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The authors present a new experimental method for measurement of collision-free infrared radiative
lifetimes for single quantum states of a vibrationally excited sample. This method provides a more
direct route to the infrared Einsteid coefficients than has been previously possible. Results for
NO(X 2I1, v=21 andv=7) are presented. Comparison to resultsabfinitio calculations shows
excellent agreement. A controversy regarding the relative intensities of first overtone and
fundamental emission intensities in NO is laid to rest. The most complete least squares analysis of
existing data was carried out to derive the electric dipole moment fun@@DMF) to an accuracy

of +£0.02 D between 0.9 and 1.7 A. @997 American Institute of Physics.
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INTRODUCTION rect. That is, intensity information is used to derive kinetic
Jate coefficients. Due to the indirect nature of the process, the
analysis relies on the quality of a large data base of emission
and absorption strength measurements. Artifacts appearing in
ments rely on a knowledge of the Einstein coefficients parts of the data base will introduce error to the determina-

which characterize the rate of spontaneous emission. Wel{on of the EDMF and this error may propagate to all of the
established techniques exist for the determination of sucAervedA coefficients. For excited electronic states undergo-
coefficients forv =1—0 for simple molecules, however as N9 Visible or ultraviolet emission, the determination of Ein-
the vibrational quantum numbers increase, measurements b&i€inA coefficients is commonly accomplished by measure-
come more difficult. Up to now, the basic strategy involvesments of the collision free radiative lifetime. Remarkably, a
first finding quantitative absorption strengths for the funda-method designed for direct observation of the ratafséred
mental ¥-0 transitions and as many overtones as possibldadiative relaxation has not been established. Such a mea-
In combination with vibrational-state-specific dipole mo- Surement would first require efficient preparation of vibra-
ments, often available from microwave spectroscopy, thigionally excited molecules. In this paper an approach is pre-
allows the construction of the electric dipole moment as sented employing stimulated emission pumpirig (SEP,
function of internuclear separation, EDMF. Additional ex- an optical pumping method which is capable of producing
perimental data such as the ratio of fundamental to overtonk&rge concentrations of highly vibrationally excited mol-
emission in nonequilibrated and highly vibrationally excited€cules in single quantum states. SEP is a folded variant of
samples can be used to constrain the EDMF at larger inte@ptical—optical double resonance and uses two laser pulses
nuclear separations. Once an accurate EDMF has been o9 excite molecules out of thermally populated levels into
tained, the calculation of Einsteih coefficients is possible highly vibrationally excited states through an intermediate
from theory®-1? electronically excited state. The large structure change upon
The observation of infrared emission from NO in the €lectronic excitation in many molecules allows good
upper atmosphere especially during auroral evéntms Franck—Condon overlap to high vibrational states in the two-
shown the presence of high vibrational st&té§and has photon transition. For example, N®II,) can easily be
motivated attempts to determine the infrared Einsteioo-  produced in excited states up do=252°
efficients for a wide range af. Ab initio calculations of the In addition to efficient optical pumping, the direct mea-
EDMF have been carried out and used to give Aheoeffi-  surement of infrared Einstei coefficients requires the abil-
cients up tov =20 andJ=33.56-18 Measurements of the ity to probe the time dependence of the population under
first overtone-to-fundamental intensity ratio in chemilumi- collisionless conditions. Even strong infrared radiators re-
nescence experiments were found to increase up=td1  quire 10°-102 s to approach radiative equilibrium. This
and then decreaséd, casting doubt on the theoretical condition puts disastrous constraints on the total sample
EDMF. Higher levels ofab initio theory have recently been pressure allowable in a conventional gas bulb experiment.
reported?® which agree well with the earlier theoretical Furthermore, even if the sample pressure could be lowered
work. They predict the first overtone-to-fundamental inten-enough without adverse effects of the concomitant loss of
sity ratio to continue to increase abowve=11 and to ap- signal, the increasing rate of diffusion at lower pressure
proach unity at~v=20. would introduce a new problem in measuring the inherently
For NO and other molecules, present methods are indislow infrared radiative relaxation. This quenching diffusion

