top assignments correspond to 6dp2(v51) and the bottom ones to
5ss(v53).
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constant. In the 5ss(v52) region, this broadening trend i
negligible, so that we assumed a spin splitting constan
zero. Theg values for the different Rydberg state regions a
included in Table I.

To better understand the dynamics of these NO Rydb
states, images of the velocity distributions of the O(3P2)
fragments were taken at wavelengths corresponding to m
of the rotational levels and rotational branches observed
the three different Rydberg regions. As noted before, som
the NO transitions had weaker intensities in the action sp
trum, which reduced the photodissociation product yield a
inhibited our ability to take images on some of the tran
tions. Figure 5 shows representative raw images taken on
Q211R11 (J50.5) progression in the 8dp2(v51),
6dp2(v51)/5ss(v53), and 5ss(v52) regions. In these
images the electric vectors of the dissociation and ioniza
lasers are pointing in the same direction, parallel to the f
of the microchannel plate detector and in the vertical dir
tion of Fig. 5.

The product imaging technique makes use of an inve
Abel transform to reconstruct the three-dimensional veloc
distribution from its two-dimensional projection.27,28 The
O(3P2) velocity distributions recovered from the invers
Abel transform can be separated into angular and speed c
ponents. Angular distributions are determined by integrat
over the desired speed for each angle, while the speed d
bution is achieved in a similar manner by integrating over
angles for each speed. The speed distributions can be fu
transformed, using the law of conservation of linear mom
tum, into total translational energy distributions for N
→N(2D5/2)1O(3P2) dissociation. The kinetic energy distr
butions together with a comb indicating the energy of t
possible N atomic states formed in conjunction with O(3P2)
are also shown in Fig. 5. Examination of the energy dis
butions corresponding to the images taken in the three
Rydberg regions shows that the main predissociation cha
yields N(2D5/2) and O(3P2) fragments. Some of the image
revealed that some O(3P2) fragments possess a broad, we
distribution of higher translational energy. This signal

FIG. 4. Full width at half maximum (cm21) as a function of theN8 rota-
tional quantum number obtained from the 8dp2(v51) band region.
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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FIG. 5. Representative raw images obtained in the three different NO R
berg regions along with the corresponding energy distributions.
5ss(v52) image is taken on theQ211R11 (J50.5) rotational line; the
6dp2(v51)/5ss(v53) image is taken on theQ211R11 (J50.5)
6dp2/Q211R11 (J51.5) 5ss blended line, and the 8dp2(v51) image
belongs to theQ211R11 (J50.5) rotational transition. The combs in th
energy distributions represent the energetics corresponding to the form
of N(2D) and N(4S) counterfragments.
 he

all,
a

Downloaded 28 Dec 2002 to 209.63.72.214. Redistribution subject to A
mainly due to one color photodissociation of NO by t
probe laser at 225.65 nm, but also due to the two-pho
photodissociation of the NO dimer, which contributes to t
broadening of the peak, as discussed below.

The more interesting features observed in the images
the angular distributions. Because the distribution is p
duced by a two-photon absorption process, we fit the ang
distributions to both an anisotropy parameter,b, and higher
order term,g: I (u)}11bP2(cosu)1gP4(cosu). The b and
g values for every wavelength imaged are given in Table
along with error ranges assigned by the following procedu
At each wavelength multiple images were taken. Each im
was then analyzed independently to obtain separate va
for b and g, and the spread was used as an error range
that particular dissociation wavelength. The angular distri
tions were finally obtained from the sum of the images
each wavelength. It can be observed that the angular di
butions are very dependent on the particular transit
probed in the NO Rydberg spectra. This observation led u
further investigate how photofragment angular distributio
from one-photon and two-photon transitions depend on
rotational level and the rotational branch excited, as
scribed in the calculation section above. The results of th
calculations are also included in Table II. We were also a
to image the products originating from the NO signal th
was independent of the photolysis wavelength. As discus
above, this contributed to an overall NO baseline in t
Rydberg spectra. Although the product yield was very sm
we increased the overall detection efficiency by using

d-
e

ion
ach
TABLE II. b andg parameters obtained by fittingI (u)}11bP2(cosu)1gP4(cosu) to both the experimental and theoretical angular distributions for e
rotational transition imaged in the three different NO Rydberg regions.

