State-specific lifetime determination of the a 311 state in CO
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Two different techniques were applied to measure the lifetime of the lowest rotational levels in the
metastable 3I1,(v=0) state of CO. First, measurement of the absolute absorption cross-section
for several absorption lines of tre{v =0)<— X(v =0) transition yields an Einstein coefficient of
Ago=97%3 s 1. In combination with the experimentally determined branching ratios foathe
transition, the lifetime of each component of téll,(v=0J=1) A-doublet is determined to be
3.67-0.20 ms. Second, detection of the spin-forbidden fluorescence at two positions in the
molecular beam downstream from the excitation region, as a function of velocity of the molecules
directly probes the exponential decay. With this technique the lifetime of the lower component of
the samea °I1,(v=0,J=1) A-doublet is determined to be 3.4 ms, while for the upper
component a value of 3#80.5ms is found. ©1997 American Institute of Physics.
[S0021-96087)00942-2

I. INTRODUCTION strength to, and thereby the radiative lifetime of a certain

B - 3 - - _
The determination of the radiative lifetime of metastabIer.Otatmm’.II level in thea H state Is detern_nned by _the frac
tion of singlet character in the wavefunction, and is strongly

states in molecules is in general not straightforward. Convendependent on the quantum numbdrand .}

tional gas phase techniques measure the decay time of the Various experiments from that same period that claim a

fluorescence signal in a molecular beam or in a cell, but thesﬁigh degree of accuracy give oscillator strengths that corre-

techmque; are only applicable for rad'latl\'/e lifetimes up Fospond to averaged lifetimes between 1 and 9.4Thhis
several microseconds. For the determination of the radiative . . : .
veraged lifetime is normally obtained from cell experi-

lifetime of metastable states there are some extra difficulties"’.l . .
ents, where generally a large number of rotational levels is

First, the preparation of single quantum levels in the excite lated in th r state. and or ; ; h that col
state using direct laser excitation is difficult because the tran2oPUate € Upper state, and pressures are stch that co

sition to the excited state is very weak, inherent to being Alsional redistribution occurs within the lifetime of the ex-
metastable state. Second, molecules with long lived excitea'te?JStetlte'th_ th . N
states may escape from the detection region. And third, the p to this moment, however, no experiments are re-

population can be redistributed over other levels due t(ported in which precise values for the radiative lifetime of

. . - 3
guenching during their lifetime; even small quenching ratess'ngle rotauona_l levels n tha “II sta_te of C.O are deter-
will have a significant influence on the observed lifetime. mined. For the interpretation of experiments involving meta-

Here we report on two different types of experiments tostable CO, like sgurface scatteringg experimen_ts Wij[h .state-
determine the radiative lifetime of single rotational levels ofSGIECt_ed CO 4 _H)_ molecule$* or ) photod!ssoglatlon
the metastabla 311 state in CO. In the early 1970s calcula- experiments monitoring CO negtra} time-of-flighit,* not
tions and many experiments have been performed to detefl® knowledge of the averaged lifetime but accurate knowl-
mine the lifetime of the metastabke 31 state of CO. The edage of the lifetime of single quantum levels in the
interest in metastable CO molecules was triggered by th@ 11(v=0) state is required.
presence of strong features of the Cameron bands of CO in A Straightforward way to detect metastable CO mol-

the emission spectrum of Mars. James calculated the oscill£CUI€s in a molecgéar beam is via detection of their sponta-
tor strength to, and the corresponding lifetime of, theM€0US fluorescenceé. Although the a— X electric dipole

a 3[1(v=0) state assuming spin-orbit coupling to the-TT transition is very weak, all molecules will eventually decay
state! The spin-forbiddera 3T X3 * transition, thereby back to the electronic ground state via emission of photons in

borrows intensity from theAlTl—X!3* transition due to the absence of other deactivation mechanisms. The detection
the amount offII character in the’Il wavefunction. The €fficiency of this laser induced fluorescer(t#F) signal de-

oscillator strength was found to big ,=1.63< 10", corre- pends on the solid angle and the detection volume that can be
sponding to an averaged electronic lifetir@ssuming an monitored, as well as on the time that the metastable CO

equal distribution of intensity over eack-doublet compo- Molecules spend in the detection region, i.e., on their veloc-
nent in eachQ-ladde) of 7,,—8.75ms. The transition ity. It is possible to obtaln_ a complete separation in time of
fluorescence of the long lived metastable CO molecules and
straylight caused by the laser, and by probing a large detec-
dpresent address: Department of Chemistry, University of California, Santsﬁon volume. fluorescence measurements lead to sensitive de-
Barbara, CA 93106. . ! . .

