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Radiative lifetimes and collisional deactivation cross sections of thedbp states
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We have measured radiative lifetimes and collisional deactivation cross sections afgphe%cited states
of Ba atoms in He buffer gas. Barium atoms are produced by laser ablation of a solid Ba sample, whereby
populating the 85d 3D ; metastable states about 0.1-1% of the total population. Teée %%P°, 1°D°, and
L3Fe states, most of which are not accessible from the ground state by single-photon transition, are excited
from the metastable states by a laser, and radiative lifetimes as well as collisional deactivation cross sections
are determined from the decay rates of the laser-induced fluorescence. Radiative lifetimes of the
5d6p 3PS, °DY, and®F§ states do not depend dnindicating the validity oL.Scoupling scheme. Collisional
deactivation cross sections by He are in the range of 5—-2doAthe 5d6p °DJ, 'D$, and *F§ , states,
whereas those for thedBp 3PS, P9, 3F3, and'F states are less than 1.52 & the He pressure range of
60—400 Pa. Among &p manifolds, the B2 3P, state is populated by the collisional deactivation from the
laser-excited H6p 3DJ state, leading to the sensitized fluorescence fraif ®p,. Radiative lifetime and
collisional deactivation cross section of the’5P, state are also determined from the decay rates of the
sensitized fluorescencgS1050-29479)09403-3

PACS numbegps): 34.50-s, 33.50-j, 32.70.Cs

I. INTRODUCTION reached from the ground state because the transitions to these
states are electric dipole-forbidden. Thus, the use of meta-
Radiative lifetimes and collisional deactivation cross sec-table states instead of the ground state should be helpful to
tions of atomic excited states are fundamental quantities anigicrease the number of accessible states. For example, all the
correlated to atomic structures and interaction potentials?d6p states of Ba can be easily excited if the5@l °D,
Measurement of radiative lifetimes and branching ratios ignetastable states are produced since the excitation process is

very important, since it leads to the precise determination ossentially a single-electron transitiop6-6s (see Fig. 1
transition probabilities. Recently, we have used the laser-ablation technique to pro-

Study of the transition probabilities of Ba has a long his-duce atoms and molecules of neutral and ionic spd@és
tory [1]. Oscillator strengths and radiative lifetimes of prin- 28] for the study of collision and reaction dynamics of pro-
cipal series[2—4] and Rydberg serief5,6] have been re- duced atoms and molecules. Right after the ablation, laser-
ported. Although the transition probabilities of the induced plasma contains highly excited atoms and ions.

moderately excited statess@0 000 cm ) of Ba have been Eol)  6s7s 5d6p 542
extensively studied in discharge cellt-11], direct lifetime 28000 s, TR}
measurements of the excited states, which lack significant
oscillator strengths from the ground state, are limited to few ,g0004
cases. In order to measure the lifetimes of such excited
states, two methods have been employed so far. One is tc4o00+
excite atoms from metastable states produced by electror
bombardment or discharg#2,13, and the other is to popu-  22%0%7
late excited states collisionally from the states initially j
pumped by a lasdrl4]. For the collisional population trans- 12000
fer of Ba, collisions with rare gas atoms have been studied in
the past decade. Such studies are mainly focused on th¢%0%0 / /
states below §6p 1P [15-27, except the one on popula- J ﬁ
tion transfer among Rydberg staf{eX3]. o 64
One of the limitations to investigate atomic excited states
arises fror_‘n the fact tha}t there are relatively feyv gxcited FIG. 1. Relevant energy-level diagram of Ba below
states, which are accessible by smgle-phot.on excitation frorgo 000 cml. States from which fluorescence is observed are de-
the ground state. Even for moc-ier-ately excited states such %%ted with thick solid lines. Solid arrows represent optical excita-
the 5d6p states of Ba, the majority of the states cannot b&ion from the &5d 3D, metastable states and broken arrows from
the 652 3S, ground state. The dotted arrow represents collisional
population transfer process observed in this paper. For all fine struc-
*Present address: Institute of Advanced Energy, Kyoto Univeriures,J increases from a lower to a higher level. Wavelengths of the
sity, Uji, Kyoto 611-0011, Japan. excited transitions are shown in nm.
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ablation laser cesses, 60—400 Pa of He gassearch grade, 99.9999%
aser . . .
T introduced into the chamber through a variable leak valve.
Helium pressure is monitored by a capacitance manometer

