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The lifetime of theb Il (v=1) state in!*N, has been determined experimentally using a
laser-based pump—probe scheme and an exceptionally long lifetime of 2.61 ns was found.
Semiempirical close-coupling calculations of the radiative lifetime, which include Rydberg—valence
interactions in the singlet manifold, are consistent with this large value, giving a value of 3.61 ns and
suggesting a predissociation yield-©28% for this level of thé state. © 2004 American Institute

of Physics. [DOI: 10.1063/1.1704640

I. INTRODUCTION An understanding of the predissociation mechanisms for
thelll, (and'3 ) states remains one of the major outstand-
The dipole-allowed absorption spectrum of molecular ni-ing problems in N structure and dynamics. While it is likely
trogen sets in at wavelengths=100 nm and is governed by  that the ultimate dissociation channel is’H,, continuum,
transitions from the ground staiX '3y to two valence  gegpite attempts over many years to establish these mecha-
statesli’ '3 andblnu, two np-Rydberg series) 1 'Y pisms, no quantitative predissociation model exists to ex-
and ¢, “I1,, converging on the ionic ground state, and any|qin the seemingly erratic dependence'H, predissocia-
nsRydberg seriew, °Il,, converging on the first-excited i, rates on the vibrational quantum number, in particular,
ionic state. The combined effect of these mutuallymterac’[ln%r the b1, valence state. The development of such a

E?thf dlsutg Zi{?é?geuﬁg\t/?;&t&?f F:Zgi;etigiloﬁvnt?/\?lekgq grorﬂwodel requires, not only an improved theoretical understand-
' 9 ing of the interactions between thHI, states of N

of the competition between the,Ne-excitation processes of
fluorescence and  predissociation,  obtained from Rydberg-valence,  Rydberg-Rydberg, ~and valence—

electron-impadt? or photoexcitation experimentsee be- valence, but also a reliable experimental database for all
low) is of great practical importance in view of the roles of isotopomers. Considering the wide range of applicable pre-

these processes in atmospheric radiative tranpatt iono- dissociation ra_tes, _such a database would benefit from direct
spheric chemistry. (Doppler—free Im_evwdth measurements, for the broader lev-
Furthermore, studies of the spectroscopy and decay d)}a_ls, an_d direct Ilfetlme measurem(_ants,_ for the narrower lev-
namics of N states in the XUV are important in providing ©!S: This latter need is addressed in this work for the narrow
advances in our understanding of fundamental molecula? I, (v=1) state in"*N,.
problems. In particular, théII, symmetry states of N Several experimental studies have been performed on
present a textbook example of Rydberg—valence anHﬂEWidthS and lifetimes of théHu states, but the picture is
Rydberg—Rydberg interactions, widely discussed previouslpresently incomplete and there are many inconsistencies in
for the main isotopomef*N, in Refs. 5-9. The dipole- the results. Linewidths for the lower-enerdii, states, in-
allowed spectrum ot*N, has been extensively studied, but cluding the lows levels of theb state, were determined by
there are sufficient outstanding problems, e.g., the determl-eoni and Dressléf who analyzed photoelectric scans of the
nation of absolute oscillator strengths, for such studies to babsorption bands taken at many pressures. Predissociation
ongoing*’® Dipole-allowed ionization spectra for the isoto- lifetimes for excited states ofIl, symmetry were deter-
pomers'™N, and, to a lesser extertiN*N have also been mined by Ubachs and co-workéfs!® using narrowband
studied recently by Sprengees al* XUV-laser excitation, while Kawamotet all’ studied pre-
dissociation of thec;(v=1) level using near-infrared exci-
dpresent address: Max Planck Institute for Chemistry, Department oFation from the Iong-liveda” 12;; metastable state. Helm,
Airchemistry/NWG, Postfach 3060, 55020 Mainz, Germany. Cosby, and co-workers determined dissociation quantum
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yields of somewhat higher-lying vibronic states’®f, sym-
metry using laser-induced photofragment spectroscopy, aftel
population of the metastable state via charge exch&hgé.
Buijsse and van der Zande also used the photofragmen
technique® as well as the Hanle effeét,to investigate in
detail rotational-state effects in the predissociation of the
elll,(v=0) state, which is also known as, 'I1,(v=0).
Direct time-domain lifetime measurements of, xcited
states have also been performed using short pulses from |
synchrotron source; lifetimes afz(v=2) andb(v=0—1)
were determined®