State lair ~nm! Assignment

Experiment Theory

Beta Gamma Beta Gamma

8dp2(v51) 265.22 Q211R11(J52.5) 0.4760.01 20.1660.08 0.53 20.16
S111R21(J50.5)

265.24 Q211R11(J51.5) 0.3060.10 20.1060.01 0.34 0.017
265.25 Q211R11(J50.5) 20.4360.07 20.2160.10 20.04 0
265.27 Q111P21(J51.5,2.5,3.5) 20.0960.06 20.1360.11 20.13 20.008

6dp2(v51)/
5ss(v53)

269.85 S21(J50.5) 6dp2 0.8560.30 0.0160.15 0.86 0.14

269.87 S111R21(J51.5) 6dp2 0.5460.20 20.1660.11 0.69 0.08
S21(J50.5) 5ss

269.90 Q211R11(J52.5) 6dp2 0.6460.06 20.0460.04 0.52 20.002
Q211R11(J53.5) 5ss

269.92 Q211R11(J51.5) 6dp2 0.4460.09 20.1460.05 0.34 20.007
Q211R11(J52.5) 5ss

269.93 Q211R11(J50.5) 30% 6dp2 20.1360.11 20.3660.06 0.09 20.28
Q211R11(J51.5) 70% 5ss

269.95 Q111P21(J53.5) 6dp2 0.8060.19 20.1960.18 0.5 0.02
269.96 Q111P21(J51.5) 5ss 1.3760.19 0.2060.20 0 0
269.97 P11(J51.5) 5ss 1.4260.20 0.0960.14 0 0

5ss(v52) 278.42 S21(J50.5) 0.41 0.20 0.86 0.14
278.44 S111R21(J51.5) 0.46 0.03 0.71 20.23
278.46 S111R21(J50.5) 0.8360.13 0.2760.01 1.06 0.34
278.49 Q211R11(J50.5) 0.6660.05 20.0360.01 1.00 0
278.51 Q111P21(J50.5,1.5,2.5) 20.035 20.08 20.096 0
278.53 P11(J51.5) 1.0760.02 0.1160.07 0 0
278.56 O11(J52.5), O21(3.5) 0.0260.05 20.0160.02 20.02 20.008

P11(J53.5)
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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single wavelength on the N(2D5/2) resonance to act as bot
photolysis and probe. In the N(2D5/2) resonance region th
NO signal observed was independent of the photolysis wa
length. For this particular region, based on the angular
tribution of the N(2D5/2) fragment, we measured an aniso
ropy parameterb50.53.

Finally, we measured the ratio of O(3PJ) spin–orbit
populations at 270.01 nm, which corresponds to theQ21

1P11 (J51/2) transition in the 6dp2(v51) region. At this
wavelength we found that (3P2):(3P1):(3P0)5(0.75
60.13):(0.2260.06):(0.0360.01). The branching ratio o
the two spin–orbit states of the N(2D) was also measured t
be N(2D5/2):N(2D3/2)51.860.3.

V. DISCUSSION

A. Energy distributions

Two-photon excitation from thed-like highest occupied
molecular orbital of the NO ground state is enhanced to
atomiclike Rydberg states withs or d character. We have
excited Rydberg states of NO in the energy region below
ionization potential but above the limits to the following di
sociation channels:

NO→N~2D !1O~3P! Ethreshold58.876 eV, ~6!

NO→N~4S!1O~1D ! Ethreshold58.463 eV, ~7!

NO→N~4S!1O~3P! Ethreshold56.496 eV. ~8!

Detection of O(3P) allows us to monitor both channels~6!
and ~8!, whereas detection of N(2D) provides information
only about channel~6!. The lowest excitation energy used
this study, 8.92 eV, which corresponds to the 5ss(v52)
←X transition, is only 0.04 eV above the threshold for cha
nel ~6!, whereas, the shortest wavelength excitation,
8dp2(v51)←X transition, is 0.48 eV above the threshol
In Fig. 5, it is evident that the production of N(2D) is the
dominant channel in the three spectral regions investiga
In each image there is only one main ring corresponding
the kinetic energy of N(2D)1O(3P) fragments. The rela-
tively flat, but nonzero, background at the higher kinetic e
ergy comb position corresponding to channel~8! indicates
that there may be, at best, only a very minor contribut
from the N(4S)1O(3P) products.