K G-T (MKS Baratron 626A with an accuracy of 10 Pa. Laser

ablation is performed with a fundamental frequency output

menochro | J o of a Nd:YAG laser(Lumonics Mini-Q, 1.06 um, 8 ns pulse
PMT = / T duration, 10 Hg that irradiates the Ba sample with normal

L]
metal sample

incidence to the sample surface and produces laser-ablation
plasma containing vaporized atoms and ions. The output

Ry power of 20 mJ/pulse is moderately focused onto the sample
digital L lens with a 1-m focal length lens, which is placed at 0.5 m apart
oscilloscope PL : polarizer from the sample, leading to the energy density -efl
G-T : Glan-Thompson x 108 Wem™2, which produces typically 8 atoms per
erem pulse. The delay time between the ablation and LIF excita-

tion laser pulses is set to 50.s in vacuum condition and
FIG. 2. An experimental setup for the LIF study of laser-ablated500 ,,s when He buffer gas is introduced. Since the ablation
atoms. Second monochromator and photomultiplier {&MT) are plasma emission lasts only for 20—3@s in vacuum and for
used for simultaneous observation of LIF and sensitized fluoreszm_\golus in He buffer gas, the LIF detection is not influ-
cence. enced by the emission from plasma plume. The number of
atoms in the detection region decreases to about 1/50 of the
During the thermalization process in buffer gas, atoms argnitial value 500 us after the ablation. The output of a
populated in metastable states. This indicates the feasibilitijy|sed dye lasefLambda Physik FL3002, 15-ns pulse dura-
of applying a laser-ablation technique for the creation oftion) pumped by a XeCl excimer lasdt.ambda Physik
translationally thermalized metastable atoms. MSC103 is introduced into the vacuum chamber for the
One important advantage of producing atoms by laser abexcitation of &5d °D; metastable Ba atoms to thedGp
lation is that the temperature of atoms can be controlled byxcited states(see Fig. 1 Fractional population of the
changing the buffer-gas temperature, because translationgsd 3p ; metastable states is approximately 0.1-1% of the
temperature of ablated atoms is thermarized by collisiongotal population, which is estimated from the relative inten-
with buffer gas within several tens qis [26]. Thus the ity of LIF signals originated from the ground and metastable
collisional process can be studied in a wide range of temstates in He buffer gas together with the excitation laser in-
perature, in particular at low temperaturelO K [28]. We  tensities and the relevant oscillator strengths. Since the lack
note that the Ba §6d metastable states can also be popu-of buffer gas cooling process in vacuum condition leads to
lated by optical pumping through thes®p *P? state. Popu-  smaller population of the metastable state®.01% in the
lation transfer and pressure broadening among th&d6 detection region, shorter delay time is chosen for the mea-
metastable states have been studied by this mdtt®d22.  surement in vacuum to maintain sufficient signal-to-noise ra-
However, the temperature is limited to be higf00-1100 tio. Polarization of the excitation laser beam is fixed with a
K) because a heat pipe oven has been used to vaporize Bdan-Thompson prism and the output power is attenuated to
atoms. Even higher temperature would be required to vapor20-30 nJ per pulse by neutral-density filters in order to avoid
ize refractory metals using ovens. saturation of transitions, which would distort the time profile
In this paper, we report the measurement of radiative lifeof the LIF signal. A polarizer is set to the magic angle and
times and collisional deactivation cross sections of theplaced in front of the monochromator to compensate polar-
Ba 5d6p doubly excited states in He gas at room temperaization effect. The LIF signal is detected by a photomulti-
ture through laser-induced fluorescerité~), pumpedfrom  plier tube (Hamamatsu-Photonics R958rough a 0.25 m
the 6s5d metastable stateshich are produced by laser ab- monochromatofJASCO CT25. Time-resolved fluorescence
lation. In addition, we have found that thed®%®P, state, signals are amplified by a fast preamplifier and sent to a
which is not directly excited by a laser, is populated by col-digital oscilloscope(Tektronix TDS 520A with a 200 ps
lisional deactivation process from the laser-excitedtime resolution. The signals are averaged over 2000 shots
5d6p D state, and observed sensitized fluorescence frorand stored in a computer for further data processing. For the
5d? 3P, (see Fig. 1 This method also serves as a powerful observation of sensitized fluorescence, another set of optical
tool to study radiative and collisional decay of the states thatletection system with a monochromator, a photo-multiplier
cannot be reached from the ground state by single-phototube (Hamamatsu-Photonics R636)1@& fast preamplifier,
excitation[23]. and optics are used for the simultaneous observation of the
LIF signal from the state initially excited by the dye laser
and the sensitized fluorescence signal from collisionally

Il. EXPERIMENT populated states.