From an atmospheric perspective, there are two vibronic
states that behave differently from all the others. Both the . : :
¢, 12 (v=0) andb I1,(v=1) states predissociate only to  .200 4100 0 100 200
a minor extent, and XUV radiation is redistributed and scat- delay time (ps)
tered after excitation of these states. While #ie"S (v _ _
~0) Rydberg state radiates 90% back to Wi, (v =0)  FIg, & Purbopere e ean i e ot b o
ground state, absorption into tlhell_[u(v=1) valence state have been centered arouddl'=0 and fitted to a Gaussian, yielding an
induces fluorescence that is shifted to longer wavelengthsffective instrument width of 107 ps FWHM.
Accurate measurements of these lifetimes may help to eluci-
date the competition between predissociation and radiation in

N, in the Earth’s atmosphere. _ The resulting ions were accelerated by an electric field,
In the present stu_dy, a plcosecond laser systgm is used Blassed through a time-of-flighTOF) analyzer, and detected
alpump—probe c0|_"|f|gll£.1|rat|on to study the lifetime of they, o ejectron multiplier. Lifetime measurements were per-
b Hugv=1) level in “N,. This study follloxvs Previous  tormed by temporally delaying the UV pulse with an optical
work®® on lifetime measurements for thg} "%, (b=0-2) 15 ang by measuring the intensity of the corresponding ion
states of*N, and is part of a collaborative experimental and signal, which was averaged over 300 pulses. 1XUMJV

theoretical program intended to unravel the Rydberg-valencg,,i; ation spectra of the excited states studied were obtained

and singlet—triplet interactions of,Nin the 100 000—110 000 by scanning the XUV wavelength with zero time delay be-
cm ! region. A theoretical model, based on Rydberg-valenc  aen the XUV and UV pulses.

interaction, is used to provide an explanation for the excep-
tionally longb(v=1) lifetime found experimentally.

Intensity (arb.u.)

Since an unexpectedly long lifetime was found for the
bI,(v=1) state in*N,, two dedicated measurement se-
ries were performed on tHe!ll (v =1) state in**N, with a
two year time interval to verify the results. Measurements on
the possible effects of radiation trapping were also performed
A detailed description of the picosecond XUV-radiation for the ¢, '3 (v=0) state, which has a larger oscillator
source, the pump—probe 1XUNMLUV two-photon ioniza-  strength, and which decays 90% into the-O level of the
tion scheme for direct time-domain measurements ofjround state. For this state, radiative trapping should be a
excited-state lifetimes, and its application to excited states imuch stronger effect, but no sign of increased lifetime was
N,, has been given previousiS.Briefly, the infrared(IR)  observed in the pressure range used. Since radiative decay of
output of a distributed-feedback dye lags®DL), pumped theb(v=1) state is distributed over a vibrational manifold,
by the frequency doubled output of a mode-locked Nd:YAGwith only ~10% decay to the =0 ground-state level, the
laser, was amplified in a titanium—sapphire crystal and freeffects of radiative trapping should be smaller than for
quency doubled to the ultravioléUV) in a KD*P crystal.  c,(v=0).
Higher harmonic generation was then achieved by focusing An important limiting characteristic of the laser system
the UV beam and the remaining IR beam into a pulsed krypis its bandwidth ofA\y,,~0.01 nm in the XUV domain,
ton jet. To reach the desired wavelength, the eighth harmoniahich does not allow for full resolution of rotational struc-
of the IR beam was produced by wave-mixing IR and UVture in the N bands. Nevertheless, the laser can be set to
photons; one of the processes yielding the eighth harmonic igrobe a limited number of lines within the band envelope,
vyxuy = 3vyy t+ 2v g . The eighth harmonic was selected by athus allowing for some rotational sensitivity. Previously, the
spherical grating, sent to the interaction region, refocusetemporal resolution of the apparatus was estimated from
and crossed with a pulsed,eam. The output of the DFDL streak camera measurements of the IR laser pulses used for
was tuned by varying the temperature of the dye solutionthe generation of the XUV radiation via harmonic
allowing the XUV to be scanned over an absorption in N upconversiorf® Here, in Fig. 1, we show a pump—probe de-
The XUV pump photon excited the molecules from thelay scan for théd(v =4) state of N which is known to have
ground state to the excited state under investigation, while a lifetime of 11-18 p$>®The resulting convoluted width of
delayable probe beam, the frequency tripled 355-nm output07 ps full-width at half-maximunifFWHM) represents, in
of the same mode-locked Nd:YAG laser, was focused intdact, the instrument function of our pump—probe setup in the
the interaction region, ionizing the excited, Nnolecules. temporal domain. This value is in good agreement with an

Il. EXPERIMENTAL METHOD AND DATA ANALYSIS
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FIG. 2. Spectrum of thé 'I1,—X '2;(1,0) band in™N,. Full line: ob-

served spectrum. Dashed line: calculated spectruri=a80 K. Vertical FIG. 3. Lifetime decay measurement for théIl,(v=1) state of*N,.

