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Predissociation in b 'Il,,v(v=1,4,5,6) levels of N ,
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In a high-resolution laser spectroscopic study, using a tunable Fourier-transform limited light source
in the extreme ultraviolet, thie 'TT,, excited valence state of molecular nitrogen is reinvestigated for
vibrational levels) =1, 4, 5, and 6. From line broadening of individual rotational levels excited state
lifetimes were determined:r(,-1)=1.1+0.3ns, 7(,-4=18*1ps, 7(,-5=205+-25ps, and
T(v=6)= 350= 75 ps. Additionally, the lifetime of the; 1,, v=0 Rydberg state was determined:
=240+ 50 ps. For thé *I1,,, v =1 state improved rotational constants were determined2080
American Institute of Physic§S0021-9606)0)02113-9

I. INTRODUCTION the literature*®it is attributed to interaction witlC’ °IT,,,
C3I1,, and F °I1, states but not yet fully explained. In a
Dissociation of molecular nitrogen is an important pro- study using synchrotron excitation strong vacuum-ultraviolet
cess initiating chemical reactions in the upper layers of théluorescence was observed fraoiIl,, v=11! This was
Earth’'s atmospherJeAII excited singlet states to which a verified in an extensive study by Jamesal,* who esti-
dipole-allowed transition is possible from the electronicmated that 95% of electron-impact induced emission from
ground state lie above both the %) +N(*S) and N('S)  thebI1, state originates from the=1 level. They further
+N(?D) dissociation limits: One of the mechanisms lead- estimated that ab T1,, vibrational levels predissociate with
ing to dissociation is predissociation via excited states of yield of virtually 100%, except for three levels with pre-
ungeradesymmetry upon electron impact; this process oc-dissociation fractions of 10%w( 1), 96% @ =6), and 98%
curs in the aurora&Most of the excited states afsymmetry (v=7). In a recent high-resolution spectroscopic study by
in the energy range 100 000—115 000 cnundergo strong Roncin and Launay, emission was observed in the
dissociation, with the notable exception of thg'S [, v pII,-X I3 ¥ (v’ ,v") bands fow' =1, 6, and 7, but also for
=0 Rydberg state and the'Il,,, v=1 valence state, which '=522 |n the latter work emission bands originating in
are known to produce intense extreme ultravig¥)V) and ¢, I, v=1-2 andoz'Il,, v=0-3 states of Rydberg
near UV emissions. From detailed studiéshas been de- character were observed, indicating that predissociation from
duced that théd 'I1,, state contributes for 6% to the disso- these levels is also less than 100%.
ciation budget for electron impact at 100 eV. After previous In this work severab 11, vibrational levels are reinves-
work on the states ofS | symmetry in our groupthe focus tigated using a highly coherent tunable laser source in the
of the present investigation is on théll, state, which is the  extreme ultraviolet. From line broadening measurements up-
upper state of the Birge—Hopfield systém.The per state lifetimes and predissociation rates are determined in
b'II,—X 'Y band system was investigated by Carroll anda molecular beam experiment. Transition frequencies for
Collins’ in, by the standard of classical spectroscopy, highseveral rotational lines in thb TT,—X '35(1,0) band are
resolution absorption. The peculiar intensity distribution overdetermined at very high accuracy, yielding improved rota-
vibrational bands, strongly deviating from expectationstional constants for the *I1,,, v=1 state.
based on Franck—Condon factors, was later explained by
Stahel, Leoni, and DresslérHomogeneous coupling be-
tween theb 'T1,, valence state with the lowest Rydberg state!l- EXPERIMENT
c3 Iy, and the lowest R{dperg stadg ‘11, converging to The experimental setup is similar to the one used previ-
the electronically excitedN, ion (A ZHU?' give rise to de-  ,q)y for the study of the 1SUso ungerade states of,R
stguctlve interference, thereby lowering the intensity atyhie details of the experimental methods are explained in
b-Il,, v=5and 6. N o Ref. 13. Tunable XUV radiation is produced with a laser
A se'cond. |rregular feature ib .Hu IS the variation of system consisting of a chain of a stabilized cw-ring dye laser
the predissociation rate as a function of vibrational quantumy ihe range 570—600 nm, a pulsed-dye-amplifier pumped by
number. This issue was addressed by Leoni and Dre"sslera powerful Nd-YAG laser, frequency-doubling in a KDP
who found a high predissociation rate tofIl,, v =3. Later crystal, and third-harmonic generation in a pulsed jet of xe-
quantitative predissociation rates fbrll,, v=0-5 were 5, gas. This chain delivers coherent XUV light with a
determined by Ubachs, Tashiro, and Zdt@he mechanism  hangwidth in the range 250—350 MHz, dependent on specific
for this subtle predissociation behavior has been discussed [ 4itions in the dye amplifier. The procedure to determine
linewidths of the N resonances, including the deconvolution
3Electronic mail: wimu@nat.vu.nl of the instrument width, is similar to the one used in our
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TABLE I. Accurately calibrated lines in thie !IT,—X '3+ (1,0) band of N