The experimental setup shown in Fig. 2 is similar to the
one used in our previous work on collisional depolarization
[27]. A solid Ba sample is placed 1 cm off the center of a
vacuum chamber whose background pressure is maintained In order to obtain the radiative lifetimes and collisional
at about X 10 ° Pa by two turbo molecular pumps in se- deactivation cross sections from LIF and sensitized fluores-
ries. During the measurement of collisional deactivation procence, we employ a set of rate equations based on a kinetic

Ill. DATA ANALYSIS
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because the radiative decay from the statecurs before the
collisional population transfer takes place from the same
state[23]. Collisional deactivation rate of the statecan be
defined as

U

2@)

reet=>" kM, 3)

i#u

which is the sum over the outgoing transfer rates.
The populatiorN; for the statd, populated by collisional
transfer from the laser-excited statgis described by

FIG. 3. Relevant energy levels described in Ed3—(5). Ni=k,iM N, — Firad+; kijM Nﬁf;i KiMN;, (4)
model. A simplified energy level diagram is shown in Fig. 3.
Atoms in the lower statéare excited by a pump laser to the
upper statelr with a pumping ratd)(t); then the upper state

is depopulated either radiatively to the lower states or colli

whereI'[?% is a radiative decay rate froim ki andk;; are
the collisional population transfer rate constants frioto |
and vice versa, anl; is the population of theth state. The
last term of Eq.(4), which describes the secondary collision

spnaél;:( to thtfl nearby_statets_Notetthat ‘(’jv.h?.t can be I?gter— Iprocesses, is also neglected for low buffer-gas density. Col-
mined from the experiment 1S not a radiative or ColliSIonal iqiq 4 geactivation rate of the statean be defined as
decay rate but rather the total decay rate of both processes.

Rate equations for the populations of the upper and the lower
statesN, andN, are given as Ff°”=; kijM. (5)
Ni=—=Q(t)(N;=Ny) +RI 2N~ T N, oY) Once the pumping functiofd(t) and all the decay rates
I''s are given, the time evolution of the LIfor the laser-
N+ Sk MN; excited stater) and _sensitized fluorescender the collision-
Ut e ally populated stat€) can be calculated from Eqél)—(5).
2) Now, we determine the pumping functidn(t) by fitting
scattered light of the dye laser to a combination of Gaussian
where FLad is the radiative decay rate af andk,; is the  functions, which represents the convolution of the temporal
collisional population transfer rate constant frarto i under ~ laser-pulse profile and an instrumental function. Then, we
buffer-gas densitp. The back-transfer rate constant from calculate the time evolution of the fluorescence signals,
to u is denoted a%;, and the population of thith state as Which is virtually the convolution of the pumping function
N;. In our experimental schemd, represents either the and exponential decay, and fit the time profiles of the LIF
ground state or one of thesbd metastable states, wheraas and the sensitized fluorescence with adjustable parameters
represents one of thedp excited states. In Eql), Rrep-  u(=T' 79+ T5") for u and (=T[4 +T7°") for i. After
resents a fraction of the effective repopulation due to thegoing through iteration loops of least-squares fitting, the de-
radiative decay of the upper state. In real®/does not af- population rated”, andI'; are determined. Note that each
fect the time profile of the LIF signal in the weak pumping state-to-state transfer rate constitcannot be determined
regime. For the 65d metastable state, the lower statde-  from the time profile of the fluorescence signal when there
populates with the rat€, due to radiative decay and colli- are more than one collisional decay channels. In other words,
sional deactivation. It has turned out, however, that theséime profile of the sensitized fluorescence is characterized
processes are very sloj22,29 in our experimental condi- only by the total depopulation ratdé, andI’; [14].
tion so thatl’, is ignored in the analysis. Depopulation pro-
cesses due to collisions with impurities are not taken into IV. RESULTS AND DISCUSSION
account in this analysis because collisions with He are con- ) ] ]
sidered to dominate the total depopulation processes. This is Representative time profiles of LIF from Bad6p ex-
based on the following consideration: the impurities areCIted_ states and fitted curves are depicted in Fig. 4. In our
mostly nitrogen molecules. Collisional cross sections withPrevious work on Ba-He systerf7], the °DY state has
N2 for the states of Ba studied in the present paper are ncﬁhOWn relatively fast collisional deactivation among the
available in literature. Cross sections of ‘Banetastable 5d6pJ=1 states, i.e.,'P?, °P?, and °D?. One of the
states with N are reported to be two orders of magnitude states collisionally populated fromd6p 3D is found to be
larger than those with HESO]. If this relation still holds for  the 5d2 ®P, state, from which sensitized fluorescence is ob-
the present system, ,Nmpurity of 0.0001% will result in served at 886 nm. In Fig. 5, we show examples of experi-
additional 0.01% of the cross sections with He. Note that thignental data and fitted curves for the sensitized fluorescence
number may be an overestimation since the effect of théogether with LIF from the laser-excitedi6p D state. The
impurities are usually smaller for Ba than for BaThe last  total depopulation rateE, andI’; are obtained by the pro-
term of EQ.(2) corresponds to the secondary collision pro-cedure described in Sec. lll. The fact that the decay profiles
cesses, which can be neglected for low buffer-gas densityaf LIF and sensitized fluorescence signals are well described

