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Two-photon photodissociation of NO through Rydberg levels in the
265-278 nm region: Spectra and photofragment angular distributions
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The spectroscopy and dynamics of the NO photodissociation through Rydberg levels near 74 000
cm™ ! have been investigated following two-photon excitation. Thler6(v=1) and So(v=3)

levels overlap near 74 070 ¢rh Assignment of the rotational transitions for these levels has been
aided by the use of the photoproduct angular distributions measured using product imaging
technigues. Product imaging was also used to investigatedhe @ =1) and So(v=2) regions
assigned by previous investigators. In all cases, the major products wébe) NO(°P). 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 d1 intermediate, likely the 2I1 state, with less than a 30% amplitude contribution from
either a3 or A intermediate. ©2002 American Institute of Physic§DOI: 10.1063/1.1513458

I. INTRODUCTION to parity selectivity in multiphotorI —I1 excitation through

S intermediates”*® In principle, rotational line strength ex-
The spectroscopy of NO Rydberg levels has been a subsessions derived for multiphoton excitation of diatomic

ject of continuing interest for over 50 years. The low ioniza- 1,5 leculed’-2° may be explicitly summed over all interme-

tion potential of NO(9.25 eV}, makes the Rydberg levels a0 states, weighted by the transition moment and an en-

accessible by one-photon excitation at vacuum ultraviolef, o, mismatch denominator, but in practice, sufficiently de-
(VUV) wavelengths .around 1.30 nm. Thg detailed absorptlorfa”ed information about the relative transition moments is
spectra recorded with the high resolution spectrographs
the National Research Council in Ottawa have been pu
lished in atlas fornt.A review of the early work was pub-
lished in 1976. Mo_re recently, NO Ry_dbgrg Ievels_have bee_n Another factor that may affect the observed molecular
accessgd by multiphoton laser excitation teChmqueS’.WhlcPwo-photon spectrum is predissociation from Rydberg levels
conveniently allow the use of longer wavelength radiation t energies above the several dissociation limits to atomic
and result in excitation to Rydberg levels not accessible by 8 g 18 : : o
one-photon transitiofi>18 The optical selection rule for the products. Pratét al.*® investigated the two-photon excitation

change in the atomiclike orbital angular momentum of thegon;?;?eddwtﬁgtd?ﬁégslsgc?:rsaoét:\tlgn?; ;g,rz_czzn;r:egte?vi-th .
A7 )
T e e ot ke s o et ) A1) octaion schome win 3.
- ; ghest . . . .

occupied molecular orbital for ground state NO should resulfStimated to be a 1:1 mixture for the intermediate states, and
in enhanced excitation tp andf Rydberg states for a one- 1N Which only transitions to thél - component of the upper
photon transition, whereas a two-photon transition shoultate appeared. They surmised that the absence dflthe
enhance the excitation sf dor g Rydberg levels. In addition component was due to a fast predissociation process from
to these general guidelines, the nature of the intermediatdiese levels. Clearly a combined strategy of detecting parent
statés) and the presence of predissociation of the excitednd dissociation products as a function of excitation wave-
Rydberg levels also affects the spectrum. length would be helpful in elucidating the dynamics of the

Although it is possible to make a multiphoton processRydberg levels in this region. The current study pursues this
resonant with a known intermediate state by judicious choicgtrategy. We will show, further, that the angular distribution
of excitation wavelength, in general, there will be more tharof the dissociation products can provide information about
one intermediate state, either real or virtual, that will lead tothe intermediate state in the two-photon excitation. These
the same final state. A complete understanding of the multinew tools are illustrated by further work on the spectra of
photon process requires knowledge of the relative contribuNO Rydberg levels.
tions of the intermediate states. Few ways to gain this knowl- The NO spectral region accessed by two photons at
edge are available. The absence of two-photon lines afllow wavelengths near 269 nm has been of interest since Slanger’s
for certain branches or the differing line intensities andgroup developed the (1) resonance enhanced multipho-
branches can provide information on the symmetry of theon ionization(REMPI) scheme to detect D) and showed
intermediate state. As an example, the absence of an entiteat NO was a good source of N§) at these
branch has been observed in several studies and is attributedvelength$?2 They observed that the total ion yield in-

"1‘5cking. Thus, the determination of the proportionate contri-
bution to the spectrum from each multiphoton pathway is not
routine.
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creased dramatically in a two laser pump and probe experi- The dissociation laser radiation between 265 and 279 nm
ment when the photolysis laser was tuned across the rotavas produced by a Nd:YAG pumped SCANMATE dye laser
tional structure of a nearby Rydberg state and the probe las¢cambda Physik with Coumarin 540 A dye using second
was fixed on the N\D) REMPI transition. Based on unpub- harmonic generation with typical powers of 0.5-1.0 mJ/
lished spectra obtained from Miescher and Dressler, the rgaulse. The output from a second Nd:YAG pumped dye laser
tational spectrum was identified as t8&3 "« X2l (3,00  (Spectra Physics PDL pumped by Spectra Physics GCR230
band, which corresponds to excitation to ascSRydberg  was frequency doubled and mixed with the Nd:YAG funda-
level. mental using a WEX box in order to produce the 225.65 nm

Further work in a similar pump—probe experiment in probe light with typical powers of 0.5 mJ/pulse. The photoly-
this spectral region was carried out by Umemoto andsis and the probe beams were focused in the interaction re-
Matsumoto’® who employed time of flight mass resolution gion by two 25 cm focal length plano-convex lenses. The
to distinguish between NOand N', higher resolution laser dissociation and ionization laser polarizations were parallel
bandwidth, lower pressures, and partial cooling provided byto the plane of the detector. Additional data were also taken
an effusive jet. These workers assigned the spectrum to bewith the ionization laser polarization perpendicular to the
blend of the S0+ X(3,0) band and the &7~ —X(1,0) plane of the detector, while maintaining the photolysis vector
band. The latter additional assignment was based on work byarallel to the face of the detector. A delay time between the
Pratt et al,*® who noted that the spectrum was a blend ofpump and probe lasers of 10 ns was typically used.
transitions to these two Rydberg levelssdfv=3) and The imaging technique uses an electrostatic immersion
6d7~ (v=1) but did not attempt to analyze the spectrum. |ens which serves to extract the ionized?N¢,,) or O(P,)

Only recently has attention been given to the angulafragments from the interaction region and to focus ions with
distribution of the products of NO predissociation from Ry- equal velocity vectors to the same point on the detéétor.
dberg state$.~**Bakkeret al. have investigated two-photon The ions were imaged by a position sensitive detector con-
dissociation of NO using the technique of velocity map im-sjsting of a chevron-mounted, double microchannel plate
aging of the product G@,) both using sequential two color (MCP) assemblyGaliled coupled to a fast phosphor screen.
excitation through theA(*X™) state and one color, two- The image on the screen was recorded by ax6480 pixel
photon excitation near 275 nfft”® In addition to informa-  ccD cameraXybion). Both the MCP and the camera were
tion about the branching between product channefPP(  electronically gated to collect signal corresponding to only
+N(*S) and OFP)+N(?D), the images provided evidence the mass of either the RDs,) fragment or the OP,) frag-
that the angular distributions taken across thdw4  ment. Signal levels were kept below 100 ions per frame to
«—X(2,0) band and thedm —X(1,0) band varied signifi-  ensyre accurate ion counting. Data were accumulated typi-
cantly, despite the apparently poor rotational resolution.  cajly for 45000 total laser shots.