bAuthor to whom correspondence should be addressed; Electronic maifection of the electronically excited CO molecules. The ex-

gerardm@sci.kun.nl periments reported here all make use of the detection of this
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PMT chambers, is connected to an ultrahigh vacullhlV) sys-
@gcbf- ) PMT | PMT 2 tem. At the end of the UHV system, a 1-m-long flight tube is

mounted to increase the flight distance that the molecules can
travel. Three different fluorescence detection regions are
present at 7.5 cm, 1 and 1.8 m downstream from the excita-
tion region. For the dispersion and absorption measurements,

Valve N

Pulsed l% &

("’"1(,)' 8 Torr 16® Torr . . > )
& only the first detection region is used.
B EE—— ] . .
206nm  pypr s The pulsed molecular beam is produced by expanding a

gas mixture of 20% CO seeded in He, Ne, Ar, Kr, or Xe. The
FIG. 1. Schematic representation of the molecular beam machine. A valvenetastable CO molecules are produced in the source cham-
releases gas pulses of a mixture of 20% CO in a rare gas. After excitation ther, before the molecular beam is skimmed.

the metastable °II state in the source chamber, the molecular beam is : f
collimated by a 0.8 mm diam skimmer. In the first detection area, located In these experiments a pulsed dye ampliBDA) laser

7.5 cm downstream from the excitation region, the spin-forbiddenX system(Lambda Physik LPD3000 pumped by a Nd:YAG
fluorescence can be monitored both in horizortatal fluorescengeand  laser(Spectra Physics GCR-190 without injection-segdesr

vertical (dispersed fluorescenkdirection. For the two-point lifetime mea- | sed to excite the ground state CO molecules. The Seeding of

surements the fluorescence is monitored in vertical direction by PMT . . . .
mounted 1 and 1.8 m downstream from the excitation region. To obtain Z[he PDA-system is performed with a single-mode ring

well-collimated molecular beam with a low divergence, a second 1.2 mmdy€e laser systeniSpectra Physics 380pumped by an Ar-
diam skimmer is mounted 0.5 m downstream from the excitation region. ion laser(Spectra Physics 2017The output of the PDA-
system(around 618 nris frequency tripled in the combina-
_ _ tion of a potassium dihydrogen phosphdt€DP) and a
spin-forbidden fluorescence of the metastable CO molecuIe;‘g_BaBzo4 (BBO) crystal, providing 0.5 mJ/pulse of 206 nm
Direct absorption measurements provide a general appliaser radiation in a bandwidth of 150 MHz full width at
cable technique to measure lifetimes and are also applicablgf-maximum(FWHM).

to measure the lifetime of long lived excited states. For thisit  Tpe spectral profile of this laser shows a 150-MHz-wide
is needed that all decay and relaxation channels from thgyger peak, superimposed on a spectrally broad
excited state are known. In practice, this means that all POackground? The integrated intensity of the broad back-
sible relaxation channels to dark and dissociative states a@round is even larger than the integrated intensity of the
radiative relaxation channels must be known. narrow-band laser peak. This spectral profile directly reflects
To obtain the lifetime of the °II state of CO, first the  the time-profile of the pulse delivered by the nonseeded
branching ratios of thea(v=0)—X(v") emission, previ-  Ng:YAG laser that is used to pump the PDA system.
ously calculated by Jamésare determined experimentally For the dispersed fluorescence measurements the PDA
by dispersing the fluorescence of metastable CO mo'““'%%/stem is used to excite the CO molecules 2 cm downstream
in a molecular beam. Second, the absolute peak absorpti@fhm the nozzle before they pass through a 0.8 mm diam
cross-section of CO is measured in an almost 2-m-longgkimmer. After the skimmer, in the second differentially
room temperature absorption cell. The combination of abpumped vacuum chamber, the spin-forbidden fluorescence of
sorption and dispersion measurements puts the value of thge metastable CO molecules back to the electronic ground
branching ratios on an absolute scale and allows determinagate is detected in the first fluorescence detection region per-
tion of the radiative lifetime of tha °II state. For the direct pendicularly to the molecular beam axis, both in horizontal
absorption measurements, a molecular beam machine is agnq vertical direction, at a distance of 7.5 cm downstream
plied as a narrow-band detection system200 MHz) t0  from the excitation region.
circumvent problems related to the spectral profile of the The nondispersed fluorescence that is emitted in hori-
laser. _ o zontal direction is detected with a photomultipliPMT)