Bakker et al. observed both channels~6! and ~8! in the
wavelength region near 275 nm.26 They concluded that the
N(2D) channel dominated when the 4dp2(v52) and the
5dp2(v51) Rydberg levels were excited and that t
N(4S) channel dominated when Rydberg levels lying so
20–30 cm21 lower in energy than thesendp2 bands were
excited. They speculated that these redshifted features m
be thendp1 levels which are expected to shift by interactio
with nds levels by the same amount. Previous studi
which only detected N(2D), had failed to observe these lev
els, and it was assumed that they were strongly prediss
ated in channel~8!. In the vicinity of the 6dp2(v51) tran-
sition, we do not see other bands nor a similarly stro
contribution from the N(4S) product channel despite sca
ning ;40 cm21 to the red of the band origin. The absence
bands in this region may be due to our limitation of t
Downloaded 28 Dec 2002 to 209.63.72.214. Redistribution subject to A
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photolysis laser energy to less than 1 mJ/pulse. Bakkeret al.
reported using photolysis laser energies between 2
mJ/pulse.26 The appearance of their spectra shows substan
power broadening and loss of rotational resolution compa
to previous work, which they attributed to having to use hi
laser energies to produce fragments efficiently. We did
serve, however, a weak band to the red of and partially ov
lapped with the 8dp2(v51) O andP branches. The appea
ance of the spectrum was different from thendp2 spectra
but very similar to that of the 5ss spectrum. Analysis
yielded an anomalously large rotational constant of 2
cm21 and a band origin of 75 318.5 cm21. We tentatively
assign this region as the 8ds band.

In the 8dp2(v51) images, additional rings appea
which are due to dissociation of NO or NO dimer at t
two-photon energy of the probe laser at 225.65 nm. Th
faint rings appear in the probe-alone signal and are a
present for excitation of the other Rydberg levels excited
the pump laser, but due to the stronger dissociation sig
from the photolysis laser at these wavelengths, the pr
laser contribution was made to be negligible by reducing
probe laser pulse energy. The additional rings agree w
with the energetics of dissociation at two photons of 225
nm to yield products from channel~6! above and from an
additional channel,

NO→N~2P!1O~3P! Ethreshold510.072 eV ~9!

and correspond to features in the energy distributions at 2
and 0.92 eV, respectively. The measured power depend
of the probe laser generated signal yielded a slope of
60.4 for the plot of ln ~signal intensity! versus ln~laser
energy!, which is consistent with a two-photon excitation
NO followed by a second two-photon absorption by t
atomic oxygen fragment and a partially saturated ionizat
step in the (211) REMPI detection scheme. The peak co
responding to 2.11 eV in the energy distributions is es
cially broad, and even though the energetics agree well w
the formation of O(3P2) and N(2D) from the one color two-
photon dissociation of NO at 225.65 nm, the increase in
width of the peak indicates that the process is not the sim
dissociation of a diatomic precursor from a single ene
level. The broad distributions reveal that the counterfragm
of the O(3P) atomic fragment has some wider distribution
internal energy.

Our TOF spectra indicate the presence of NONO1, from
which we conclude that the NO dimer formation occurs. T
dissociation energy of the dimer is very small in comparis
to the dissociation energy of the NO molecule. In the g
phase dimer the NO ground-state monomers are bound
710640 cm21.37 Several causes for the broadening of t
O(3P) peak at 2.11 eV in the energy distributions are pla
sible. According to Eastet al.,37 there are no dimer states th
can be accessed above 0.86 eV, and therefore the possi
of the dimer dissociating at 225.65 nm~5.5 eV! to produce
two NO molecules is ruled out. Furthermore, at 225.65
we are above the ionization potential of the NO dimer,
shown by Urbanet al.,38 but calculations done by Eas
et al.37 indicate that all the asymptotes are ionic. This impli
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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that the NONO1 dimer cation cannot play a role in the fo
mation of NO molecules that retain internal energy and ca
a broadening of our peak.