In this work, we have used two-photon excitation 0 One experimental complication is the potential contami-
populate the 87 (v=1), the &= (v=1)/580(v=3), nation of the images obtained in the two-color experiments
and the So(v=2) Rydberg levels in jet-cooled NO at py signal due to dissociation by the 225.65 nm probe radia-
wavelengths near 265 nm, 270 and 278 nm, respectivelyjon Careful adjustment of the spatial overlap between the
Velocity mapped images of the dissociation productR)  |asers, coupled with the high power of the photolysis pulse
were recorded at various rotational lines in these regions, and|ative to the probe allowed images to be acquired with
the resulting angular distributions were compared to quanginimal probe contamination in most cases.
tum mechanical theoretical calculations. Not only did the  The time of flight(TOF) mass spectrum indicated signal
angular distributions aid in confirming spectral aSSignmem%orresponding to the following masses’* NNO*, and
but they also distinguished betweEnll, andA intermediate  NONO' . The NO dimer signal was particularly strong when

states. the lasers were probing the center of the molecular beam
pulse. In order to avoid contamination of our images by sig-
II. EXPERIMENT nal originating from the dimer, we adjusted the nozzle timing
The technique of ion imaging has been described irsuch that only the low density, leading edge of the molecular
more detail elsewher€:?® A 10% NO/He (Matheson gas beam was probed.
mixture was used from the cylinder without further purifica- The wavelength calibration of our photolysis laser was
tion. The gas was expanded at 17 psia through a 0.5 mmhecked by two photon dissociation of NO at the’Ng,)
diam pulsed nozzle and collimated by a 0.5 mm diam skim{2+1) REMPI resonance. The resulting mass 14 ion signal
mer mounted 1.0 cm away from the nozzle orifice. Furthefrom both photolyzing NO and detecting the 3,) pho-
downstream, the molecular beam was crossed at right anglésfragment with the same laser pulse allowed us to determine
by two counterpropagating laser beams, one used to dissodhat the resonance was at 268.92 nm. According to the dif-
ate the molecules and the other to probe the resulting fragerence in term energies between tf®,,, and the?Dg,
ments. The O{P,) and N€Ds,) fragments were probed us- states as published by NISTthe resonance should be at
ing (2+1) REMPI schemes at 225.65 nm and 269 nm,269.0 nm. The observed 0.08 nm difference is consistent
respectively*?°~3! Due to the large Doppler widths it was with the air to vacuum wavelength correction. All spectra are
necessary to scan the probe laser over the resonances to @iotted against the two photon energy expressed in‘gm
sure that all product atom velocities were detected with equalhich incorporates the air to vacuum wavelength correction.
sensitivity. The NO' spectra in the region of the Rydberg states
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8d7 (v=1), 6d7 (v=1)/580(v=3), and So(v=2) by matrix elements that can be found in several
were obtained by monitoring the NOsignal using a photo- referenced®3* For excitation by linear polarization, there is
multiplier tube (Hamamatsu 1P21Imounted near the phos- no change in the projection of the rotational angular momen-
phor screen while scanning the photolysis laser. Two photontim onto the axis of linear polarization, which we will take
of the photolysis laser were used to access the specific Ryde be theZ axis; that isM’=M", and for simplicity we will
berg state of NO, while a third photon ionized the moleculedenote either byM. Thus, A(Q2",J",Q',3",M) gives the
The output of the photomultiplier tube was sent to a boxcaprobability amplitude for excitation of a rotational statée
averager gated at the appropriate arrival time. The lasemaking a projectiorM onto Z. For Hund’s caséa), the pro-
power was also measured with a photodiode and dye cell ifection of J’ onto the molecular axig, is =)'.

order to normalize the NO signal intensity for power fluc- The remaining problem is to determine the distribution
tuations. Similarly, we also obtained a photofragment yieldof anglest betweenZ andz that is consistent with these two
spectrum of NO in the én (v=1)/580(v=3) and projections, because it is this distribution that, in the axial
8dw~ (v=1) regions by monitoring the GP,) signal while  recoil limit, provides the distribution of product angles. The

scanning the photolysis laser. In th&l® (v=1)/50(v  rotation matrixdﬂ,lrvﬂ,(a) is normally described as the prob-
=3) region, we undertook further diagnostics by scanningpility amplitude that i)’ makes a projection dfl onto an
the photolysis laser for both linear and elliptical polarizationsgyis 7 it will make a projectior()’ onto an axis rotated from
in order to better understand the observed spectral lines. V\@by an angled.®® However, another way to view the rotation
switched between elliptical and linear polarizations by usingmatrix s that it provides the probability amplitude for the
the combination of a rotatable double Fresnel rhomb and gistripution of anglew consistent with having’ projections

right angled prism. For each transition observed in theyt n ontoz andQ)’ ontoz Thus, the angular distribution for
6d7 (v=1)/5s0(v=23) spectrum, a ratio of the linear ver- hq products would then be given by

sus elliptical polarization was obtained by integrating the
overall signal for both cases and normalizing for the appro-
priate photolysis laser power.

The branching ratios for the fine structure states of .
O(P,) and N@D,) were measured by scanning the probe” minor change in Eq(1) should be made to account for the

laser over the several resonances. Fluctuations in the lasfct ,that the projection o’ ontoz may be either+ Q' or
energy were monitored and used to normalize the spectra (!’ BY the normal convention, the positive linear combi-
after taking into account the power dependencies determingegtion of these two projections is associated with the level of

|(0)=§M) IAQ",37,Q",3" M)}, . (0)]2 1)

in separate experiments. positive parity, while the negative combination is associated
with negative parity. Thus, the angular distribution should
I1l. CALCULATIONS properly be written as

This section outlines the method we used to calculate the
angular distributions produced by photodissociation follow-
ing two-photon excitation to NO Rydberg levels. We begin
by providing a method for one-photon excitation of Hund’s Where
case (a) states, extend this to two-photon excitation of
Hund'’s case(a) states, and then modify the result for two- d 0)
photon excitation of Hund's cag®) states. M,=Q’

When predissociation from an excited state is slow on i , .
the time scale of rotation, one can expect that excitation to 1N €xtension of this formula to two-photon excitation
the state will exhibit resolved rotational structure. We firstOf H.unds case(a molecules is stralghtfor\_/vard. L_et the
consider predissociation following one-photon excitation to aunprlmed quantum numbef3, J, M be associated with the

particular level via a selected rotational branch. The axial/itual intermediate statg) through which the two-photon

recoil approximation is assumed:; that is, even though th@rocess occurs. Then the angular distribution of the photo-

predissociation may take a longer time scale than rotatiori’@9Ments is given by

we assume that the energy released when the molecule even- 1

tually predissociates is sufficiently large that the products 1(6)=2, | >, mA(Q",J”1Q,J,M)

recoil nearly instantaneously with respect to rotation. For a Mo ' g

diatomic molecule, this means that they recoil along the 5 2

bond direction. We further assume that the angular distribu- XA(£,3,07,3"M)dy . o.(0)| , (4)

tion is unaffected by the competition between ionization and

dissociation of the Rydberg level; that is, we assume eithewhere the sum within the absolute value is over all possible

that the dissociation rate is much faster than the ionizatioimntermediate electronic states and rotational levels.