,/An alternative approach to measure the lifetime of theand is used as a calibration signal to correct for fluctuations.
a °II state of CO is the detection of the spin-forbidée”r X  Tne fluorescence in vertical direction is collected by a lens,
fluorescence at two different positions in the molecularimaged on the entrance slit of the monochroma®riel
beam, downstream from the excitation region. By varying77250: resolution set te-3 nm in the 200—300 nm region
the velocity of the CO molecules in the molecular beam, i.e.gnd detected with a second PMT. The PMT-signals are digi-
by varying the time-delay between both fluorescence signalgjzed and displayed on an oscilloscope with a 100 MHz sam-
the exponential decay of the population in théll state is  pjing rate and a 10 bit vertical resoluticii.ecroy 9430,
directly probed. which can be read out by PC via a GPIB interface. Because

the signal intensity is very lowaveraged peak signal around
Il. DISPERSION AND ABSORPTION MEASUREMENTS 0.15 photon per laser pulsea photon counting technique is
used to measure the dispersed fluorescence spectrum. The
oscilloscope sums typically over 100 laser shots; the PC then
The vacuum machine in which the measurements aresads this signal out and counts the number of photons
performed is schematically indicated in Fig. 1 and has beepresent in the time interval during which the molecules pass
discussed in detail beforé* A pulsed molecular beam ma- through the field of view of the monochromator/PMT com-
chine, consisting of two differentially pumped vacuum bination. At each wavelength position of the monochromator

A. Experiment
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the fluorescence intensity has been summed over 2400 laser o - vt ' ' ]

problems in doing the dispersion measurements since the
laser is kept fixed on top of an absorption line and only the
resonant light is used. It gives difficulties, however, in direct
absorption measurements when the laser is scanned over an 0.00, = pon ™" 260
absorption line: the background signal depends on the tuning Wavelength (nm)
of the BBO crystal, and is therefore, not constant during the ' ' '
scan and no correct baseline for zero absorption is obtaine§!C- 2. Dispersed fluorescence spectrum of the spin-forbiddeiX tran-

Th bl . ted b . th | sition in CO. The vertical axis shows the averaged number of photons per

ese pro _ems are .Clrcumven e y using the moleCugqq, pulse. The relative wavelength dependent detection efficiency of the
lar beam machine described above as a narrow-band detegiire detection system, indicated with the dashed curve in the figure, is
tion system. The excitation laser is passed through a 1.76-nwalibrated using the known branching ratios of the NO(X) transition,
|0ng absorption cell. where the actual absorption experimeﬁ’fhiCh lies in the same wavelength region. The CO dispersed fluorescence
. ' . . spectrum displayed in the figure is already corrected for this.

takes place, prior to entering the molecular beam machine:

This cell is filled with a total pressure of 0—10 Torr CO at

room temperature. The pressure is low enough that only th . .
Doppler width of 0.113 cm! (FWHM) has to be taken into Fr_om t.he selectloq rules that the.fluorescence to the different
\ﬂbranonal levels in the electronic ground state can only oc-

account, i.e., pressure broadening effects can be neglecteCur via Q,(1) emission lines. Preparation of the parit
Only light that is transmitted through the cell and that is 2 : P parity

resonant with a transition in CO can be absorbed by Cd:pmponent of the same rotational level would lead to emis-

molecules in the molecular beam on the condition that the(S: Z):cgrjspzeg?l?rszalrlgiie:e?grse dauks tl<r)l g:ﬁg:(fffﬁgizuloer?;a_
ground state level is populated in the molecular beam. Th P 9

residual Doppler width in the molecular beam is around 1ocf|onal lines. ‘The assignment of the different vibrational