Nu=ﬂ<t)<N|—Nu>—(FLad+; kyiM
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FIG. 6. Total depopulation rates of thelGp 3F§ and 5% 3P,
states as a function of He pressure.
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time (nsec) time longer than 40Qus agree with reported values within

1% in our experimental condition. For the emission lines to

the metastable states, radiation trapping effect is even less

than those to the ground state, because number densities of

by a single decay rate indicates that our approximationthe metastable atoms are less than 1% of the density of the

which neglects secondary collision processes and radiatioWOlmd'State atoms. .

trapping effect, is valid. Lifetime measurements by time- Pressure erendenge O.f the total depopulation “”?tes of the
5d6p states is shown in Fig. 6. The slope and the intercept

resolved fluorescence inherently suffer from radiation trap i vertical axi 4 to the deactivai N tant
ping. The density of ablated atoms is difficult to estimateV!!l Vertical axis correspond 1o the deactivation rate constan

since it varies in time and space after the ablation. In order té‘.”d the radiative decay rate, respectlvely. Despite a large
check the effect of radiation trapping, we have carried ou ifference of the delay times between ablation and LIF lasers

lifetime measurements of thes6p 'PJ state excited from S%rrézerr;cigﬁsée?eirgs :gt\ézcil:]u\r/ggﬁfml—'g t;gfefevrvi%r?ii’ ;22 vrCi(tar?_
the 6s? 1S, ground stat€553 nm at different delay times, or Y 9

equivalently at different density of atoms. This transition "nethose obtained by extrapolating the data in He buffer-gas

is considered to qive the most serious radiation traopin efgondition. Since the detection region is about 1 cm from the
9 bpINg €l sample surface, the atoms excited with 50 and 30

fect due to short radiative lifetimé.37 ns[2]) and nearly . . S
" .. _delay times are estimated to have a mean diffusion speed of
closed transition cycle between the ground and the excite 1 : L

00 and 20 m's", respectively, along the direction of the

states. We have found that lifetimes measured after the delaé’urface normal if they come directly from the sample surface

to the region. These values are, however, comparable to and
I . well below 250 ms?, the thermal velocity of Ba at room

i temperature, and therefore Ba atoms are safely considered to
He 130 Pa have been thermalized at the region. Because of the long
lifetimes of the &5d3D; metastable states~(60 s) [29]
and efficient cooling by He buffer gas, a sufficient number of
metastable atoms are present even S9after the ablation.
On the other hand, 10Qs after the ablation in a vacuum,
metastable atoms are not found in the detection region due to
nearly collision-free expansion of ablated atoms after the
plasma plume disappers. Therefore, we set the delay time to
He 260 Pa 50 ws in a vacuum experiment, as mentioned in Sec. Il, to
maintain reasonable LIF signal-to-noise ratio. Good agree-
ment between radiative decay rates measured in a vacuum

FIG. 4. Experimental time profiles of the LIF signal and fitted
curves for the 86p 3F state with and without He gas.