R(3) R(1) and deviations from a least-squares fit. Note that in the listed frequencies a
possible systematic overall shift ¢f0.003 cmi?, due to the chirp effect, is

not accounted for.

(@)

AVops=475 MHZ o[ | e Line Frequencycm %) Obs~—calc.
R(0) 101 454.41% 0.001 0.001
R(1) 101 456.062 0.001 ~0.001
R(2) 101 456.55% 0.001 0.000
Mogmmatesd R(3) 101 455.872 0.001 ~0.002
10175558 1014560 om” R(4) 101 454.03% 0.001 ~0.001
. Q(2) 101 448.105 0.001 0.000
" Q(3) 101 444.615 0.001 0.000
Q(4) 101 439.966:0.001 0.000
P(2) 101 442.4740.001 0.001
P(3) 101 436.168 0.001 0.000
U P(4) 101 428.708 0.001 0.001
Y " P(5) 101 420.066: 0.001 ~0.001
(e}
L i
‘ e cm 11* The absolute frequency position of the Khes is

FIG. 1. (a) Spectrum of th&(1) andR(3) lines in theb TT,~X 'S (1,0 rela_lted, via the etalon markers, to this refere_n_ce line. From a
band of N at A =98.56 nm recorded with the pulsed tunable XUV source; Series of measurements a value for the transition frequency is
(b) simultaneously recorded baturation spectrum for absolute calibration obtained with &a20) accuracy of 0.001 cit or 30 MHz. As
with the cw outpu_t of the ring dye laser _at t_he fundamgntal wavelength outlined previousl§/3*15 some systematic effects should be
=591.39 nm; the line marked by an asterisk is thelyperfine component . . .. .
of the B—X (13-1)RY5 line of |, at 16 909.266 00 i () simultaneously ac_:cqunted for in evaluating abs_olute transition f_requenmes.
recorded etalon markers with FSR.48.9560 MHz. Similar to previous work the residual Doppler shift was ad-
dressed by varying the flow speed of the nitrogen molecules
) 13 ) ] ~in the molecular beam expansion. The effect of a net shift of
previous studie$® The value for thg instrument width in- {46 resonance frequency by frequency chirp generated in the
volves for the most part the bandwidth of the XUV source gye amplifiet was not addressed in the present study. Since
and an additional effect of residual Doppler broadening inhe measured Nresonances are in a small wavelength inter-
the crossed beam configuration. The latter depends on thgy| it is a valid assumption that the frequency separations
specific geometry chosen, the diameters of the nozzle opeRyyeen lines are not affected by this chirp; in the absolute
ing and skimmer, as well as the divergence of the XUVfequencies, chirp may result in a maximum uncertainty of
beam. , _ 100 MHz or 0.0033 cm™. In Table | the measured frequency
Spectroscopy of Nis performed via 1 XUW1UV  qsitions of N resonances are listedeglecting this chirp-
photoionization in a setup where the XUV beam is perpeninquced uncertainty while in Table Il the measured fre-
dicularly crossed with a collimated beam of pure nitrogeng,ency separations are given. The absolute frequencies could
gas obtained from a pulsed valve. In the collision-free ex4in some cases be directly related to th& tomponents of
panding jet of N only the lowest rotational states were ac- |ines in theB—X(v',1) bands of molecular iodine far’
cessible for investigation. Simultaneously with the dpec-  _13_1g a5 presented in the work of Velchenal 1 How-
tra in the XUV domain the visible output from the cw-ring oyer some B resonances were calibrated with respect to

dye laser was used to record markers of a stabilized etalogiher |, ines. These other reference lines, listed in Table Iil,
[free spectral range 148.95€8) MHz] and a saturated ab- \yere for the purpose of this study calibrated in our labora-
sorption spectrum of molecular iodine for absolute frequenC)fOry following the procedures of Ref. 14.