The more likely cause of the broadening could invol
two-photon absorption of the dimer to produce an electro
state in which one of the monomers is excited to a Rydb
state. This dimer state might then dissociate directly to p
duce O(3P) and N(2D) fragments along with a NO mol
ecule. Since the dissociation energy would be dominated
the NO molecule dissociation and not by the much wea
dimer dissociation, the feature at 2.11 eV would be expec
to agree well with the NO photolysis process, as observ
but it would be broadened because of the partitioning
energy between the two NO monomers as the dimer diss
ated.

B. Rydberg state spectral assignments

Jet-cooled NO was excited from the lower spin comp
nent of the ground state (X 2P1/2) to four different Rydberg
states just below the ionization limit using a two-photon e
citation scheme with wavelengths in the 265–278 nm reg
Absorption of a third photon within the same excitation las
pulse ionized the NO Rydberg levels and allowed detec
of the resulting NO1 by TOF MS. In the spectral region
corresponding to two-photon energies near 74 070 cm21, pre-
vious studies have indicated that there are overlapping t
sitions to the 5ss(v853) and 6dp2(v851) Rydberg
states.18,22,23,31In an effort to sort out this overlapped regio
several strategies have been employed. Clean spectra o
type ‘‘ss ’’ and ‘‘ dp2’’ were obtained for comparison pur
poses with the features of the blended region. The rotatio
constants and the vibronic term energies obtained from
analysis of these clean spectra agreed well with the litera
values. Comparison of the blended region with the cle
spectra became useful at warmer expansion tempera
where it was apparent that the lower frequency side of
5ss(v853)/6dp2(v851) spectrum displayed the ‘‘ss ’’
pattern while the ‘‘dp2’’ pattern dominated at the highe
frequencies.

A second strategy to assign the overlapped spectra o
5ss(v853) and 6dp2(v851) region involved switching
the polarization of the laser used to excite and ionize the
Rydberg levels from linear to elliptical. Subsequent sca
over the features of the spectra with the two polarizatio
show intensity differences analogous to those predicted
Bray and Hochstrasser for circular and linear polarization19

Only for Q-branch transitions withDV50 will the ratio of
intensities with linear to circular polarization depart from
value of 2/3. The condition thatDV50 is satisfied since the
jet-cooling of the NO populates only theV51/2 spin–orbit
manifold in the ground state and the 5ss ~or S2S1) Ryd-
berg state hasV51/2 by definition. The 6dp2 Rydberg
state has bothV51/2 and 3/2 levels. We assume that elli
tical polarization has similar qualitative effect to circular p
larization. By this method,Q branch character or partialQ
branch character due to overlapping non-Q branch lines was
established for several features in the spectrum. Howe
overlap with non-Q branch lines will reduce the overall po
larization intensity ratio. TheseQ-branch lines were assigne
Downloaded 28 Dec 2002 to 209.63.72.214. Redistribution subject to A
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to the 6dp2 Rydberg level since the two-photon lin
strengths for the 5ss Q branches were calculated to be ze
at low J. Spectra taken with warmer expansion conditio
clearly revealed the formation of a bandhead at the posi
of the lowest two-photon frequency of the indicatedQ
branch lines.

The third strategy employed to assign the blend
5ss(v853) and 6dp2(v851) spectral features again mad
use of comparison with information from the clean ‘‘ss ’’ and
‘‘ dp2’’ regions, namely, the angular distributions of the
atom predissociation product. Addition of a second la
used to detect atomic oxygen by REMPI, coupled with i
imaging of the product velocity distribution, yielded angul
distributions which are highly dependent on both the ro
tional branch and quantum number of the excited Rydb
level, as well as the electronic symmetries involved in t
transition. Although the intensity distribution in the actio
spectrum differed significantly from the NO1 spectrum,
there was a clear correspondence between the spectra
tures. In this way, the majority of the features in the blend
region were assigned to be ‘‘dp2’’-like, since the angular
distributions were very similar to those obtained from ima
ing the predissociation products after excitation to the 8dp2

Rydberg state. Only two features were sufficiently intense
the action spectrum to be cleanly assigned to be ‘‘ss ’’-like.