LIF intensity (arb. units)

N and the decay rates determined from experiments in He
e L e buffer gas indicates that a relatively high translational tem-
3dép D, perature of Ba atoms in a vacuum experiment does not de-

grade the reliability of measured radiative decay rates. Figure
6 also shows pressure dependence of the total depopulation
rates of the collisionally populatedi5 3P, state. No cascade
FIG. 5. Experimental time profiles of the sensitized fluorescence€mission from the 82°P, state is observed in a vacuum.
signal from the 8§12 3P, state with He gas at 130 and 260 Pa. The The radiative decay rate is determined by extrapolating the
LIF signal from the laser-exciteddBp D¢ state is also shown. data of sensitized fluorescence versus He buffer-gas pressure.
Relative intensities are not to scale. Solid lines are fitted curves. ~ The radiative decay rates are easily converted into radia-

0 100 200 300 400 500
time (nsec)
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TABLE 1. Ba(l) radiative lifetimes and collisional deactivation cross sections with He at 295 K.

Radiative lifetime(ns) Deactivation
cross section (&)
Lifetime Emission
Ba state This papér measurement intensity This pager
5d6p 1P? 12.4+0.9 12.4-0.9 <1
5d6p PJ 12.1+0.5 <1
5d6p 3PS 12.0+0.7 11.740.9 <1
5d6p 3P 12.4+0.7 13:2° <1
5d6p D9 25.8+0.8 32+5f 16.9+1.0
5d6p °D 17.6+0.9 17.0-:0.8° 12.3+0.5
5d6p 3D 17.5+0.6 18+3f 5.4+0.4
5d6p 3Dg 17.3+0.6 10.2-1.5° 4.9£0.7
5d6p *F3 45.0+2.3 44.5-1.8 1.2+0.4
5d6p °F3 32.3:0.8 34+6" 1.3+0.5
5d6p °F3 30.8+1.2 30:5° 6.0-0.9
5d6p °F§ 27.9+0.7 10.0-0.9
5d? 3P, 207+ 27 18.4:1.1
8 stimated errors are two standard deviations.
bReferencd3].
‘Referencd13].
dReferencd12].
®Referencd9].
fReferencd8].

tive lifetimes. As for the collisional deactivation rates, they not on total angular momentuth This result indicates the
are converted to the velocity-averaged cross sections by usalidity of LS coupling for the ®6p states.

ing the relation The determined collisional deactivation cross sections
show more complicated dependencelanS, andJ. Very
reol small cross sections are obtained for tha6p P9, 3PS,
‘TCO”:U—_M’ 6 1Fg, and 3FY states while the 86p'D3, 3F3,, and

5d2 3P, states give cross sections of the order of 0 A
— ) .. — Inour pressure range of He buffer gas, where the secondary
wherev is the average Ba-He relative velocity given by  cqjjision is negligible, a deactivation cross section below
= V8kgT/mu with the Boltzmann constarks and the re- 1 A2 cannot be measured with reasonable accuracy. Natu-
duced mass of the Ba-He system given by Obtained ra- 41y collisional population transfer processes can be inter-

czilatvie lifetimes and dedapt'\fl‘:"t'&n (I:ro'l:e,r? sectllons n;)H_e ggsb reted by atom-atom potential curves and energy differences
95 K are summarized in Table . The values obtaine etween transferring states. Unfortunately, no potential

radiative lifetime measurementsianle effect[2,3,13 and .
A . curves are available for the Bagbp)-He system except for
delayed coincidence meth¢l2]) and those calculated from the lowest 516p3F‘2’ state[32], so that we cannot discuss the

;erfg\ll:oelgzzl?r? _'l_natglneszt%?ség?nngggr?u:?crgstgg‘g’ese% th tate-specific collisional processes. Thus we speculate the
our results of the lifetime measpuremeﬁt agree reasonabl ropensity of the population transfer by comparing the
9 resent result with previously reported results for Ba-rare gas

\cl)\g‘etlLZVIrtrr]]oz;ec\)/f?iSllysigfe(;rtiir\ﬂluesthgztgttega:rfgfclgﬁ::?tes systems. First, our experimental results suggest that intram-
’ Y, Itiplet mixing (fine-structure mixingy is small for the

reache_zd from the ground state by electric d|pole-aII0\_Ne d6p 3P states. This is in agreement with the general trend
transitions, have not been directly measured so far. Nigglt