rate at the laser intensities employed, or that ionization does We now modify Eq.(2) for Hund's case(b). In this

not differentially affect them; distribution created by ab- coupling scheme, the electron sp#,is uncoupled from the

sorption to the Rydberg level. internuclear axis, while the total angular momentum for the
The probability amplitudeA, for excitation in Hund's final state,J’, is given by the vector sum @with N’. The

case(a) from level )", J”, M" to levelQ', J', M’ is given  projection of N’ ontozis =A’. The probability amplitude

|(9)=% IAQ",37,Q",3" M)d), . .(0)]2, 2

diy 0 (0) =3y _.(0)
— .

)
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for the two-photon transition depends on a sum over energ§ll(b) state, and that the ground state of NO is purely
denominators and matrix elements for various intermediatélund’s casda). The rotational constant for ground state was
states. For the case of a transition frofih(case athrough  fixed at 1.696 cm*,® and our calculated rotational constant
a?A (case b intermediate to &A (case b final state, the for the upper state is 2.20 ¢rh The spectrum was fitted
two-photon probability amplitudes are given in E¢®. and  using a spin splitting constant of zero. All of the spectral
(3) of Ref. 18. In addition to the quantum numbers for theconstants were obtained by adjusting the upper state values
initial, intermediate, and final states, the transition ampli-until a good fit was produced. Similarly, thes&(v=2)
tudes depend or”, the lambda doublet level of the initial spectrum has a straightforward assignment with a calculated
state €’=1/—1 for e/f levels, and »’, which is equal to  upper state rotational constant of 1.93 ¢mThe NO Ryd-
+1 for the?A* component and-1 for the?A~ component. berg state is %" Hund’s caseb), while the intermediate
In analogy to the notation of Ref. 18, we denote the two-state is again &ll(b) state, and the ground state’H (a).
photon transition amplitudes, summed over energy denomifable | shows our constants for all the different Rydberg
nators and intermediate states but prior to summing bler states along with previously measured values.
as D(Az,)’”,HA,,’E,,(J’,N’,J”,N”,M). As demonstrated in the past®the NO spectral lines in
The complication of Hund’s cadl) coupling is that the the 269 nm region have been difficult to assign due to mixing
relationship between the internuclear direction and th2  of both the So(v=3) and the 87 (v=1) Rydberg states
polarization direction is less straightforward. The vecior of NO. In order to better understand this region, the NO
still makes a projection oM onto Z, but now we need to spectrum was also taken with 100% NO so as to use different
calculate its projection onta However,J' is the vector sum expansion conditions with increased rotational temperature.
of N andS. N’ makes a projection ot A’ ontoz, whereas This spectrum is also shown in Fig. 1. The spectrum could
S makes a projection oMg=+ 3. Consequently)’ must not be attributed to either thes& or the &~ transition
make a projection of- A’ + 3 ontoz The probability ampli- alone, but was a blend of transitions to both Rydberg levels,
tude for having a particular value of this projection is simply as well as an extra, unassigned line marked by an asterisk in
the Clebsch—Gordon coefficienN(,A’,S,Mg,J’,M). The  Figs. 1a) and ib). Our assignments were determined by
angular distribution of photoproducts for two-photon excita-employing the ion imaging technique as described later. We

tion to a casdb) state is thus also made use of the results of the ratio between elliptical
and linear polarizations to determine which lines h&@ye
()= D@ . (JN.JN'.M br_angh character..Integrated_lnt§n3|tle§ of featgrgs scanned
(6) % Al ' A€ ( ) with linear and elliptical polarizations yielded ratidsear/

, ) elliptical) of ~2/3 for all nonQ branch peaks in Fig. (&),
{ (N’,A’,S,MS,J’,M)dfvI A(0) ] ‘ ~1.5 for the dominant 87~ Q,; peak, and~1 at the posi-
D , ¥ »  tions of the othelQ,, lines and at the 67~ Q44 bandhead.
Ms [ Z(N",=A".SMs,J",M)dy _,(0) We also observed NOsignal that was not dependent on the
(5)  excitation laser wavelength and therefore not dependent on
where the+ sign is for positive parity levels and the sign the rotational level anq rotational bra.nch.accessed. This Sig-
for negative ones. We note in passing that the selection ruI-:—gaI formed an “”de”y'”g broad bzi\sellne in the spectra, and it
of Eq. (2) of Ref. 18 should be included @@ if the inter-  WaS especially strong in thedér™ (v=1)/5so(v=3) re-

mediate state i83. gion. , ,
Further information can be extracted from the spectra,

yielding the rotational temperature of our expansion. The
temperature is calculated using the intensities of the peaks
Our experimental efforts have concentrated on thepresent in the spectra along with the line strengths for each
O(®P,) fragments formed in the photodissociation of differ- of the transitions. The intensities are obtained by fitting
ent NO Rydberg states. We have investigated three differefbaussians to the peaks of interest. In the case of blended
photolysis wavelength regions corresponding to the excitalines, a deconvolution is performed using a sum of Gauss-
tion of the &7 (v=1), 6dw (v=1)/5s0(v=3), and ians. The line strengths used correspond to the transitions
5s0(v=2) NO Rydberg states. which involve all intermediate state. The slope of the Bolt-
We first looked at the NO spectra generated by scan- zmann plot, an example of which is shown in Fig. 2 gives the
ning the photolysis wavelength in the regions indicateddesired rotational temperature. For the 10% NO expansion
These are shown in Fig. 1 along with the corresponding asnve measured a rotational temperature of BK from the
signments. The spectra were obtained by using the photolysiso(v=2) spectrum and *5K from the &= (v
laser as both an excitation and ionization source for the NG=1)/5s0(v =3) spectrum. For the 100% NO expansion the
signal. Our results indicate that the N@ignal has a power 8dz (v=1) spectrum gives a rotational temperature of 35
dependence of 2.630.07, typical of a (2-1) REMPI pro- *4 K, while the &7~ (v=1)/5s0(v=3) spectrum yields a
cess with a partially saturated ionization step. Thier8 (v value of 36:12 K.
=1) spectrum was taken with both 100% NO and 10%  Figure 3 shows the yield spectrum for thel®© (v
NO/He in order to vary the expansion conditions. The spec=1)/5s0(v=3) region measured by monitoring the O atom
trum was assigned by assuming that tlier8 Rydberg state fragment through the (l33Pz,1,o<—<—2P 3p,) transition. The
belongs to Hund’s caséh), that the intermediate state is a predissociation signal is a result of two-photon excitation of

IV. RESULTS
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FIG. 1. Two-photon ionization spectra of NO as a function of the two-photon en@gdwnization of the @7~ (v=1)/5s0(v=3) bands using 10% NO in
He. Top assignments correspond td76 (v=1), while bottom assignments belong tsd{v =3). (b) lonization of the &= (v=1)/5sc(v=3) bands
using 100% NO(c) lonization of the &=~ (v=1) band using 100% NQd) lonization of the So(v=2) band using 10% NO in He. The assignments were
made using the spectroscopic constants present in Table I.

the Rydberg state followed by a ¢21) probe step of the sities in the action spectrum. This observation indicates that
atomic oxygen fragment. It is noted by comparison of thethe spectra are the result of competition between ionization
O™ action spectrum to the NOspectrum that some of the and dissociation of the Rydberg accessed by two-photon ab-
transitions in the NO spectrum do not have matching inten- sorption. Because there is rotational structure, the dissocia-

TABLE |. Spectroscopic constants used in assigning thler8v=1), 6dw (v=1)/5sc(v=3), and the
5s0(v=2) NO Rydberg bands. Also included are constants from previous work.