MHz due to the geometry of the machine. The nondisperse vels in the electronic ground state is indicated in Fig. 2.

fluorescence signal, measured with a PMT in the first detecélr:gaz'siiﬁeestggj?g?fﬁgnc: :IZ ?]Cttrﬁgedgr%aeﬁdsggg'.t20'?
tion region (Fig. 1), is a direct measure for the amount of y wav 9 P itvity

. : o . . the detection systerfindicated by the dashed lipe

light at t.h|s specific frequency that is transmitted through the The height of the different peaks directly provides the

absorption cell. . . . . ST .
relative branching ratios for the different vibrational transi-

By varying the pressure in the absorption cell while . . : . . .
keeping the laser frequency on top of the molecular beango >’ being proportional to the Einstety,. coefficient.
he dispersed fluorescence spectrum directly relates all

resonance, the absorption cross-section of specific transition

of the Cameron banfRy(1), Q,(1), andQ,(2)] is mea- a(v'=0)—X(v") transitions to the 0—0 transition measured
sured(contributions of nzeigh’borzing ines aré i1l cases be N direct absorption. The resulting Einstein coefficients, with

low 103 on top of the resonangeThe fluorescence signal, their absolute scale determined by the absorption measure-

corrected for laser intensity and measured as a function o'?;eg:f];fx;;?Eg;g?}i'i'%‘gggc;gf;:)étzi I[?;idr;r;;sfrlg dI,Ein-
pressure in the absorption cell, yields the peak absorptioﬁ 9 '

stein coefficients agree rather well with the ones calculated

cross-section for all the absorption lines. The technique em: L :
ployed for the absorption measurements is limited to abso?;l?y James. The original values of James differ by a factor 2

tion lines that are isolated, and that start from levels in the

electronic g_round state t_hat are SUffICIently pOpUIa_tEd b_Oth Ir1‘ABLE I. Einstein coefficients and Franck—Condon factors derived from
the _abs_orptlon_ cell and in the molecular beam. Direct infor-y, dispersed fluorescence spectr{ig. 2), compared to the Einstein co-
mation is obtained, however, on exactly those levels that arefficients as obtained from the calculations by Jaies. 1).

relevant in molecular beam studies.

shots to obtain the dispersed fluorescence spectrum. The fre- v'=0

guency dependent sensitivity of the detection system is cali- ‘—21

brated afterward in a cell experiment by the well known 5

dispersed fluorescence spectrum of tha 23 * (v’ %’

=2)—X 2II(v") transition in NO® which covers the same g 0101 I

wavelength region as the dispersa@d’'=0)— X(v") fluo- §

rescence spectrum of CO. Thgv'=2) level of NO is pre- %

pared with laser radiation around 205 nm. 5

The spectrally broad background of the laser gives no é 0.05 4" ]

2
z

v’ —v" Ayryr (7Y F.C. factor AZC, (s7h
B. Results and di . 0—0 97+3 0.303:0.010 128
- Results and discussion 01 100+10 0.355+0.036 136
Figure 2 shows the dispersed fluorescence spectrum of 9—2 4rx7 0.194-0.029 61
thea(v’'=0)—X(v") transition of CO obtained after exci- 03 16=5 0.074+0.024 16
. I \ ; 04 7+4 0.038£0.022 25
tation on theQ,(1) transition, thus preparing thé parity 0—5 6-4 0.036-0.024 0.22