Spectral assignments were then made quantitative
calculating the two-photon wave numbers corresponding
the difference in term energies calculated for a case~a!
ground state and a case~b! final state. The upper state rota
tional constant, spin-splitting constant, and the electro
plus vibrational energy were varied, while keeping t
ground state rotational constant fixed until a good fit of t
assignments to the peak positions was obtained. The as
ments were in agreement with the results of the polariza
study which distinguished betweenQ- and non-Q-branch
transitions. By changing the conditions of the expansi
‘‘warmer’’ spectra could be obtained with additional featur
extending to higher rotational quantum numbers. The sp
tral constants were shown to be adequate to describe t
additional spectra. In all casesg, the spin-splitting constan
for the upper state, was found to be negligible.

The two-photon energies in cm21 were calculated from
the laser wavelength after conversion from air to vacuu
The laser wavelength was shown to be accurate within 0
nm near 269 nm by calibration against the N(2D)(211)
REMPI transition at 74 357.086 cm21. This is well within the
laser manufacturer’s specifications for accuracy within 0
nm at a laser fundamental of 580 nm. In terms of two-pho
energies, the stated laser accuracy works out to66 cm21 at
74 000 cm21. The agreement of the electronic plus vibr
tional term energies obtained in this work with those fro
the literature is within 6 cm21 in each case.

Both Umemoto and Matsumoto,23 and Gaddet al.,22

have published partial spectral assignments for the blen
5ss(v853) and the 6dp2(v851) region based on unpub
lished single VUV photon absorption work by Dressler a
Miescher. In both cases the spectra were considerably h
than in this work and therefore considerably congest
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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Apart from observing several extra lines, Gadd assigned
region completely to the 5ss(v53) Rydberg transition. Due
to the low resolution and high congestion in Gadd’s sp
trum, comparison with our spectra is not useful. In the hig
resolution experiments of Umemoto and Matsumoto,
which the N(2D) predissociation product yield was mon
tored by REMPI as the excitation laser was scanned ac
the Rydberg absorption, the much greater detail reveale
prominent role for the 6dp2 transition. They assigned tw
main progressions to the 6dp2 Q11 and Q21 branches fol-
lowing Pratt’s study of thendp2 spectra. Their assignmen
of 5ss features, however, was based on unpublished
positions for theR11 andR21 branches, extrapolation ofQ11

and P11 lines positions from lower vibrational bands, fro
which they then calculated theS21 branch line positions, and
theQ11 bandhead position from single-photon work. Not s
prisingly, the resulting 5ss assignments did not match we
with the spectrum. Consequently, the role of the 5ss Ryd-
berg state in the predissociation was not clearly defined,
several 5ss lines were mistakenly assigned to the 6dp2

band. In the high resolution scan in their Fig. 3, for examp
the lines assigned as 6dp2 Q11 ~3/2, 5/2, and 7/2! are actu-
ally the 5ss R11(J51/2), the 6dp2 Q21(J51/2), and the
5ss R11(J53/2) lines, respectively.

We reanalyzed the N(2D) yield spectra of Figs. 2 and 3
of Ref. 23. The energy comb spacings for the 5ss R21 and
the 6dp2 Q21 branches reveal that the same upper s
rotational constants were used as in this work, 1.90 and 2
cm21, respectively. We find that both the 5ss and the 6dp2

assignments, however, should be shifted to the red by
proximately 10 and 4 cm21, respectively, based on the pos
tions of the 5ss Q11 and the 6dp2 Q21 branches. Similar
shifts of 8.8 and 2.5 cm21, are predicted from a compariso
of the electronic and vibrational term energies obtained h
and from their assignments for the same 5ss Q11 and the
6dp2 Q21 branches. At the very high resolution provided
the spectrum in their Fig. 3, we were not only able to ass
the main features to both 6dp2 Q21 and the 5ss R11

branches but also the small peaks toS11 andS21 transitions
from both Rydberg levels.