: Ny i 3p0 3
and Huber have given lifetimes of these states by measuringaﬁﬁilfg:rgmﬁsgtuf;;;:iigr[nl'g'gga Ir:r;ﬁc?urpéng(rjinii? Ecith

the relative emission intensity of two lines that share com- 1mo 300 . i
mon lower state but have different upper states, one of whicRd6P “P1 and 5d6p °P; states give very small collisional
has a known lifetime while the other does 1i6t9]. These deactivation cross . sections. Thls implies that_ the
calculated lifetimes appear to be in good agreement with ouBa(5d6p)-He potential curves, which are asymptotically
results within estimated errors although their uncertaintycorrelated to'P$ and °PS, respectively, do not have effec-
range is large. The large uncertainty in their values is partljive crossings. This is different from the cases fe6f and
caused by the ambiguity of more than one possible commofis5d, where singlet-triplet mixing of §6p *P{—*P$ and
lower states, which sometimes give scattered results. Thes5d 'D,—3D; have been observdd6,22. A small deacti-
measured radiative lifetimes show strong dependence on ovation cross section fordBp 'F3 may suggest the absence
bital angular momenturh and spin multiplicity 5+ 1, but  of effective potential crossing with nearby levels. Second,
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upper two states ofd6p 3D$ give similar deactivation cross V. CONCLUSIONS

sections, which indicates nearly identical collisional pro-

cesses for the two states. Although we are not yet able to We have developed a technique to produce Ba atoms in
make a definitive statement only from the deactivation crosshe 6s5d °D; metastable states by laser ablation of a solid
sections, our preliminary result on the state-to-state crosBa sample in vacuum and He buffer gas at room tempera-
sections among &6p 3D§ suggests that fine-structure mix- ture, and measured radiative lifetimes and collisional deacti-
ing is dominated by intermultiplet mixingwith 5d6p 3F9) vation cross sections of thelbp states. Barium atoms in the
and mixing with different electron configuration ¢5°P;)  6s5d 3D, metastable states are excited to ti6p states by
[33]. The md6p 3Dj’ states seem to follow the general pro- a pulsed dye laser. Radiative lifetimes and collisional deac-
pensity rule that fine-structure mixing is relatively small. Fi- tivation cross sections with He gas are obtained for the upper
nally, large deactivation cross sections are obtained for thetates by analyzing the time profiles of LIF. Radiative life-
5d6p °F3 , and 'DJ states. Since the energy levels aroundtimes of the 56p 3PS, 3D, and 3F9 states do not show
5d6p 3F§ are congested, it is difficult to conclude whether clear J-dependence, suggesting the validity of LS coupling.
these large deactivation cross sections arise from finegollisional deactivation with He is relatively fast for the
structure mixing among®F§ or level crossing with other 5d6p DY, DY, °F3, states, whereas deactivation of the
multiplets and electronic configurations. Nevertheless, h.grBdeng, 1p9 3ES . and 'FY states is much slower in the

state density in the 22 000-24 000 ’C*_nregion is consid- o pressure range of 60—400 Pa. It is considered that colli-
ered to be the origin of the fast deactivation of those stateg; - fine-structure mixing is small for thed6p states
H H 30

atcctordlng t? the giﬂetfl Cp;?rglp:ensn)é r;lg' 'l:gr ﬂ?ﬁtﬁ F2 compared with intermultiplet mixing. When Ba atoms are
staté, coupiings wi €d "3 and wop Ty slales are oy cited to the H6p °D? state, we have observed sensitized
expected from the theoretical potential cury8a]. A rela- fluorescence from theds 3P, state, which is collisionall
tively small deactivation cross section of the@p 3F$ state 2 ' 'S cotlisionaly
suggests that these counlinas are not as strond as those of tt%%inulated from the laser-excited state. Radiative lifetime and
5dg69 3£9  and ID° stat(gs 9 9 collisional deactivation cross section are determined for the

Fgr tr?é‘l 512 3p zstate slow radiative decay is observed 5d? 3P, state from the pressure dependence of decay rates of

2 ) . .. . .
: : o the sensitized fluorescence. Radiative lifetime of tdé ¥

compared with the nearbyd®p states while collisional de- state is long compared with nearbyi@p states, while de;c-

cay appears as fast as that of the congestd@p5states 2 o=
around®F2. Unfortunately, we could not observe sensitizegivation cross section is comparable to those of the congested
X ' 5d6p states aroundF§.

fluorescence from the othed> states because the photomul-
tiplier tube used in the experiment does not have sensitivity
in the longer wavelength regiagp>900 nm).
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