This work Previously measured

State B’ (cm™Y Gamma T, (cm™} B’ (cm™?) Gamma T, (cm™
8dw (v=1) 2.20 0.07 75376.0 2.90 0.07 75382.6
6dm (v=1) 2.10 0.0 74 067.7 2.%0 0.0° 74048.6
210 0.CF 74069.7

5s0 (v=23) 1.90 0.0 74067.3 1.90 0.¢¢ 74077.d
1.9¢° 0.CF 74073.3

5s0 (v=2) 1.93 0.0 71791.4 1.93 0.0° 71792.6

@0btained from Pratét al. (Ref. 18.

PCalculated by interpolation based on values given by Rita#l. (Ref. 18.
‘Obtained from Umemotet al. (Ref. 23.

dCalculated by extrapolation based on the values given by Miesthair (Ref. 1).
€Obtained from Miescheet al. (Ref. 1).
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FIG. 2. Boltzmann plot for the &r(v =2) region. FIG. 4. Full width at half maximum (cmt) as a function of thé\’ rota-

tional quantum number obtained from thd®8™ (v=1) band region.

tion lifetime is longer than a rotational period, about 1®s.

To compete with ionization, which happens in less than th&€onstant. In the $o(v =2) region, this broadening trend is
laser pulse width, the dissociation must occur in less thamegligible, so that we assumed a spin splitting constant of
about 108 s. The line strengths corresponding to transitionszero. They values for the different Rydberg state regions are
through all intermediate state along with the peak intensitiesincluded in Table 1.

in the action spectrum reveal that thedv=3) Rydberg To better understand the dynamics of these NO Rydberg
state is more strongly predissociative than ther6 (v=1)  States, images of the velocity distributions of the’By)
Rydberg state. The Daction spectrum also provides a mea- fragments were taken at wavelengths corresponding to many

surement of the rotational temperature, which we find to béf the rotational levels and rotational branches observed for
15+3K, in good agreement with the N'Ospectrum' the three different Rydberg regions. As noted before, some of

In the &7 (v=1) NO Rydberg state region, there the NO transitions had weaker intensities in the action spec-
were no apparent differences in the intensities of features iffum, which reduced the photodissociation product yield and
the O photofragment yield spectrum compared to those in thigthibited our ability to take images on some of the transi-
NO REMPI spectrum. However, we observed an increase dfons. Figure 5 shows representative raw images taken on the
the full width half maximum(FWHM) of the transitions with Q21T Ri;  (J=0.5) progression in the d&r (v=1),
an increase of the upper stdé quantum number, as shown 6d7 ™ (v=1)/5s0(v=3), and %o (v=2) regions. In these
in Fig. 4. A model calculation, which fit the data, showed thatimages the electric vectors of the dissociation and ionization

the broadening was due to a small but non-zero spin splittinggsers are pointing in the same direction, parallel to the face
of the microchannel plate detector and in the vertical direc-

tion of Fig. 5.

The product imaging technique makes use of an inverse
Abel transform to reconstruct the three-dimensional velocity
distribution from its two-dimensional projectich?® The
O(CP,) velocity distributions recovered from the inverse
Abel transform can be separated into angular and speed com-
ponents. Angular distributions are determined by integrating
over the desired speed for each angle, while the speed distri-
bution is achieved in a similar manner by integrating over all
angles for each speed. The speed distributions can be further
transformed, using the law of conservation of linear momen-
tum, into total translational energy distributions for NO

O" Intensity

I Pl Ry I —N(?Dg,) + O(®P,) dissociation. The kinetic energy distri-
S R Ray+ Sy L 1 L J T . . . . .
[ o 5 4 butions together with a comb indicating the energy of the
[ 530(\/:3) ] possible N atomic states formed in conjunction with*BY)
S U S RU RSN B U o I are also shown in Fig. 5. Examination of the energy distri-
7.406 7.407 7408 7409 7-”1';40 butions corresponding to the images taken in the three NO
2 photon energyfcm Rydberg regions shows that the main predissociation channel

. 2 .
FIG. 3. Photofragment yield spectrum of NQd6~ (v=1)/5so(v=3) yields N(Dgy) and OFP,) fragments. Some of the images

bands. Top assignments correspond dior6 (v =1) and the bottom ones to re_V9_a|eC_l that some ér,) frag”_‘ents possess a k_)roa_d, Wef_ik
5so(v=3). distribution of higher translational energy. This signal is
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mainly due to one color photodissociation of NO by the

2p probe laser at 225.65 nm, but also due to the two-photon
photodissociation of the NO dimer, which contributes to the
broadening of the peak, as discussed below.

The more interesting features observed in the images are
the angular distributions. Because the distribution is pro-
duced by a two-photon absorption process, we fit the angular
2p 4g distributions to both an anisotropy parameigrand higher
order term,y: 1(0) <1+ BP,(cosh)+ yP,(cosh). The 8 and
v values for every wavelength imaged are given in Table |l
along with error ranges assigned by the following procedure.
At each wavelength multiple images were taken. Each image
was then analyzed independently to obtain separate values
2p 43 for g and vy, and the spread was used as an error range for
that particular dissociation wavelength. The angular distribu-
tions were finally obtained from the sum of the images at
each wavelength. It can be observed that the angular distri-
: = - butions are very dependent on the particular transition
Total KE (eV) probed in the NO Rydberg spectra. This observation led us to

further investigate how photofragment angular distributions
FIG. 5. Representative raw images obtained in the three different NO Rydfrom one-photon and two-photon transitions depend on the
berg regions along with the corresponding energy distributions. Therotational level and the rotational branch excited. as de-
5so(v=2) image is taken on th&,;+R;; (J=0.5) rotational line; the . . . . '
6dm (v=1)/5s0(v=3) image is taken on theQu,+Ry; (J=0.5) scribed in the calculation section above. The results of these
6dm /Qu+Ry; (J=1.5) Sso blended line, and thed®dr (v=1) image  calculations are also included in Table Il. We were also able
belongs to theQ,;,+Ry; (J=0.5) rotational transition. The combs in the to image the products originating from the NO signal that
energzy distributions represent the energetics corresponding to the formatiqggg independent of the photolysis wavelength. As discussed
of N(*D) and N('S) counterfragments. above, this contributed to an overall NO baseline in the
Rydberg spectra. Although the product yield was very small,
we increased the overall detection efficiency by using a

=2)
3
Intensity

5sc (v

¢)

6dn (v=1)/
5sc (v=3)
Intensity

1)

4
Intensity

8dn (v

TABLE Il. B andy parameters obtained by fitting 6) =1+ BP,(cos#) + yP,(cos6) to both the experimental and theoretical angular distributions for each
rotational transition imaged in the three different NO Rydberg regions.