Several differences are readily observed in the intens
of corresponding features in the NO1 spectrum and the O
photofragment yield spectrum for this region. The relat
intensities of the 5ss P21 and the 6dp2 Q11 branch heads
@denoted as 5ss P11(J53/2,5/2) in Fig. 2 of Ref. 23#, favor
the 5ss band in both the N(2D) yield spectrum and ou
O(3P) yield spectrum, whereas the trend is the opposite
the NO1 spectra. This illustrates the differences in compe
tion between predissociation and ionization for the two R
dberg levels clearly observed in both the spectra of Um
moto and Matsumoto and ours. Similar differences appea
other transitions as well and give rise to the scatter in
Boltzmann plots and the resulting high uncertainties in
rotational temperatures for the two expansions (1165;36
612 K). By contrast, the corresponding uncertainties in
rotational temperature and the scatter in the Boltzmann p
from the 8dp2 (3564 K) and the 5ss(v52) (961 K)
data are much reduced. The relative efficiencies of the c
peting pathways also appear to be affected by the NO in
Downloaded 28 Dec 2002 to 209.63.72.214. Redistribution subject to A
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nal energy. The scatter of data in the Boltzmann plots
solves into two parallel, but separate lines corresponding
the 6dp2 and the 5ss contributions at temperatures near 3
K, with the 5ss component having the greater contributio
to the NO1 spectrum, whereas, at lower temperatures,
two Rydberg levels showed similar intensity distributions

The competition between ionization and dissociation
NO Rydberg states can greatly influence the appearanc
the excitation spectra. In the limit of direct dissociation or
predissociation that is much faster than the molecular ro
tional period, lifetime broadening of the energy levels cau
all the rotational branches to be excited coherently. Con
quently, rotational structure is washed out in the absorpt
spectrum. In circumstances when the timescale of predi
ciation approaches or is longer than that of the molecu
rotation, then the spectrum will show rotational structure.
the case of NO Rydberg levels with low rotational quantu
numbersN850 – 5 as in this work, the rotational period is o
the order of 10–1 ps, respectively. Since we observe b
dissociation products and molecular ions with well-defin
rotational structure in the corresponding O action and N1

REMPI spectra, then broad limits can be set on the pre
sociation lifetime. The ionization process involves the a
sorption of a third photon following the two-photon excit
tion to the Rydberg level, a process which must occur wit
the 5–10 ns duration of the laser pulse. This provides
upper limit on the dissociation lifetime. The several picose
ond rotational period provides the lower limit.

The widths of the spectral features in either the NO1 or
O action spectra contain several contributions besides
effect of lifetime broadening. The laser bandwidth contr
utes approximately 0.4 cm21. In a power dependence stud
of the 6dp2(v51) Q21(J5 1

2) transition, power broadening
by the laser further increased the spectral width up to a fa
of two at the maximum laser energy used. Doppler broad
ing of the NO absorption is small due to the cold temperat
in the expansion, about 0.03 cm21, for the REMPI spectrum.
For the O action spectrum, however, the Doppler compon
should be substantial since the width@0.77 cm21 for the
6dp2(v51) Q21(J5 1

2)] reflects the energy released in th
dissociation process. Convolution of the laser bandwi
with the effects of power and Doppler broadening yields
FWHM of 0.8 ~NO REMPI! and 1.1 cm21 ~O action!. Peaks
in the O action spectrum are generally wider than in the N
REMPI spectra, but the widths are not reliable due to pr
lems in maintaining the laser overlap across the scan as
as the finite band width of the probe laser used to detect
O atoms.

Our spectra, especially in the 8dp2(v51) region, sug-
gest an increase in the FWHM with an increase of the up
stateN8 quantum number. Figure 4 shows that the linewid
linearly increase by a factor of 2 in going fromN851 to
N856. The minimum width atN851 of 1.1 cm21 reflects
the contributions mentioned above as well as any sp
splitting or lifetime broadening effects. Our Gaussian mo
of spin splitting dependence onN8 predicts a spin–splitting
constant of 0.07 cm21 when fitted to the data of Fig. 4, whic
would broadenN851 levels by 0.1 cm21. This small amount
can be neglected leaving the difference between the obse
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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FIG. 6. Graphical representation of the theoretical a
gular distribution~solid line! in comparison to the ex-
perimental angular distributions~data points! for the
6dp2(v51)/5ss(v53) region.
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minimum width and that estimated above from laser a
Doppler broadening to arise from lifetime broadening.
crude deconvolution would result in a lifetime broadeni
contribution of 0.75 cm21. This would correspond to a dis
sociation lifetime of 7 ps. The semiclassical rotational per
for N851, given a rotational constant of 2.2 cm21 is about 5
ps. These values are in agreement with the scenario
gested above in which the predissociation process is slig
slower than the rotational period, thus allowing rotation
structure to be observed.