sticks: line strengths of individual rotational lines. Full line: fit to observed data. Dashed line: time response function of the two
laser pulses combined.

actual measurement of pulse durations by a streak camera
yielding a convoluted width of 95 (. _ ) o _
Several fitting procedures were applied to the lifetime , In previous studies, values for the lifetimelofv =1) in
decay curves to derive estimates for the decay times and theifN2 Were determined as 17850 ps(Ref. 25 and 1100
uncertainties. The first method was analogous to that of Ref: 300 ps:® In the latter study, the linewidths of single rota-
26, involving Monte Carlo simulations of the distribution of tional levels were investigated. In Ref. 16, it was stated that
errors. Furthermore, the rate-equation model used in Ref. 2the wavelength resolution of the XUV laser was barely suf-
and a method similar to that in Ref. 28 were applied. ficient to enable the deconvolution of molecular lifetime ef-
Simulations of the recorded excitation spectra werdects from the observed widths. Furthermore, the possibility
made by convolving a stick spectrum, representing the rela@f hyperfine structure should be considered. Here, we con-
tive rotational line strengths, with the bandwidth of the laserclude that the estimate of the instrument width in Ref. 16
system. A rotational temperature of 80 K, together with ap-Was too optimistic. The picosecond XUV laser at Lund cer-
propriate Hml—London factors, was employed and accounttainly provides much better accuracy for lifetimes in the dy-
was taken of the effect of nuclear-spin statistics on the rotab@mic range>500 ps, and hence the present value should be
tional line strengths. The ranges.blevels probed during the Mmore trustworthy. For the discrepancy with the value ob-
lifetime measurements were estimated from the calculatetfined by Oertekt al,?® we have no explanation.
spectra. The simulated spectrumbgfy =1), in comparison It is of interest, especially in view of this discrepancy, to
with the experimental spectrum, is shown in Fig. 2. Somesee Whether the long(v=1) lifetime determined here is
rotational structure is resolved experimentally for higder compatible with estimates of the radiative lifetime of this
levels, mainly because the, Q, and P lines accidentally level based on known oscillator strengths.
coincide. We note that our simulations are somewhat crude, The relationship between the band oscillator strength
not including the effects of Rydberg—valence, &hbj,—'3 fU,UQH and the corresponding radiative decay channel is given
interactions on the rotational line strengths, nor the effects oP
J-dependent predissociation on the ionization quantum yield. 2 S,
These effects are likely to be small, however, igo =1), forpr= 0A
the main subject of this study.

meC

2
2_ 50/\” 7T608772€2 )\U’U”AU’U" , (1)

wherev’ andv” denote vibrational levels in the upper and
lll. RESULTS AND DISCUSSION lower electronic statesy,.,» is the transition wavelength,
A typical b(v=1) decay transient is reproduced in Fig. A, is the state-to-state radiative decay rate, and the other

3. No evidence for a rotational dependence of the lifetime>YMPOls have their usual meanings. As pointed out by

9 1 —+ e
was found. Most measurements were performed near 98.8#0rton and Noread in the case of dIl—*X" transition,
nm, thus probing lowd levels(see Fig. 2 A mean lifetime of the phenomenon of-doubling has to be taken into account

2635+ 150 ps was found in the first measurement campaign€XPlicitly, and, sincedpy =1 for X states and 0 otherwise,
degeneracy prefactor in Ed.) takes the value 2.

which yielded nine independent decay transients in the rang‘(!,;‘e ey e rad ) ) ;
2359-2841 ps, consistent with a statistical distribution. Dur- ~The radiative lifetimer,;” of the single vibrational level

ing the second independent validation campaign, lifetimes of " IS given by

2525+ 150 ps were observed, an average over three measure-

ments, confirming the long lifetime. A statistical analysis of —a=A, =, Ai(,v,,+ > A 2
all measurements yielded a final value of 261M0 ps. Ty v" ev”

Downloaded 04 May 2004 to 130.37.34.24. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp



8976 J. Chem. Phys., Vol. 120, No. 19, 15 May 2004 Sprengers et al.

The summations in Eq2) take into account that the excited 0.08 T T T T
state may decay to many vibrational levels of both the
ground stateX and other excited states