component of thel=1 level in thea 3I1, state. It follows

J. Chem. Phys., Vol. 107, No. 18, 8 November 1997



Jongma, Berden, and Meijer: Lifetime of the a 3II state in CO 7037

- 23 oo numberN". The relative population of the various rotational
1000 % @ oTorr T levels in the ground state needed for the calculation of
° n(N"), is obtained from a Boltzmann distribution for room
08 | i temperature CO.
= o The peak absorption cross-section for g(2) line is
2 % o % T determined from the fit. The value for the peak cross-section
gosy g 3 ggb T Y STorr 4 is indicated in Table Il for all three lines of the absorption
E experiment. The EinsteiA coefficient can be related to the
§ 04k _ peak absorption cross-section by
>/ 2 & 10 Torr
& 4 a(vp)=mrofig(vp), 2
0.2 | b
where
° ()= 2 ®
Vpy)— —F/—
FIG. 3. Transmission through the absorption cell for three different pres- 9tvp \/;A vp
sures of CO and excitation on tlg@,(2) line. The first 15 data points are
recorded with an evacuated cell. For the next 15 data points the cell is fillecnd
with 5 Torr of CO, after that with 10 Torr of CO, etc. The vertical axis is
adjusted to a transmittance of unity for an evacuated cell. Os A2 AD, U,,SJ N
fis N (4

"0 87ir,c 2N'+1

from the ones listed here, because James considered batiis the classical electron radiug(v,) the value of the
A-doublet components separately. The agreement betweemrmalized Doppler profile with Doppler width vy (in
calculated and experimentally determined values for the Einem™') at the peak position of the transition afig the oscil-
stein coefficients once more validates the model as proposegtor strength of the transition. The oscillator strength con-
by James. tains the degeneracy of the final:§ and initial (g;) state

The EinsteirA coefficient for the 0—0 transition o) is  (g¢/g;=2 because of the\-doubling in the excited stake
obtained from direct absorption measurements. Figure e wavelength of thea— X transition \, the normalized
shows the results of the absorption measurements on theonl—London factorS; y»/(2N”+1) and the Einsteid co-
Q2(2) transition. The transmitted light through the absorp-efficient for the given vibrational transition. The calculated
tion cell is measured for pressures of 0, 5, and 10 Torr oHonl-London factors'®as well as the resulting Einstein co-
CO. Each data point shows the transmitted light intensityefficient for the transitions probed in the experiment are also
i.e., the intensity of the fluorescence signal in the moleculafound in Table Il. From these data an averaged Einstein co-
beam, for the indicated pressure, averaged over 60 lasefficient of Ay,=97+3s ' is derived for the a(v’
shots. The vertical axis is adjusted to correspond to zere-0)«— X(v”=0) transition.
absorption at 0 Torr. The value of the EinsteirA coefficient of thea(v’

From these data the peak cross-section for absorption at0)— X(v”=0) transition in CO as obtained from the di-
the Q,(2) transition is obtained. The measured data pointsect absorption measurements differs from the value that we
are fitted to Beer's law: have obtained previously from cavity ring dow@RD) ab-

| = | opn(N"), 1 sorption experiment$ by a factor of 2.5. The explanation

o€ TP ' @ for this might be found in the fact that the CRD measure-

wherel is the intensity of the transmitted lighty the inten- ments are performed for the band-head of @gbranch,
sity of the incoming light pulseg(v,) the absorption cross- which is much weaker than the transitions to fhe=1 lad-
section on the top of the excitation line at center frequencyler. An additionalweak coupling of thea 3I1 state to states
vy, | is the length of the absorption cell am{N”) is the  other than theA I state will, therefore, have a relatively
number density of molecules in the rotational level in thelarge influence on the oscillator strength of transitions to
electronic ground state, labelled by the rotational quantuntevels in theQ)=2 ladder.

TABLE Il. For the excitation lines used in the experiment the rotational quantum number of the uppé, state

the peak absorption cross-sectiotw,), the Hal-London factor(H.L.), the Einstein coefficiend o obtained

from the peak absorption cross-section, the lifetime as determined from absorption and dispersion measure-
mentst,,s, and the lifetime determined from the two-point measuremejsare given.

Exc. line J a(v,)(107% cnd) H.L. Agp (sTH Tabs (MS) Tap (M9
R,(0) 1 0.994 3672020  3.4:0.4
R,(1) 2 4.2+0.6 0.482 9214 3.78£0.20
Q,(1) 1 4.8-0.5 0.497 10311 3.670.20 3.8:0.5
Q,(2) 2 4.39-0.16 0.481 97.135 3.79-0.20
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Combining the results of the dispersion and the absorpslower they movethe more photons will be emitted in that
tion measurements, the lifetime(J,(}’) of a certain rota- time period, leading to an increase in fluorescence signal.
tional level of thea °I1 state labelled by the quantum num- Under the assumption that the time that the molecules spend
bersJ andQ)’ is calculated vid: in the detection region is much smaller than the radiative

_ lifetime, this effect is proportional to &/for both PMTs and
I\ — 2 1 [}
(3, Q") =[5 1D ZyrAopr] ™, (5) cancels out if the ratio of both signals is considered.