C. Dissociation product angular distributions

The rotational resolution in the Rydberg excitation sp
tra allows an investigation of how the NO Rydberg sta
predissociation dynamics depend on the rotational transit
At the same time, the angular distributions of the produ
can aid in determining the spectral assignments, as discu
above. Our principal observation is that the angular distri
tions vary strongly with rotational transition in a manner th
is predicted by Eq.~5!. Since this equation involves a cohe
ent sum over possible intermediate states, and since th
sulting angular distributions are very sensitive to the mixt
of intermediate states, measurement of the angular distr
tions also provides a method for assessing the relative
tributions of the intermediate states.

The experimental spectra in the three Rydberg regi
we investigated consist mainly of blended lines, where p
gressions such asQ211R11 cannot be resolved. The situatio
is even more complicated in the 6dp2(v51)/5ss(v53)
region where there is overlap between branches from the
electronic transitions. The spectral assignment discus
above identifies the contributions to each of the peaks in
Rydberg regions. The two-photon line strengths, calcula
by integrating the results of Eq.~5! over angle, were com
pared to the line intensities and allowed calculation of
rotational temperature of the expansion, so that we are
to quantify each contribution to lines that were overlapp
The theoretical angular distributions are therefore calcula
by using the different rotational and electronic contributio
Downloaded 28 Dec 2002 to 209.63.72.214. Redistribution subject to A
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weighted by the corresponding Boltzmann factor and the
strengths involved. In cases where lines from the transit
to the 6dp2(v51) overlap with lines corresponding to th
5ss(v53) transition, we made the assumption that the t
transitions have equal transition moments. Our exp
mental angular distributions are consistent with this assu
tion. Table II gives both the experimentally and theore
cally obtainedb and g values, where the theoretical value
were calculated by fitting the result of Eq.~5! with the for-
mula I (u)}11bP2(cosu)1gP4(cosu). Samples of the ex-
perimental and theoretical angular distributions are given
Fig. 6.

In the 8dp2(v51) Rydberg region, theQ211R11 and
the Q111P21 are the dominant progressions. However t
Q211R11(J52.5) transition overlaps with theS111R21(J
52.5) line, and therefore the angular distribution is a con
bution from both of these transitions. The peak correspo
ing to theQ111P21 transition is made up of three differen
lines in the progression forJ51.5, 2.5, and 3.5. The theore
ical angular distributions agree well with the experimen
ones for all the transitions imaged, except for theQ21

1R11(J50.5) line.
The 5ss(v52) Rydberg transition is only 0.04 eV

above the threshold for channel~6!. The small amount of
excess energy and the weak predissociation of some of
rotational transitions makes imaging of these lines qu
challenging. The noise in the experimental angular distri
tions is therefore much higher in this region. Nonethele
the experimental angular distributions again agree well w
the theoretical ones, except for theP11(J51.5) line.

The 6dp2(v51)/5ss(v53) region is complicated by
the mixing of the two electronic transitions. One of the too
used in assigning this region is the comparison between
theoretical and experimental angular distributions. Based
this comparison, we are able to distinguish between the
tational lines corresponding to either thep or the s transi-
tion. The contributions involved in each of the peaks pres
in the 6dp2(v51)/5ss(v53) spectrum are described i
Table II. We find reasonable agreement between the exp
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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FIG. 7. Angular data for transitions in the 8dp2

(v51) ~top! and the 6dp2 (v51)/5ss (v53) ~bot-
tom! region and the theoretical fits obtained assumi
various relative amplitudes for eitherS ~upper panels!
or D ~lower panels! intermediates. The amplitude of th
P intermediate is maintained at unity.
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ment and theory, except again for theP11(J51.5) and also
theQ111P21(J51.5), both belonging to thes transition. We
note that theQ211R11(J50.5) line belonging to the 6dp2

transition is overlapped with theQ211R11(J51.5) belong-
ing to the 5ss state. If only the Boltzmann factors and th
line strengths are considered, then the angular distribu
for this peak would be dominated by theQ211R11(J50.5)
line of the 6dp2 transition and would not agree well wit
the theoretically predicted distribution. However, as noted
the discussion of the spectral assignments, the experime
spectra reveal that the 5ss(v53) transition is much more
strongly predissociative than the 6dp2(v51) transition. If
this factor is taken into account, and the theoretical ang
distribution is obtained by giving the majority of the contr
bution ~70%! to the transition involving the 5ss(v53)
state, then we obtain a good agreement with the experime
angular distribution.