calibration. The accurately calibrated reference lines were "1 present absolute frequency positions and frequency
obtained either from Ref. 14 or specifically calibrated in OUrseparations between lines of thall,—X 3.F(1,0) band are
g 1

laboratory during the measurements. included in a combined least-squares fit with the lower reso-

lution data of Ref. 10 using the following energy expression:
Il. RESULTS

A. Spectroscopy of b'II,, v=1

In Fig. 1 a spectral recording of tH(1) andR(3) lines  TABLE Il. Frequency separations between sets of lines in the
of the b*I1,—X 'S (1,0) band is shown with simulta- b'T.-X"%g (1,0 band of .
neously recorded etalon angrieference spectra. The supe-

. o Lines Frequency separatigMHz) Obs.-calc.
rior characteristics of the tunable XUV source allow one for

the first time to fully resolve these lines in this bandhead R(1)-R(3) 5663+27 —255
region. The line marked with asterisk in the rfeference Eg;:i(é)) ﬁ gzggg _‘:’33'56
spectrum is the t” hyperfine component of th&95 transi- Q(1)-R(5) 17 687-50 23.0

tion in the B—X(13—1) band of } at 16909.266 00(7)
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TABLE Ill. Frequencies of newly calibrated reference lines of In all obtained frequencies are on average lower by 0.05ckve
cases we refer to thet” hyperfine componentRef. 14. have no explanation for this discrepancy. In view of the

Assignment Frequendicm %) much higher resolution in the present study and the improved
| libration meth he presen re more reli-
B_X(15.2P85 16 908111 620,000 07 abso ute_ ca b_ato ethod the present datq are more re
B—X(15.2)R91 16 905.914 0% 0.000 07 able. This implies that the values of Ref. 10 might have to be
B—X(16,2)P126 16 907.567 180.000 07 shifted by 0.05 cm?.
B—X(16,2)P127 16 904.700 45 0.000 07 B. Linewidth
B—X(16,2)R131 16 906.588 66 0.000 07 - Linewidth measurements

Linewidth measurements were performed in two differ-
ent campaigns separated by half a year. In the first campaign
the focus was on the line broadening in théll,, v=1
state. The geometrical configuration of the pulsed valve de-
—D[J(J+1)—1]%+q[I(I+1)—1], (1) livering the N, beam and the skimmer were identical to the
one used in the previous study on tjg'> [, v =0 state> A
difference with respect to that study is that the slit dia-