In the case of thé 11 ,(v=1) state, of principal interest 0.06 L
here, dipole-allowed radiative decay can occur energetically,
not only to the ground stat& 'S |, but also to thea 'II,
a’'s,, and 'S states, the latter of which is only known
theoretically’® The b—a(1,0) transition has been observed «>
experimentally’® Inspection of Eq.(1) shows that, for a
given oscillator strength, the contribution to the decay rate is
inversely proportional to the square of the transition wave- 0.02
length. Hence, there is likely to be a significantly smaller
contribution from theb 'I1,—a”, I 'S transitions, which
occur in the far-IR and visible, respectively, than from the
b 'I1,—a I, transition, which lies in the near-UV. There-
fore, here we consider only the-X andb—a decay chan-
nels and take the(v=1) radiative lifetime to be given by i, 4. oscillator strengths for tHe-X (v’ =0-5,0) bands. Solid line ver-

tices: coupled-channel rotationless calculations, performed as described in

0.04 -

N3

0.00

1 X a the text. Solid circles: absolute optical values of Stetlal. (Refs. 10, 33
—aa— A= E Alme E Alvn . ) Crosses: electron-scattering values of Geiger and 8ehf&ef. 1), scaled
71 v” v” to agree with the computed value for ttg0) band.

Combining Egs.(1) and (3), with appropriate degeneracy

factors for the two electronic transitions, one may write ] ] ]
Having thus “calibrated” our CC computational model,

2 0 we then computed the oscillator strengths conneclifygy
1 8me 1"  bX
A= 1:460m P 2()\bx 2 =1) to the lowest 22 levels of the ground state, |f§b,,,
1 e~y Lo which were then converted into the corresponding transition
8re? f';s” , ratesAi(U,, usi_ng the first term in Eq4). In Fig. 5, th_e cgm-
Aegmec < ()\?3”)2 . (40 puted relative fluorescence branching ratioR} ,

=A>1(U,,/EU~A>1<U,, are compared with the experimental branch-

In order to compute the oscillator-strength array for theing ratios of Jameet al® and Zipf and Gormart’ In the
b—X transition, we employed the diabati¢I, potential- rangev”=0-9, excellent agreement is found with Zipf and
energy curves and couplings, and tfig,—X electronic tran- Gorman®* and reasonable agreement with Jareeal.> but
sition moments of Spelsberg and Metfein a rotationless, the(1,0) and(1,1) branching ratios of the latter work are not
coupled-channelCC) treatment of the Rydberg—valence and supported by the present calculations. The computed total
Rydberg—Rydberg interactions. As is well-knownthe transition rate fromb(v=1) to the first 22 levels of the
H1,-X oscillator strengths in Ndisplay strong interference ground state i§U~A>1<U,,=(2.60t 0.26)x10% s~ 2.
effects due to these interactions. As expected, our computed
CC oscillator strengthéi’fo behave similarly to the band
strengths computed by Spelsberg and Mé&§exhich cor- BT
rectly reproduce theelative trends in the experimental re-
sults of Geiger and Schder! However, it was necessary to 5
scale the oscillator strengths by a factor of 0.75, equivalent
to reducing the Spelsberg and Meyer transition moments by
13.4%, in order to optimize agreement with the absolute op-
tical oscillator strengths of Starkt all%33 for the b—X(v’ .
=0-5,0) bands. These reduced diabatic electronic transitioncci -
moments were used for all subsequent calculatiorféu’féut.

In Fig. 4, the computedb—X(v'=0-5,0) oscillator o1}
strengths are compared with the absolute optical values of
Stark et al,*® including a preliminary lowd value for the
(5,0) band!® and also with the electron-scattering intensities
of Geiger and Schier! The latter are scaled to agree with
the computed4,0) oscillator strength of 0.0655. Agreement 0.0
is excellent with each experimental data set and it is likely
that the residual uncertainties in the computed oscillator _ _ _
strengths, and in the corresponding transition rates discuss&f > Branching ratios for the—X(1,,") fluorescence channels. Solid

. .__line vertices: coupled-channel rotationless calculations, performed as de-
below, are on the order of those applicable to the opticalciped in the text. Solid circles: experimental values of Jaeted. (Ref.
values to which they are scaled, i.e:10%. 3). Open circles: experimental values of Zipf and Gornigef. 34.

02 |-
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In principle, CC calculations should also be used to essignificantly broader levels would be very difficult. A predis-
timate the contribution of fluorescence to tehJéHg state to  sociation model, including isotopic effects, and involving
the radiative lifetime ob(v=1), but there is no information Rydberg—valence, Rydberg—Rydberg, spin—orbit, and rota-
available on the magnitudes or phases of the correspondirtgpnal interactions, is currently being developed by some of
diabatic electronic transition moments. Therefore, we perthe present authors. Ob(v =1) predissociation-yield esti-
formed an uncoupled, rotationless “adiabatic” calculation of mate may be useful in informing the development of that
the b—a(lp”) oscillator strengths, employing Rydberg— new predissociation model.

Klein—Rees potential-energy curves for th@nda states>

together with anR-dependent electronic transition moment
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