Experiment Theory
State Nair (NM) Assignment Beta Gamma Beta Gamma
8dw (v=1) 265.22 Q1+ Ry1(J=2.5) 0.47:0.01 —0.16+0.08 0.53 -0.16
S11+Ry1(J=0.5)
265.24 Q1+ Ryy(J=1.5) 0.30+0.10 -0.10+0.01 0.34 0.017
265.25 Q1+ Ry3(J=0.5) —0.43+0.07 -0.21+0.10 -0.04 0
265.27 Q11+ P,(J=1.525,3.5) —0.09+0.06 -0.13+0.11 -0.13 —0.008
6dm (v=1)/ 269.85 S,4(J=0.5) edm™ 0.85+0.30 0.01£0.15 0.86 0.14
5s0(v=3)
269.87 S+ Ry (J=1.5) 6d7™ 0.54+0.20 —0.16+0.11 0.69 0.08
S,/(J=0.5) 5so
269.90 Q2+ Ry1(J=2.5) 6dm™ 0.64+0.06 —0.04+0.04 0.52 —0.002
Q21+ R13(J=3.5) Ssc
269.92 Q2+ Ry1(J=1.5) 6dm™ 0.44+0.09 —0.14+0.05 0.34 —0.007
Q1+ Ry4(J=2.5) 5so
269.93 Q1+ Ry1(J=0.5) 30% @7~ -0.13+0.11 —0.36+0.06 0.09 -0.28
Q21+ Ry1(J=1.5) 70% S0
269.95 Qu1+ Pyy(J=3.5) 6d7~ 0.80+0.19 -0.19+0.18 0.5 0.02
269.96 Q11+ P (J=1.5) Sso 1.37+0.19 0.20-0.20 0 0
269.97 P,,(J=1.5) 5s¢ 1.42+0.20 0.09:0.14 0 0
5s0(v=2) 278.42 S,1(J=0.5) 0.41 0.20 0.86 0.14
278.44 Si1+ Ry (J=1.5) 0.46 0.03 0.71 -0.23
278.46 Sy1+Ry(J=0.5) 0.83:0.13 0.27:0.01 1.06 0.34
278.49 Qu+Ry3(J=0.5) 0.66-0.05 —0.03£0.01 1.00 0
278.51 Q1+ P»,(J=0.5,1.5,2.5) -0.035 -0.08 —0.096 0
278.53 P1,(J=1.5) 1.07:£0.02 0.1%0.07 0 0
278.56 011(J=2.5), 0,(3.5) 0.02:0.05 —0.01+0.02 —-0.02 —0.008
P11(J=3.5)
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single wavelength on the RIDs,) resonance to act as both photolysis laser energy to less than 1 mJ/pulse. Bagket.
photolysis and probe. In the RDs;,) resonance region the reported using photolysis laser energies between 2-8
NO signal observed was independent of the photolysis wavenJ/puls€’® The appearance of their spectra shows substantial
length. For this particular region, based on the angular disPower broadening and loss of rotational resolution compared
tribution of the N€Dg,,) fragment, we measured an anisot- to previous work, which they attributed to having to use high
ropy paramete3=0.53. laser energies to produce fragments efficiently. We did ob-
Finally, we measured the ratio of éR;) spin—orbit serve, however, a weak band to the red of and partially over-
populations at 270.01 nm, which corresponds to @g  lapped with the 87 (v=1) O andP branches. The appear-
+ P4, (J=1/2) transition in the 87 (v=1) region. At this ance of the spectrum was different from thd=~ spectra
wavelength we found that 3P,):(3P,):(°Py)=(0.75 but very similar to that of the & spectrum. Analysis
+0.13:(0.22+0.06:(0.03+0.01). The branching ratio of Yielded an anomalously large rotational constant of 2.50
the two spin—orbit states of the RI)) was also measured to ¢cm * and a band origin of 75318.5 cth We tentatively
be NCDs,):N(?D3,)=1.8+0.3. assign this region as thedd band.

In the 87 (v=1) images, additional rings appear
which are due to dissociation of NO or NO dimer at the
two-photon energy of the probe laser at 225.65 nm. These

A. Energy distributions faint rings appear in the probe-alone signal and are also

Two-photon excitation from the-like highest occupied ~Present for excitation of the other Rydberg I_evels_ e_xcite(_j by
molecular orbital of the NO ground state is enhanced to thd"€ Pump laser, but due to the stronger dissociation signal
atomiclike Rydberg states with or d character. We have [1om the photolysis laser at these wavelengths, the probe

excited Rydberg states of NO in the energy region below thdaser contribution was made to be negligible _by reducing the
ionization potential but above the limits to the following dis- ProPe laser pulse energy. The additional rings agree well
sociation channels: with the energetics of dissociation at two photons of 225.65

nm to yield products from channé6) above and from an

V. DISCUSSION

NO—N(?D)+OCP) Ereshoii= 8-876 €V, (6)  additional channel,
NO—N(“S)+O(*D)  Egyesnoid™ 8463 eV, (7) , ,