Wherecf),’l(\]) represents the amount 6f=1 character for Care has to be taken of the mass-focusing effect, which
the specific level labelled by and '.%® Since ngy,l(J) causes a distribution of the CO molecules perpendicular to

strongly depends od and ', the lifetime of the excited the molecular beam axis that depends on the mass of the

: 3,19 :
state depends strongly on these parameters as well. Usiffg""€" ga§1. The mass focusing effect can be neglected,
this expression, the lifetime of the=1 level in theQ' =1 however, if a narrow, low divergence molecular beam is
ladder is determined to be 3.6D.20 ms. The lifetimer,,,  US€d for these experiments. _

of the a 311 levels of the different transitions used in the Finally, alignment and polarization effects could influ-

absorption experiment, calculated via this model, is indicate§"¢€ the determination of the radiative lifetime. The spatial
in Table II. orientation of the laser polarization vector causes the mol-

The combination of dispersion and direct absorptionecmes to radiate with a certain spatial anisotropy. It is as-

measurements provides a general tool to measure lifetimeg/Med that the spatial fluorescence profile does not change

even of very weak transitions. The absorption technique a¢'hen the carrier gas, and thereby the velocity of the meta-
applied here is generally applicable to obtain peak crossStable CO molecyle;, is changed. This is explicitly ver|f!ed
r the laser polarization vector both parallel and perpendicu-

sections of molecules with a well separated spectrum evePP ) - ’
with a broad-band light source. lar to the molecular beam axis, by measuring the ratio of the

The averaged lifetime of tha 3II state that follows fluorescence intensity emitted in vertical and horizontal di-
from our absorption and dispersion measurements, rection as a function of the velocity of the metastable CO

~11.0+0.6 ms[corresponding to an oscillator strength of Molecules.
(1.26+0.07)x 10 7], can directly be compared to a number A, Experiment
of values reported in literature beforé®’ It should be re-

membered that the value determined in the present experti.- For'the t'wczr;pobnlg\l}fetlrr:e E.easiurder?erl'.[s the twozdet%c-
ment is derived for single, low lying, rotational levels in the lon regions in the systeni-g. 1, detection areas < an

a 3,(v'=0) state, and is only afterward averaged over3 v_vhich are located 1 and 1.8 m downstream from the exci-
many rotational levels. tation region, respectivelyare useq. The_ molecules enter the
UHV system through a 1.2 mm diam diaphragm, located 0.5
m downstream from the nozzle opening. In combination with
lIl. TWO-POINT LIFETIME MEASUREMENTS the 0.8 mm diam skimmef4 cm downstream from the
An alternative way to determine the lifetime for long nozzle opening this diaphragm transmits a well collimated
lived species is to detect the fluorescence signal at two difmolecular beam with a low divergence to the UHV system.
ferent positions, separated by a distasd@s schematically The base pressure in the flight tube is below 3T orr dur-
indicated by the second and third detection region in Fig. 1 ing the measurements. THeaondispersedfluorescence of
The ratio of the fluorescence intensity recorded with PMTs athe laser prepared metastable CO molecules is detected by
either position can be measured as a function of the timetwo different PMTs. Both PMTs are looking perpendicularly
delayAt by varying the velocityw of the metastable species at the molecular beam in vertical directi¢ire., perpendicu-
in the beam. The ratio of the two integrated PMT-signalslar to the plane of the molecular beam and the excitation
I,/1, is related to the lifetimer of the laser prepared rota- laser beam

tional level in thea °II state via: The fluorescence signal of both PMTs is simultaneously
measured, summed over typically 1000-3000 laser shots to
l_zoce—At/r. (6)  9et reasonable photon statistics, and read out by a PC. The

Iy integrated intensities of the fluorescence signals are after-

caying fluorescence curve can be probed. The method religdirements have been performed for 20% CO seeded in He,

on the fact that only the ratio of the two signals is needed tdV€, Ar, Kr, and Xe using excitation on tt&,(0) andQx(1)
extract the lifetime. line. By varying the time-delay between the pulsed valve and