The use of infrared emission has a long and rich histor
in the study of chemical reaction dynamics,
spectroscopy?® and chemical lasers® Quantitative experi-
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quency doubled in a KDP crystal to yield 15 mJ of UV
Pulsed radiation around 300 nm. After passing a 266 Kff plate,
Valve the frequency-doubled and residual fundamental laser beams
were mixed in a BBO crystal to yield radiation near 200 nm
with an energy of 1.5—-2.5 mJ/pulse and a Fourier transform
limited bandwidth of~200 MHZ. This laser was used to
DUMP pump individualA doublets of theR;;(1.5) line in theB(5 or
4)«—X(0) band. An excimer pumped dye laser operating on
C-153 was used to DUMP moleculesX@21). By installing

a KDP crystal, the doubled output could also be used to
» DUMP through the B(4)—X(7) band. LIF and
, fluorescence-dip measurements could be carried out using a

PUMP, 0 . . . 7
/ | PMT installed to image the preparation zone of the experi-
| ment.
O ) Some 6.35 cm further downstream, a second excimer
i

pumped dye laser operating on C-153 was used to perform
LIF on the radiatively relaxing molecular sample. The
B(5)«—X(20), B(4)«X(19), B(3)«—X(18), as well as

il B(2)«X(17) vibronic bands were used to this end. By in-
PROBE ‘ staling a KDP doubling crystal, thé3(1)«<X(6), and
B(0)«X(5) bands could also be reached. The laser induced
fluorescencédLIF) was collected by a quartz F/0.7 lens sys-
FIG. 1. A schematic_diagram of‘an_ apparatus capable gf_measuring the_ timgm and imaged onto a solar blind phototultéeamamatsu
dependence of the infrared radiative decay under collision free condition

The PUMP and DUMP laser beams prepare vibrationally excited NO insl66UH@)' A spherical reflector was used to increase the col-

front of the upper phototube. After a collision free flight time of 8p9the  l€Ction efficiency of the optical system te25%. The signal
population distribution, which is altered by infrared radiative relaxation, is of the photomultiplier was processed by a digital oscillo-

probed by LIF in front of the lower phototube. scope(LeCroy 9430) and a boxcar integratdiSRS 256)
interfaced with a computer.

PMT

conundrum explains why direct measurement of infrared
rates in the time domain is difficult. RESULTS

This problem may be overcome by use of a molecular . .
beam. Preparation of a highly concentrated sample of an in- Figuré 2 shows some of the results of this work. The
dividual quantum state of a vibrationally excited molecule isUPPEr panel was taken by scanning the PROBE laser, de-
thereby possible under collision free conditions. The samplé?y€d 80.9us after the PUMP laser, in the vicinity of the
can then be transported without collisions to an optimized3(4)<X(19) bandhead after preparation &(5)J=2.5
detection region. Since few of the molecules are lost in trans?/ith the PUMP laser and in the absence of the DUMP laser.
port, the sample can be probed under optimum conditiondN® Populated levels ak(19) areJ=1.5, 2.5, and 3.5 and
many us after preparation. The pristine conditions of the&r€ due to the spontaneous emissiéranck—Condon pump-

molecular beam allow the observation of the radiative relaxind of theB(5) state, which obeys the selection rule$=0,

ation of the vibrationally excited sample absent the effects of- 1+ It can be seen that this parallH-11 transition favors
collisions. AJ==1. The middle panel shows the effect of introducing

the DUMP laser at the preparation zone of the machine and
tuning it to theP,4(3.5) transition ofB(5)—X(21). The en-
hancement of the =19 signal forR(2.5), Q(2.5 and 4.5, as

The apparatus is shown schematically in Fig. 1. A colli-well as P(2.5 and 4.5 is observable. Less obvious is the
mated pulsed molecular beam was formed by expanding Becrease in the population #&1.5 and 3.5, due to the large
atm of NO from a 0.8 mm orificdGeneral Valv®) and fraction of B-state population that is unavailable for sponta-
skimming with a 2.0 mm diam electro-formed skimmer 3 cmneous visible emission to=19. Figure 2 presents experi-
downstream. SEP was performed at the preparation zone afiental evidence of a process where NO loses two vibrational
the machine 6 cm below the nozzle. To accomplish SEP twguanta but only 4 of angular momentum. This is not con-
lasers were used. The output of an argon (Bpectra Phys- sistent with collisions in the beam.
ics 17%) pumped single-mode ring dye laséEoherent The bottom panel of Fig. 2 shows the difference signal
CR-69%) operating on R6G was pulse amplified in a three-of the upper and middle panel. This was obtained by trigger-
stage home-built dye(R610 amplifier by a frequency ing the DUMP laser at 5 Hz, while all other components of
doubledQ-switched, injection-seeded Nd:YAG las@on- the experiment were triggered at 10 Hz. The SR250 Boxcar
tinuum 7010-18), which had a pulse energy of 400 mJ at integrator was set to “toggle mode”, where the difference of
532 nm and a pulse duration of 5 ns. The amplified ring laseodd and even shots was integrated and averaged. If we define
radiation possessed a pulse-energy~-@0 mJ and was fre- the difference signal for thd=3.5 population ag 4 3 sand

EXPERIMENT
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TABLE I. Einstein A coefficients for highly vibrationally excited NO.