NO—N(2P)+0O(°P) E =10.072 eV )
NO—N(*S)+ O(®P)  Eypeshoi=6-496 €V. ®) threshold

Detection of O¢P) allows us to monitor both channe(6) and correspond to features in the energy distributions at 2.11
and (8), whereas detection of RID) provides information and 0.92 eV, respectively. The measured power dependence
only about channgl6). The lowest excitation energy used in of the probe laser generated signal yielded a slope of 4.4
this study, 8.92 eV, which corresponds to thsobv=2) +0.4 for the plot of In(signal intensity versus In(laser
— X transition, is only 0.04 eV above the threshold for chan-energy, which is consistent with a two-photon excitation of
nel (6), whereas, the shortest wavelength excitation, theNO followed by a second two-photon absorption by the
8d7 (v=1)<—X transition, is 0.48 eV above the threshold. atomic oxygen fragment and a partially saturated ionization
In Fig. 5, it is evident that the production of RI)) is the  step in the (2-1) REMPI detection scheme. The peak cor-
dominant channel in the three spectral regions investigatedesponding to 2.11 eV in the energy distributions is espe-
In each image there is only one main ring corresponding taially broad, and even though the energetics agree well with
the kinetic energy of N{D)+ O(®P) fragments. The rela- the formation of OfP,) and N€D) from the one color two-
tively flat, but nonzero, background at the higher kinetic enphoton dissociation of NO at 225.65 nm, the increase in the
ergy comb position corresponding to chan@@l indicates  width of the peak indicates that the process is not the simple
that there may be, at best, only a very minor contributiondissociation of a diatomic precursor from a single energy
from the N¢*S)+ O(®P) products. level. The broad distributions reveal that the counterfragment
Bakker et al. observed both channe(§) and(8) in the  of the O¢P) atomic fragment has some wider distribution of
wavelength region near 275 mfiThey concluded that the internal energy.
N(°D) channel dominated when thed4 (v=2) and the Our TOF spectra indicate the presence of NON®om
5d7 (v=1) Rydberg levels were excited and that thewhich we conclude that the NO dimer formation occurs. The
N(*S) channel dominated when Rydberg levels lying somedissociation energy of the dimer is very small in comparison
20-30 cm! lower in energy than thesed=~ bands were to the dissociation energy of the NO molecule. In the gas
excited. They speculated that these redshifted features migphase dimer the NO ground-state monomers are bound by
be thend= " levels which are expected to shift by interaction 710+ 40 cm .37 Several causes for the broadening of the
with ndo levels by the same amount. Previous studiesOQ(®P) peak at 2.11 eV in the energy distributions are plau-
which only detected ND), had failed to observe these lev- sible. According to Eastt al.*’ there are no dimer states that
els, and it was assumed that they were strongly predissoctan be accessed above 0.86 eV, and therefore the possibility
ated in channe(8). In the vicinity of the @l (v=1) tran-  of the dimer dissociating at 225.65 nf{.5 e\) to produce
sition, we do not see other bands nor a similarly strongwo NO molecules is ruled out. Furthermore, at 225.65 nm
contribution from the N{S) product channel despite scan- we are above the ionization potential of the NO dimer, as
ning ~40 cm * to the red of the band origin. The absence ofshown by Urbanet al.,®® but calculations done by East
bands in this region may be due to our limitation of theet al®’indicate that all the asymptotes are ionic. This implies
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that the NONO dimer cation cannot play a role in the for- to the &=~ Rydberg level since the two-photon line
mation of NO molecules that retain internal energy and causétrengths for the $o Q branches were calculated to be zero
a broadening of our peak. at low J. Spectra taken with warmer expansion conditions
The more likely cause of the broadening could involveclearly revealed the formation of a bandhead at the position
two-photon absorption of the dimer to produce an electroni®f the lowest two-photon frequency of the indicat€d
state in which one of the monomers is excited to a Rydberdpranch lines.
state. This dimer state might then dissociate directly to pro- The third strategy employed to assign the blended
duce OfP) and N@D) fragments along with a NO mol- 5so(v’'=3) and @7 (v’ =1) spectral features again made
ecule. Since the dissociation energy would be dominated byse of comparison with information from the cleasp® and
the NO molecule dissociation and not by the much weakef d=~" regions, namely, the angular distributions of the O
dimer dissociation, the feature at 2.11 eV would be expectedtom predissociation product. Addition of a second laser
to agree well with the NO photolysis process, as observedjsed to detect atomic oxygen by REMPI, coupled with ion
but it would be broadened because of the partitioning oimaging of the product velocity distribution, yielded angular
energy between the two NO monomers as the dimer dissociistributions which are highly dependent on both the rota-
ated. tional branch and quantum number of the excited Rydberg
level, as well as the electronic symmetries involved in the
transition. Although the intensity distribution in the action
Jet-cooled NO was excited from the lower spin compo-spectrum differed significantly from the NO spectrum,
nent of the ground stateX(*I1y,) to four different Rydberg  there was a clear correspondence between the spectral fea-
states just below the ionization limit using a two-photon ex-res. In this way, the majority of the features in the blended
citation scheme with wavelengths in the 265-278 nm regio”region were assigned to bed4"like, since the angular
Absorption of a third photon within the same excitation laserg;stributions were very similar to those obtained from imag-
pulse ionized the NO Rydberg levels and allowed detectlorilng the predissociation products after excitation to ther8

of the resulting NO by TOF MS. In the spectral region Ry gherg state. Only two features were sufficiently intense in
corresponding to two-photon energies near 74 070°cre- e action spectrum to be cleanly assigned to be™like.

vious studies have indicated that there are overlapping tran- Spectral assignments were then made quantitative by

smonsg QSZJQE So(v'=3) and mWT(U =1) Rydberg calculating the two-photon wave numbers corresponding to
states-3222334n an effort to sort out this overlapped region, Ehe difference in term energies calculated for a céae

several strategies have been employed. Clean spectra of t found state and a cage) final state. The upper state rota-
type “so” and “d#~ " were obtained for comparison pur-

3tional constant, spin-splitting constant, and the electronic

B. Rydberg state spectral assignments

poses with the features of the blended region. The rotation lus vibrational energy were varied, while keeping the
constan ts and the vibronic term energies obt.amed f_r om o éround state rotational constant fixed until a good fit of the
analysis of these clean spectra agreed well with the literatur

values. Comparison of the blended region with the clearﬁiss’"‘:’mm:'ntS to the peak positions was obtained. The assign-

: ments were in agreement with the results of the polarization
spectra became useful at warmer expansion temperatur

where it was apparent that the lower frequency side of thgﬁjdy which distinguished betweeQ- and nonQ-branch
PP 9 y . » ?ransitions. By changing the conditions of the expansion,

Ezggr)n =W3h)"/§d;e(léWz_})p;[?:rztrg?mﬂzfelzy(;? t:]:‘e ﬁ;;h er “warmer” spectra could be obtained with additional features
extending to higher rotational quantum numbers. The spec-

frequencies. tral tant h to be ad te to describe th
A second strategy to assign the overlapped spectra of the?! constants were shown fo be adequate to describe these
additional spectra. In all cases the spin-splitting constant

5so(v'=3) and &7 (v'=1) region involved switching N
the polarization of the laser used to excite and ionize the Ndor the upper state, was fqunq to‘r?'ne negligible.
Rydberg levels from linear to elliptical. Subsequent scans  1h€ two-photon energies in cmwere calculated from

over the features of the spectra with the two polarizationdn€ 1aser wavelength after conversion from air to vacuum.
show intensity differences analogous to those predicted by N€ laser wavelength was shown to be accurate within 0.01

- . A
Bray and Hochstrasser for circular and linear polarization, MM near 269 nm by calibration against the*Bj(2+1)
Only for Q-branch transitions witiA Q=0 will the ratio of REMPI transition at 74 357.086 cm This is well within the

intensities with linear to circular polarization depart from alaser manufacturer's specifications for accuracy within 0.05
value of 2/3. The condition thatQ =0 is satisfied since the NM at a laser fundamental of 580 nm. In terms of two-photon
jet-cooling of the NO populates only tHe=1/2 spin—orbit €nergies, the stated laser accuracy works outocm™* at
manifold in the ground state and thed (or S25 %) Ryd- 74000 cm?. The agreement of the electronic plus vibra-
berg state ha€)=1/2 by definition. The 87~ Rydberg tional term energies obtained in this work with those from
state has botif}=1/2 and 3/2 levels. We assume that ellip- the literature is within 6 cm" in each case.