Although the majority of the data agree reasonably w
the theoretical predictions, we note that the angular distri
tions for theP11(J51.5) andQ111P21(J51.5) lines of the
5ss(v53) level, the P11(J51.5) line of the 5ss(v52)
level, and theQ211R11(J50.5) line of the 8dp2(v51)
level are inconsistent with the theoretical prediction. The
lines all terminate inJ50.5 levels. Because there are on
two mJ levels, either11

2 or 21
2, and because linear polariza

tion cannot create a difference in population between th
~regardless of the symmetry of the two-photon intermed
state!, we must create an isotropic spatial distribution inJ
50.5. This isotropic distribution is also predicted by Eq.~5!.
However, the data for the lines listed above nearly alw
indicates more population at 0 andp radians, the north and
south poles, than at thep/2 radians, the equator. We inves
gated two experimental possibilities for the deviation. Fir
it is possible that the O(3P2) is created with a laboratory
alignment, such as is the case, for example, in the disso
tion of NO2.39,40 However, the angular distributions me
sured on several of these transitions did not change when
polarization of the probe laser was changed from vertica
Downloaded 28 Dec 2002 to 209.63.72.214. Redistribution subject to A
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horizontal while holding the polarization of the pump laser
the vertical direction. Nor was there any difference betwe
the angular distribution obtained for O(3P2) and that ob-
tained for O(3P0), where no such alignment can occur. W
conclude that the oxygen atom products are not aligned.
also checked to see whether a small degree of elliptical
larization could change the angular distributions sign
cantly; it did not. We thus believe that the data are accur
and that the theory, while not in agreement with the data
correct. The only way out of this dilemma that we can s
involves either a process that affects the final,J50.5, levels
or the intermediate levels, theJ51.5 levels of theC 2P state
~see discussion below!. It is hard to see how some proce
operating on the final level, for example differential dep
tion of mJ levels by ionization, could make such a profoun
change in the angular distribution, especially since the las
are linearly polarized and thus must operate equally onmJ

56 1
2. On the other hand, it is known that there is stro

mixing between low rotational levels of theC 2P Rydberg
state and theB 2P valence state.3,41 It is conceivable, though
admittedly not likely, that this perturbation provides amp
tude to a rotationally broadened Rydberg state that ha
parallel component.

The theoretical angular distributions predicted by Eq.~5!
depend strongly on the mixture of intermediate states in
two-photon transition. In fitting the 8dp2 level, Prattet al.
assumed equal amplitudes of case~b! P andS intermediates.
We find this ratio not to agree with the angular data, wh
indicates that theS state must make a minor or negligib
contribution. In all of the angular fits shown in Fig. 6 o
listed in Table II, we have assumed that the intermediate i
P symmetry. Figure 7 shows angular data for two spec
transitions, both in the 6dp2(v51)/5ss(v53) region, and
the fits to the data assuming various amplitudes for eitheS
~upper panels! or D ~lower panels! intermediates. The ampli
tude of theP intermediate is taken to be unity, while th
predicted angular distributions for the data are shown
relative amplitudes of 0, 0.5, 1.0, and 2.0 for eitherS or D
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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intermediates. It is clear from the figure that the best fit is
the relative amplitude of either theS or D state to be zero
We note that the sensitivity of the angular distribution
these relative amplitudes provides an excellent experime
method for determining the contributions from intermedia
states of differing symmetry.

VI. CONCLUSIONS

Product imaging has been found in this work to be
extremely valuable tool in assigning and understanding
two-photon excitation spectra and dynamics of NO Rydb
levels. Rotational assignments can be checked by compa
the angular distributions predicted by Eq.~5! with those
measured on rotationally resolved lines. They may also
used to identify the contributions of various intermedia
states to the two-photon line strength. By use of these te
niques, we have assigned the spectra in the 6dp2(v
51)/5ss(v53) region and have reinterpreted the spec
previously described by Umemoto and Matsumoto.23 The
major contribution to the two-photon excitation process
all the Rydberg levels we investigated comes from an in
mediate ofP symmetry, likely theC 2P state. The atomic
products are predominantly N(2D)1O(3P).
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