¥ 7 Fp LR v'—v" This work (s™%) Langhoffet al. (s  Billingsley (s™%)
o5 35 251505 21-20  70.0:3.6% (69.9° 63.9 (66.9¢ 45°
r T Q 2119  66.7:3.4 (64.7° 59.7 (61.2¢ 65°
2118  27.202.4 (22.2° 245 (22.9¢
2117 5.9-1.721 (9.4° - (12.9)
7—6 55.7+6.8" (63.7° 60.C (58.9¢ 53.5

295% confidence intervals, based on statistical error analysis.

PCalculated from the EDMF derived in this work. See Table Il.

‘See Ref. 20. These values were derived usinglaimitio potential curve as

well as anab initio EDMF.

9These values were derived by us using the EDMF of Ref. 20 and an accu-
rate RKR potential curve.

°See Ref. 18. These calculations ended at20. The values in the table
have been extrapolated from lower vibrational levels.

'Derived radiative lifetime foo =21,J=3.5,0=0.5 is 5.89-0.38x10 3 s.

lated visible emission tw =21 and spontaneous infrared
emission fromy =21-19. The fraction oB-state population
depleted by the DUMP laser does not influence the experi-
A “1s mental analysis. Similar “toggle mode spectra” were also be
obtained for theB(5)«—X(20), B(3)«—X(18), and B(2)
—X(17) bands. This allowed the determination of the quan-
tities: fxn(21—v", 3.5-4.5, fxn(21—v", 3.5—2.5 for
v"=20,19,18, and 17. These results could be combined with
the value offxn(5—v", 2.5—3.5) for v"=20,19,18, and 17
in order to obtain the extent of infrared radiation during the
80.9 us. The quantity,fxn(5—v", 2.5-3.5), the fraction
FIG. 2. Infrared _emission’s influence on the observed LIF spectra. Uppebroduced inJ=3.5 by Franck—Condon pumping could be
panel: The resulting probe spectrumucf 19 after the PUMP laser is tuned . .
to the Ry4(1.5) line of the B(5)«X(0) band in the absence of the DUMP calculated from known spectroscopic data onBheX emis-
sion system. To accomplish this a standard RKR
analysi$*~?® was carried out to obtain the vibrational wave
with the DUMP laser populating =21, J=3.5. Population observed in functlons_f_or the.B andX electronic .States' The semiempir-
J=4.5 and 2.5 is seen to increase due to infrared emission betwven ical transition dipole moment function reported recently by
andv =19, which are governed hyJ=+1 infrared selection rules. Bottom Langhoff et al?’ was fit to a fourth order polynomial
panel: difference of top two panels. damped by an exponential function to ensure smoothness
and proper behavior in the asymptotic region. This fit func-
tion was used together with the wave functions to calculate
the final state distribution produced by Franck—Condon
Asoss fxn(21—19,3.5-4.5) pumping. A similar pro'cedure' was previously carried out and
A = FXn(5519.2.5.35) compared to quantitative emission spectroscopy ftom6
19.35 '~ ' of the B I state and was found to yield fractional popula-
wherefxn(21—19,3.5-4.5) is the fraction of molecules that tions due to spontaneous emission to an accuracy of about
have undergone the indicated infrared transition during thd0% for most transition$’ There is excellent agreement be-
flight time andfxn(5—19,2.5-3.5) is the fraction of mol- tween this semiempirical transition dipole moment and that
ecules that have undergone the indicated electronic transitiosetermined experimentally by Pipet al?®
in the absence of the DUMP laser. In principle, this expres-  Having the fraction that has undergone infrared radiation
sion is approximate since the signal originating frdm3.5  in a predetermined flight time allows the direct reduction of
results from some infrared emission as well. However inthe data to infrared Einsteif coefficients. These results are
practice the infrareQ branch is~20x weaker than the ob- shown in Table | for all of the bands measured in this work.
servedP and R branches and thus, this contribution to the These may be summed over final vibrational states to give
J=3.5 signal is smaller than the noise of the measurementhe infrared radiative lifetime of theX 2I1(v=21) level,
Likewise, AQ=+1 infrared emissions are expected to bewhich is found to be 5.9 ms. Also shown in this table are the
weak and could not be observed. Therefore the signal los®sults ofab initio calculations, wheré\ coefficients for the
induced by the DUMP laser fat=3.5 is due entirely to the theoretical rotationless level were report@Because of the
competition between stimulated emissiorvte21 and spon- weak dependence @ on J?° the present results far=3.5
taneous visible emission tw=19. In contrast the signal in- are expected to be nearly identical to this quantity as well as
crease fod=4.5 is due entirely to the collaboration of stimu- rotationally averaged values reported in other W8R8 The