This might not be obvious at first sight. First, both PMTs the excitation laser for each carrier gas, the number of data
see a different solid angle and have a different detectiof@ints on the exponentially decaying curve could be in-
efficiency for photons. This effect is, however, constant forf:reased using the velocity distribution of molecules present
all the measurements and is just a prefactor which is indell the gas pulse.
pendent of the carrier gas. Second, upon changing the carri
gas, the velocity of the beam is changed and thereby th
residence time in the two detection regions is changed. The Figure 4 shows the data pointsircles with error bars
longer the molecules spend in the detection diea, the that are obtained for the different carrier gasses and time-

r . .
%. Results and discussion
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1.0 - 10°° Torr, collisional redistribution can be observed via a

* measured small reduction of the measured radiative lifetime.
fit: 3.4 ms

Alternatively, it might be that collisional redistribution
of metastable CO molecules within the molecular beam can
no longer be neglected over such a long flight time. The
relative velocity between molecules in the beam is very low,
which might lead to large collisional redistribution rates. To
decrease the possibility of collisions within the molecular
beam, the first detection region used in these experiments is
more than 3000 nozzle diameters downstream from the
nozzle opening, thereby reducing the density, and thus the
probability of collisions within the bear?. To check on the
absence of collisional relaxation via this mechanism the life-
0.0 o5 1o 15 20 25 time measurements are performed with different backing
At (ms) pressures behind the pulsed valve, thereby varying the num-
ber density of molecules in the beam. It is observed that for
FIG. 4. The radiative lifetime of thg=1—parity level in thea °II, state  all backing pressures up to 2 bar the measured lifetime is the
[populated via excitation on the,(0) transitior] is recorded with the two-  sgme within error bars. The radiative lifetime of the 1

point measurement technique. The horizontal axis shows the time del 3 B . .
between the two PMT-signals. In the vertical direction the ratio of the inte"i\P{eVeIS of thea °II, (v =0) state, is therefore, determined un-

grated fluorescence signaignal of second PMT divided by the signal of der truely collision-free conditions.
the first PMT) is plotted. The smooth curve shows the best fitting exponen-
tially decaying curve, corresponding to a radiative lifetime of 3.4 ms.

IV. CONCLUSIONS

09

0.8 [

L,/1, (AU)

0.6

0.5

Detection of thea— X fluorescence allowed for accu-
delays. Laser excitation on ti,(0) transition(populating rate, state-specific determination of the radiative lifetime for
the — parity level of theJ=1 A-doublet in thea 3I1, stat¢  the lowest rotational levels in th@ =1 component of the
is used to obtain these data points. The horizontal axis shows °I1 state via two different techniques. From direct absorp-
the time delayAt between the two PMT signals for each datation measurements the Einstein coefficient for #fe =0)
point. The error bar in this direction is determined by the—X(v=0) transition in CO is determined to be 93 s %
width of the fluorescence peaks at either position. This widtHn combination with the dispersed fluorescence spectrum, the
(10% of the mean arrival timeis limited by the velocity —absolute values of the Einstein coefficient of the ota@r
distribution of the metastable CO molecules in the beam and=0)— X(v") transitions are determined as well, yielding the
the solid angle that the PMTs register. The smooth curve i9ossibility to calculate the radiative lifetime of single ro-
the exponential fit, and corresponds to a lifetime of 3.4vibrational levels in thea %Il state. A value of 3.67
+0.4 ms. The last column of Table Il shows the lifetimg ~ =0.20 ms for thel=1 A-doublet in thea °IT;(v=0) state
of the upper level as obtained in the two-point lifetime mea-was found. The two-point lifetime measurement technique
surements both for excitation on ti(0) and theQ,(1)  gives a lifetime of 3.40.4ms for the lower and 3.8
absorption line. +0.5 ms for the upper component of this sarkaloublet.

The two-point lifetime measurement technique is a veryThe averaged value for the radiative lifetime of the 1
direct way to obtain the lifetime and is generally applicableA-doublet obtained from these experiments is thus deter-
for species that have radiative lifetimes between 480and  mined to be 3.640.17 ms.
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