branch. The data points were weighted in the fit according t®Nragm. previously inserted in the time of flight to select
their uncertainties to derive a weightg@ value. The present 10nS from the central part of the interaction regisee Fig. 1
absolute frequencies are included with the uncertainty off Ref. 9 is now removed. This gives rise to a somewhat
0.001 e, while the frequency separations were given thelarger instrument width; from measurements of a krypton
uncertainties as listed in Table I. For the older data from"eSonancé5p°~6s’ at 95.34 nnit is estimated to be 350
Ref. 10 uncertainties of 0.03 ¢rh (for the lowerJ) and 0.06 =50MHz. The line broadening of single, rotationally re-
cm! (for J>18) were taken; blended lines were given an Solved lines in théd 'IT,—X *=(1,0) band was determined
uncertainty of 0.15 cm’. We found that theR(2) line in ~ for all 100 recordings used in the spectroscopic analysis;
Ref. 10 contained a typing error and should read 101 456.608ince no dependence on rotational quantum number is ob-
cm L. For the electronic ground state, improved parameter§erved an average was determined forJalévels. The re-
have become available in recent years. We adopt the comsulting value is:Av,=475+10MHz for fits of the ob-
stants derived from a simultaneous reanalysis of severadlerved line shapes to a Voigt profile, where the error
bands by Trickk Proch, and Kompd; B, corresponds to ad statistical uncertainty. In view of the
=1.98957®(1)cmt, Dy=5.74137(100x10 ®cm™!,  rather large uncertainty in the instrument width, the uncer-
Ho=4.843(1.000x 10 *?cm 1. These ground state con- tainty in its profile and the small difference between ob-
stants were kept fixed in the fit. served width and instrument width we can only give here a
The weighted fit resulted in a summegd of 104 for the  crude estimate of the lifetime for the'Il,, v=1 state,
set of 84 data points. This implies that the uncertainties ar@ased on considerations similar to those of Ref. 5. One of the
somewhat underestimated. However this underestimation isrocedures followed was a numerical deconvolution of the
not in the presently obtained highly accurate data; for the 1Zhstrument profile obtained by recording the krypton reso-
data points a summeg?® of 7 is obtained. Because of this nance from the measured profile of the somewhat broager N
internal consistency these data were not assigned with a@sonance. Furthermore, deconvolution-based analytical pro-
Uncertainty related to the pOSSible overall shift of 0003_l1:m Cedures was used, one in Wh|Ch the instrument profile was
due to the frequency chirp in the laser. The resulting molecUtaken as a Gaussian and one for a Lorentzian profile. A con-

1 — H . . . .
lar constants for the 11, v=1 excited state are presented seryative estimate of the error was derived from a compari-
in Table IV. The stated uncertainties represemt The rota-  go petween these methods. The estimate Tis-1)

tional constantsB and D are in agreement with previous =1.1n$+0.3:-0.2.
findings within 2r. The A-doubling parameteq, previously
not included, does not significantly differ from zero even
with the high precision measurements. The band origirs

E(J)= v+ B[JJ+1)—1]

where the last term proportional to thedoubling parameter
g only holds for the levels off) symmetry probed in th€

Studies on effects of power broadening and radiation
trapping were specifically focused on thgé—X(0,0) band,
i i but some procedures were repeated forlikeX(1,0) band.
Iower by 0'012 em with respect to th_e previous I_ower r€S0" | inewidth measurements were performed at various molecu-
lution study. ™ This systematlc_ shift is re_flected in the data lar densities in the beam and for a range of various intensities
sets of the present and previous experiments; the present(l)\f the XUV and the fundamental UV. In general the conver-
sion efficiency to the XUV is so low that the effect of popu-
TABLE IV. Molecular constants for thé *I1, v=1 state of N derived lation depletion by the ionizing UV is stronger than satura-
from absolute line positionTable ), frequency separatiorable 1), and  tion by the XUV beam; the effect of depletion by the

values from Ref. 10. All values in cni. powerful UV beam was investigated in detail on the He
vo 101 453.0022 0.0006 atomic resonanck. Even for thec,—X(0,0) band, the one
B 1.408 05-0.000 06 with the largest oscillator strength, no power broadening was
D 1.589x10 5+7x10°® observed. The same holds for radiation trapping; in case of
q —4X10 °+4x10°° the ¢,—X(0,0) band 90% of the population decays back to

1y + — '
*This value follows from the least-squares fit; due to the chirp effect ath€ X DI U_.O. ground 'State- On thep8—6s’ krypton
possible systematic error of 0.003 chshould be taken as the true value. resonance radiative trapping could be observed however, al-
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FIG. 2. Spectral recording of the bandhead region of H&I,—X 'S

(4,0 band of N at A=96.57 nm. The width of the Nlines is entirely
determined by the short predissociation-induced natural lifetime. The lines
were fitted to Lorentzian profiles; residuals are given below.