18630 ‘ 18640 ‘ 18650

Frequency (cm™)

laser. Levels are populated by spontaneous emission frord e state.
Due to the selection rules of this ro-vibronic transition odity1.5, 2.5, and
3.5 are observed. Middle panel: The resulting PROBE spectrum=df9

that of J=4.5 asA,q 45 it can be shown that:
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TABLE Il. The electric dipole moment function of N&(l). gous way to those of NO, albeit the data set is of much
higher quality as this problem has received much greater
attention than NO. The infrared emission rates of CO are
Me —0.16718-0.00026 also important, as they govern the kinetics of the CO chemi-

Polynomial coefficierit Least squares valfie

€1 i-igig-ggg cal laser and have astrophysical significance. This molecule
C, -1 . ) Y
o 5 55+0.95 cpuld also be tackled with SEP, molecular beam time-of

C4 ~3.73+1.66 flight.

; - In conclusion, we have presented the first experiments
a.”(rh_re)fl“e”l(r_r?) +.°Zg_ré) +C3ggrﬁ +Cy(r—re)*, wherer  \which monitor the collision free infrared radiative relaxation
is the nuclear separation in A amg=1.150 64 A. _
®The derived EDMF is expected to be accurate to withih016 D between rates for neu”al.mOIeCUIég'we .have Shown t.hat for.mOI
0.9 and 1.7 A. ecules where stimulated emission pumping is possible, the
°The minus sign indicates NO* polarity. infrared emission rates of the ground electronic states can be
calibrated against the UV-visible emission rates of a well
. characterized excited electronic state. The question comes to
agreement between the results of this work and the moshing if the approach could be decoupled from the Franck—
recent'work of Langhofkt al. is no'ghlng short of spectacq- Condon pumping. One way would be to introduce a fourth
lar. This serves as clear confirmation that the new techniqug,qer1 gy saturating the infrared transition with a cw laser in
of SEP molecular beam time-of-flight determination of Ein-y,o yrenaration zone, a known fractional population transfer
steinA coefficients is working as expected. The Einstin - ., |4 pe created, which would be determined by the ratio of
coefficients derived from this work also clearly show that theyegeneracies of upper and lower levels brought into radiative
ratio of first overtone-to-fundamental emission continues toequilibrium with one another by the infrared laser. The sig-
rise abovev =11, in agreement witlab initio results and in 5 jetected in the PROBE region of the machine could then
contrast to chemiluminescence experiméftalso shown o Lsed to compare with that detected frepontaneoudn-
for companson 1 the earliemb initio calculation of 1 04 emission, that is, in the absence of the infrared laser.
Billingsley.”® These calcqlatlons are clear]y !ess reliable and, this way, the fraction of population that underwent spon-
suggest the EDMF function of that work is inaccurate. 3ne6us infrared emission during a well defined flight time
For many problems in Aeronomy, the infrared Einstein o, 14 he determined without the knowledge of the radiative
A coefficients are necessary input data. The method demop;e of the excited electronic state used in the SEP. Indeed
strated in this work gives a direct means for obtaining thes%r such an arrangement, vibrational pumping schemes other

rate constants, bypassing the sometimes cumbersome detﬂ{an SEP could be employed. For example, overtone pump-
mination of the EDMF. If one is instead interested in the;

) A . ing of OH could provide an avenue to direct time-dependent
EDMF itself, measurements such as those shown in this paqaasurement of the important Meinel system.

per are also quite useful. To demonstrate this we have carried

out a least squares determination of the EDMF using the data
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