tical polarization has similar qualitative effect to circular po- ~ Both Umemoto and Matsumofd, and Gaddet al,*
larization. By this methodQ branch character or parti@  have published partial spectral assignments for the blended
branch character due to overlapping r@rbranch lines was 5so(v’'=3) and the @7 (v'=1) region based on unpub-
established for several features in the spectrum. Howevelished single VUV photon absorption work by Dressler and
overlap with nonQ branch lines will reduce the overall po- Miescher. In both cases the spectra were considerably hotter
larization intensity ratio. Thes®-branch lines were assigned than in this work and therefore considerably congested.
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Apart from observing several extra lines, Gadd assigned theal energy. The scatter of data in the Boltzmann plots re-
region completely to thedw (v =3) Rydberg transition. Due solves into two parallel, but separate lines corresponding to
to the low resolution and high congestion in Gadd’s specthe 6d7~ and the So contributions at temperatures near 30
trum, comparison with our spectra is not useful. In the higheK, with the 5sa component having the greater contribution
resolution experiments of Umemoto and Matsumoto, into the NO™ spectrum, whereas, at lower temperatures, the
which the NED) predissociation product yield was moni- two Rydberg levels showed similar intensity distributions.
tored by REMPI as the excitation laser was scanned across The competition between ionization and dissociation of
the Rydberg absorption, the much greater detail revealed [dO Rydberg states can greatly influence the appearance of
prominent role for the 87~ transition. They assigned two the excitation spectra. In the limit of direct dissociation or of
main progressions to theder~ Q,; and Q,; branches fol- predissociation that is much faster than the molecular rota-
lowing Pratt’s study of thend=~ spectra. Their assignment tional period, lifetime broadening of the energy levels causes
of 5so features, however, was based on unpublished linall the rotational branches to be excited coherently. Conse-
positions for theR,; andR,; branches, extrapolation €,;  quently, rotational structure is washed out in the absorption
and P44 lines positions from lower vibrational bands, from spectrum. In circumstances when the timescale of predisso-
which they then calculated tt®&, branch line positions, and ciation approaches or is longer than that of the molecular
the Q44 bandhead position from single-photon work. Not sur-rotation, then the spectrum will show rotational structure. In
prisingly, the resulting 5o assignments did not match well the case of NO Rydberg levels with low rotational quantum
with the spectrum. Consequently, the role of tter5Ryd- numbersN’=0-5 as in this work, the rotational period is on
berg state in the predissociation was not clearly defined, anthe order of 10—1 ps, respectively. Since we observe both
several S0 lines were mistakenly assigned to thel#6~ dissociation products and molecular ions with well-defined
band. In the high resolution scan in their Fig. 3, for exampleyotational structure in the corresponding O action and"NO
the lines assigned agdar~ Q44 (3/2, 5/2, and 7/Rare actu- REMPI spectra, then broad limits can be set on the predis-
ally the 5s0 Ry1(J=1/2), the @&lm~ Q,1(J=1/2), and the sociation lifetime. The ionization process involves the ab-
5s0 Ry1(J=3/2) lines, respectively. sorption of a third photon following the two-photon excita-
We reanalyzed the ND) yield spectra of Figs. 2 and 3 tion to the Rydberg level, a process which must occur within
of Ref. 23. The energy comb spacings for th&r5R,; and  the 5—10 ns duration of the laser pulse. This provides an
the 6d7~ Q,; branches reveal that the same upper stateipper limit on the dissociation lifetime. The several picosec-
rotational constants were used as in this work, 1.90 and 2.106nd rotational period provides the lower limit.
cm 1, respectively. We find that both thes& and the @l7~ The widths of the spectral features in either the 'N@
assignments, however, should be shifted to the red by ag® action spectra contain several contributions besides the
proximately 10 and 4 ci, respectively, based on the posi- effect of lifetime broadening. The laser bandwidth contrib-
tions of the S0 Qq; and the @lm~ Q,; branches. Similar utes approximately 0.4 cil. In a power dependence study
shifts of 8.8 and 2.5 ci, are predicted from a comparison of the 6d7~ (v=1) Q,,(J=3) transition, power broadening
of the electronic and vibrational term energies obtained herby the laser further increased the spectral width up to a factor
and from their assignments for the sam&5Q,,; and the of two at the maximum laser energy used. Doppler broaden-
6d7~ Q,q branches. At the very high resolution provided by ing of the NO absorption is small due to the cold temperature
the spectrum in their Fig. 3, we were not only able to assigrin the expansion, about 0.03 ¢t for the REMPI spectrum.
the main features to bothdar~ Q,; and the S0 R;;  Forthe O action spectrum, however, the Doppler component
branches but also the small peaksSg and S,; transitions ~ should be substantial since the widi®.77 cm?® for the
from both Rydberg levels. 6d7 (v=1) Q,(J=3)] reflects the energy released in the
Several differences are readily observed in the intensitiedissociation process. Convolution of the laser bandwidth
of corresponding features in the NGspectrum and the O with the effects of power and Doppler broadening yields a
photofragment yield spectrum for this region. The relativeFWHM of 0.8 (NO REMP)) and 1.1 cm? (O action. Peaks
intensities of the So P,; and the &= Qq4 branch heads in the O action spectrum are generally wider than in the NO
[denoted as &0 P44(J=3/2,5/2) in Fig. 2 of Ref. 2B favor = REMPI spectra, but the widths are not reliable due to prob-
the Sso band in both the N{D) yield spectrum and our lems in maintaining the laser overlap across the scan as well
O(C®P) yield spectrum, whereas the trend is the opposite iras the finite band width of the probe laser used to detect the
the NO' spectra. This illustrates the differences in competi-O atoms.
tion between predissociation and ionization for the two Ry-  Our spectra, especially in thed& ™ (v=1) region, sug-
dberg levels clearly observed in both the spectra of Umegest an increase in the FWHM with an increase of the upper
moto and Matsumoto and ours. Similar differences appear atateN’ quantum number. Figure 4 shows that the linewidths
other transitions as well and give rise to the scatter in thdinearly increase by a factor of 2 in going froh’=1 to
Boltzmann plots and the resulting high uncertainties in theN’=6. The minimum width aN’=1 of 1.1 cm ! reflects
rotational temperatures for the two expansions#%%5136 the contributions mentioned above as well as any spin—
+12 K). By contrast, the corresponding uncertainties in thesplitting or lifetime broadening effects. Our Gaussian model
rotational temperature and the scatter in the Boltzmann plotsf spin splitting dependence ax’ predicts a spin—splitting
from the &7~ (354 K) and the So(v=2) (9+=1K) constant of 0.07 cm" when fitted to the data of Fig. 4, which
data are much reduced. The relative efficiencies of the comwould broaderN’ =1 levels by 0.1 cr®. This small amount
peting pathways also appear to be affected by the NO intersan be neglected leaving the difference between the observed
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minimum width and that estimated above from laser andveighted by the corresponding Boltzmann factor and the line
Doppler broadening to arise from lifetime broadening. Astrengths involved. In cases where lines from the transition
crude deconvolution would result in a lifetime broadeningto the &= (v=1) overlap with lines corresponding to the
contribution of 0.75 cm?. This would correspond to a dis- 5so(v=23) transition, we made the assumption that the two
sociation lifetime of 7 ps. The semiclassical rotational periodtiransitions have equal transition moments. Our experi-
for N’ =1, given a rotational constant of 2.2 ciis about 5  mental angular distributions are consistent with this assump-
ps. These values are in agreement with the scenario su@ion. Table Il gives both the experimentally and theoreti-
gested above in which the predissociation process is slightlgally obtaineds and y values, where the theoretical values
slower than the rotational period, thus allowing rotationalwere calculated by fitting the result of E€G) with the for-

structure to be observed. mula | (#) =1+ BP,(cos6)+yP,(coss). Samples of the ex-
perimental and theoretical angular distributions are given in
C. Dissociation product angular distributions Fig. 6.