FIG. 4. Spectral recording of the bandhead region of WH&I,—X .,
beit in a fluorescence decay experiment in our setup. For aff.0 band in a cold expansion of;NitA =94.92 nm. } lines, P4810-1 and
excited b 1TT,—X(v,0) bands the oscillator strength is less R8124-3. may be used for future absolute calibration.
than forc,— X(O 0) and the relative decay towaiti's; ,

»=0 is much less than 90% because of the shift of the poprevious measurements, when 515 and 460 MHz were ob-
tential energy curve toward large internuclear separatiorfained. Moreover in the same geometrical configuration an
Moreover forb 'I1,,, v>1 states the predissociation channelargon resonance line, however at a different wavelength of

is dominant. So in these cases, radiative trapping plays nd05 nm;” was observed with a near-Lorentzian line shape of
role. 450 MHz width. From this we conclude that the instrument

In a recent campaign, lifetimes of the'll,, v=4, 5, width now is in the range 350—-400 MHz. In Fig. 2 an ex-
and 6 levels were addressed. Several recorded spectra @&mnple is shown of several lines near the bandhead of4he
resonance lines in excitation of these levels are displayed i) band. The broad spectral profiles of 9 GHz full width at
Figs. 2—4. Linewidths derived from these and other spectr&alf-maximum fit nicely to a Lorentzian curve; the residuals
are listed in Table V; observed line shapes were in mosfrom a fit only show an increase of noise near line center.
cases fitted to Lorentzian profiles. During these measurelhe same holds for the much narrovi(7) line in the(5, 0)
ments a skimmer with a slightly larger diameter was used ifPand shown in Fig. 3.
the experimental setup. The instrument width was deter- The broadening due to the natural lifetime can be ob-
mined from a remeasurement of the widths of €3, tained after deconvolving the instrument width from the val-
v=0 and theb’ '3} v=1 states, yielding now values of Ues of the observed widths listed in Table V; however no

580+ 50 and 506-50 MHz, respectively. As a result of the analytical expressions exist in the case of composite line

different geometry the observed widths are larger than iffhapes involving Gaussian and Lorentzian contributions.
This issue has been widely addressed in the literature and in

the previous studynumerical analyses were used to find an
approximate and simplified deconvolution procedure. There
subtraction of a certain valu€15 MH2) yielded reliable

results when compared with numerical deconvolution tests.
In view of the larger instrument width and its near Lorentz-

TABLE V. Observed linewidthd vopg for some selected excited states of
I, symmetry in N. The widths of théS, | states were used for calibration

purposes.
Upper state Avops (MHz) Line profile
bI,, v=1 47520 Voigt
v=4 9200+ 300 Lorentzian
=5 1080+80 Lorentzian
v=6 760+80 Lorentzian
‘ ‘ J ‘ 031, v= 0 960+110 Lorentzian
0 10 20 GHz b’ IS = 500+ 50 Voigt
4B u= O 580+ 50 Lorentzian

FIG. 3. Spectrum of th&(7) line in theb 'I1,—X 'S (5,0 band of N at
A=95.52nm. The spectrum was fitted to a Lorentzian withy_ Measured in a different geometry yielding smaller instrument wigtre
=1022 MHz; residuals are also shown. the texJ.
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TABLE VI. Deduced lifetimesr for some selected excited states'®f, 9000 MHz is not at all affected by the instrument width of

symmetry in N. 300-400 MHz; moreover the present study gives a longer
Upper state (p9 Ref. lifetime anq a narrower line. Sincg experimental artifacts are

bound to yield additional broadening, the present values can

1 — . .
b, , v=0 16=3 10 be considered as the reliable ones.
v=1 1100(+300; —200)  This work : . )
p=2 10+2 10 The resolution of the XUV laser source is barely suffi-
v=3 1.6+0.3 10 cient to determine an accurate lifetime I, v=1. The
v=4 18+1 This work value of r=1100£%, ps is somewhat outside the limits of
v=>5 20525 This work a previous value= 1750+ 250 ps!! The pump—probe laser-
Z;? >3155?§ 5 Ig's work based method, recently used to determine lifetimes of CO,
v=8 ~150 18 seems the appropriate method to derive improved lifetimes
v=10 >150 18 in the range near 1 n$.
v=11 16 18 For aeronomic purposes it is important to produce values
LoovEl >150 18 for the predissociation yields. To assess the competition be-
Cs Iy, v 3 (©° %; ;o 2?3 tween dissociative and radiative decay an estimate has to be
v= a . . . . . . .
0511, v=0 240+ 50 This work made of the radiative lifetime of the gxcned _states. Radiative
v=3 300+ 45 11 decay ratesA,.,» are related to partial oscillator strengths
fUIUII Vla

¥e) Value pertains only to levels d&) or I1* symmetry.

meC

fvrvrrz ( 4#60%) )\UVUHZAUIUH .
ian profile in the present series of measurements we estimate
that subtraction of 300 MHz from the observed widtiis ~ We assume that thé-doublet degeneracy of the excited
the case of Lorentzian profileis appropriate. This estimate staté®?°is implicitly accounted for by the groups that per-
is certainly correct if we allow for an additional systematic formed the measurements on oscillator strengfg? The
uncertainty of 80 MHz due to deconvolution. Resulting val- partial oscillator strength can be written &g ,,=fR,/»
ues of the natural lifetime broadenidyare then converted WwhereR is a branching ratio. Now we focus first dn'I1,
into a value for the lifetime viar=1/2#T". Values forrare  v=1, for which the most extended data set is available. For
listed in Table VI. Uncertainties in the derived values arethe oscillator strength a value 6f0.156 is reportetiwhile
calculated taking the combined statistical error in the meathe branching ratios for emission from this=1 level into
surement(see Table ¥ and the systematic error from the thev” manifold is measured; these values are listed in Table
deconvolution procedure. In Table VI also other recently ob-V of Ref. 4. Using this information and summing over all
tained values for lifetimes pertaining tél, states are listed. decay channels we obtain

IV. DISCUSSION AND CONCLUSION Apr=1)~= Z A —1)n=10.4x10°F s,

Ultrahigh resolution XUV-excitation spectra of the dina t diative lifeti £ 960 Th ilat
b I,-X 1E;J’(l,O) band have been recorded. Techniques ofOrresponaing 1o a radiative etime o ps. ne osciliator

pulsed-dye amplification and harmonic generation, in compiStrength derived by James al."is smaller than other values

nation with on-line saturation spectroscopy efhlave been in the I|terature:f=0.28.§l. anq f.:O'ZL.B'ZZ these values
applied to determine absolute frequencies gtidnsitions in would correspond to radiative lifetimes in theﬁ:ange .50.0_600
the XUV domain with unprecedented accuracy. These techP™: In the work o[lvyalter, Cos.by,l and Helma radiative
niques could also be employed for other bands, but in thgec_ay_ of 5.'}<.1083 is deduced, this would cprrespond toa
corresponding wavelength ranges npdrequency standards radli\tlve Ilfet|me.of .1900 ps. In the fOHOW'.ng. we adopt
are available yet. Future calibrations could easily deliver ab-T“i‘d_ 960 ps aqd n view of the fact that rgdlatlon from all
solute transition frequencies in tf&,0) and(6,0) bands with b II, v levels is in the same Wavel_ength W_'”dOW this value
almost the same accuracy. is a_ssumgd to hold for all. The predissociation yield can be
Line broadening in thé 'II,—~X 'S band system was derived via
observed befor&”*however the resolution is now increased T
by a factor of 20. This improvement opens 100-500 ps dy-  Zpredis™ 1 — P
namic ranges for lifetime studies by investigation of line rad
broadening. While previously an upper limit of 150 ps wasresulting in predissociation probabilities of 98% for4,
set for the lifetimes of thé I, v=1, 5 and 6 levels, now 79% forv =5, and 63% forw =6.
more accurate values are obtained. Some discrepancy is These values markedly differ from those derived in stud-
found in the measurements brtIT, v =4, where previously ies of electron collision-induced emission from,Nwhere
11+ 2 ps was obtainetf. For this 70% discrepancy we have for v=6 a predissociation yield of 95.6% is deduced. For
no direct explanation. It should be considered, however, thai=4 and 5 Jamest al. obtain 100% predissociation. The
in the previous study an instrumental width of 0.27 ¢rhad  latter result is also in contradiction with the finding of Ron-
to be deconvoluted from an observed width of 0.60cin and Launay? who measured in high resolution emission
+0.07cmL. In the present study the observed width of originating from theb I, v=5 level in eight different
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