The rotational resolution in the Rydberg excitation spec- " the &dm(v=1) Rydberg region, th&,,+ Ry, and

tra allows an investigation of how the NO Rydberg statet’® Quit P21 are the dominant progressions. However the

predissociation dynamics depend on the rotational transitior?2:+ Rui(J=2.5) transition overlaps with th&,;+Rpy(J
At the same time, the angular distributions of the products™ 2_.5) line, and therefore the an_gular distribution is a contri-
can aid in determining the spectral assignments, as discussBYtion from both of these transitions. The peak correspond-
above. Our principal observation is that the angular distribuind t0 theQy,+ Py, transition is made up of three different
tions vary strongly with rotational transition in a manner that!ines in the progression far=1.5, 2.5, and 3.5. The theoret-
is predicted by Eq(5). Since this equation involves a coher- ical angular distributions agree well with the experimental
ent sum over possible intermediate states, and since the ranes for all the transitions imaged, except for tQg,
sulting angular distributions are very sensitive to the mixturet R11(J=0.5) line.
of intermediate states, measurement of the angular distribu- The Sso(v=2) Rydberg transition is only 0.04 eV
tions also provides a method for assessing the relative cor@bove the threshold for chann@). The small amount of
tributions of the intermediate states. excess energy and the weak predissociation of some of the
The experimental spectra in the three Rydberg regiongotational transitions makes imaging of these lines quite
we investigated consist mainly of blended lines, where prochallenging. The noise in the experimental angular distribu-
gressions such a3,;+ R;; cannot be resolved. The situation tions is therefore much higher in this region. Nonetheless,
is even more complicated in thed@ (v=1)/5so(v=3) the experimental angular distributions again agree well with
region where there is overlap between branches from the twihe theoretical ones, except for tRg,(J=1.5) line.
electronic transitions. The spectral assignment discussed The 67 (v=1)/5sc(v=3) region is complicated by
above identifies the contributions to each of the peaks in théhe mixing of the two electronic transitions. One of the tools
Rydberg regions. The two-photon line strengths, calculatedised in assigning this region is the comparison between the
by integrating the results of E@5) over angle, were com- theoretical and experimental angular distributions. Based on
pared to the line intensities and allowed calculation of thethis comparison, we are able to distinguish between the ro-
rotational temperature of the expansion, so that we are abl@tional lines corresponding to either theor the o transi-
to quantify each contribution to lines that were overlappedtion. The contributions involved in each of the peaks present
The theoretical angular distributions are therefore calculateth the 6d7~ (v=1)/5s0(v=3) spectrum are described in
by using the different rotational and electronic contributionsTable 1l. We find reasonable agreement between the experi-
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S,;+R,;,J=0.5 with Q,+R,,,J=2.5
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ment and theory, except again for tRe;(J=1.5) and also horizontal while holding the polarization of the pump laser in
theQq4+ P,1(J=1.5), both belonging to the transition. We  the vertical direction. Nor was there any difference between
note that theQ,;+ R{1(J=0.5) line belonging to the &m~ the angular distribution obtained for €K,) and that ob-
transition is overlapped with th@,,+R;;(J=1.5) belong- tained for OfP,), where no such alignment can occur. We
ing to the 5o state. If only the Boltzmann factors and the conclude that the oxygen atom products are not aligned. We
line strengths are considered, then the angular distributioalso checked to see whether a small degree of elliptical po-
for this peak would be dominated by ti@,;+R;1(J=0.5) larization could change the angular distributions signifi-
line of the &=~ transition and would not agree well with cantly; it did not. We thus believe that the data are accurate
the theoretically predicted distribution. However, as noted inand that the theory, while not in agreement with the data, is
the discussion of the spectral assignments, the experimentedrrect. The only way out of this dilemma that we can see
spectra reveal that thest(v=3) transition is much more involves either a process that affects the fidat0.5, levels
strongly predissociative than thedlG~ (v=1) transition. If  or the intermediate levels, thle=1.5 levels of theC 2I1 state
this factor is taken into account, and the theoretical angulafsee discussion belgwlt is hard to see how some process
distribution is obtained by giving the majority of the contri- operating on the final level, for example differential deple-
bution (70% to the transition involving the & (v=3) tion of m; levels by ionization, could make such a profound
state, then we obtain a good agreement with the experimentahange in the angular distribution, especially since the lasers
angular distribution. are linearly polarized and thus must operate equallyrgn
Although the majority of the data agree reasonably with=+ 3. On the other hand, it is known that there is strong
the theoretical predictions, we note that the angular distribumixing between low rotational levels of th@2I1 Rydberg
tions for theP;(J=1.5) andQ,;+ P,,(J=1.5) lines of the  state and th® 2II valence staté*! It is conceivable, though
5s0(v=3) level, theP,(J=1.5) line of the So(v=2) admittedly not likely, that this perturbation provides ampli-
level, and theQ,;+R1(J=0.5) line of the &7 (v=1) tude to a rotationally broadened Rydberg state that has a
level are inconsistent with the theoretical prediction. Thesgarallel component.
lines all terminate inJ=0.5 levels. Because there are only The theoretical angular distributions predicted by &.
two my; levels, either+3 or —3, and because linear polariza- depend strongly on the mixture of intermediate states in the
tion cannot create a difference in population between thesevo-photon transition. In fitting the @z~ level, Prattet al.
(regardless of the symmetry of the two-photon intermediat@ssumed equal amplitudes of cdlsell and intermediates.
statg, we must create an isotropic spatial distributionJin We find this ratio not to agree with the angular data, which
=0.5. This isotropic distribution is also predicted by E5). indicates that thet state must make a minor or negligible
However, the data for the lines listed above nearly alwaysontribution. In all of the angular fits shown in Fig. 6 or
indicates more population at 0 andradians, the north and listed in Table Il, we have assumed that the intermediate is of
south poles, than at th&/2 radians, the equator. We investi- II symmetry. Figure 7 shows angular data for two specific
gated two experimental possibilities for the deviation. First,transitions, both in the &=~ (v =1)/5s0(v = 3) region, and
it is possible that the GP,) is created with a laboratory the fits to the data assuming various amplitudes for ether
alignment, such as is the case, for example, in the dissocidupper panelsor A (lower panelsintermediates. The ampli-
tion of NO,.3°*° However, the angular distributions mea- tude of theIl intermediate is taken to be unity, while the
sured on several of these transitions did not change when thgredicted angular distributions for the data are shown for
polarization of the probe laser was changed from vertical taelative amplitudes of 0, 0.5, 1.0, and 2.0 for eitepr A
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