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Collisions that produce a change in the total angular momentum and quenching processes involv-
ing the triplet z F' titanium excited level and noble gases have been studied by laser perturbation
and time-resolved spectroscopy. Titanium atoms are produced in a hollow-cathode discharge, and
the analysis of resonance and sensitized fluorescence light decays enable us to determine total-
angular-momentum-changing (J-changing) and quenching cross sections induced by collisions with
helium, neon, and argon atoms. The thermally averaged J-changing cross section (z F;~z F~) in
units of 10 '~ cm are g4 2

——1.7+0.5, 0.7+0.06, 3.1yl; p4 3——11g2, 1.4g0. 1, 11+1;o3 2
——7+2,

2.2+0.3, 14+2, respectively, for helium, neon, and argon colliding partners. As for alkali-
metal —noble-gas collisions, a pronounced minimum of the J-changing cross sections is obtained for
the titanium (z F )—neon collisions. Radiative destruction probabilities of the z FJ (j=4,3,2) ti-
tanium sublevels have been measured also, and good agreement with accepted values is found.

I. INTRODUCTION

These last few years, numerous studies have been per-
formed on elementary processes involving metal vapors
which are interesting from a fundamental point of view
and for applications in physics and chemical physics.
These studies have been developed essentially in two direc-
tions.

On the one hand, accurate values of excited-state radia-
tive hfetimes have been measured by time-resolved laser-
induced-fluorescence methods with emphasis on refracto-
ry metal species. Different sources of vapors are used:
atomic beams'2 or ion beams ' produced from cathodic
sputtering in rare-gas discharges or from electrically heat-
ed crucibles, s laser ablation of a metaHic target as pro-
posed by Measures et al for atomic. species, and by
Bondybey et al. for clusters.

On the other hand, many studies have been done on
thermal-energy charge-transfer processes and Penning
ionization reactions involving metal vapor and rare gases
[Cu-He, Cu-Ne, Zn-He, ' and Ti-Ar (Ref. 11)], which
are interesting for the understanding of metal-vapor laser
action.

Beside these works, quenching mechanisms and excita-
tion transfer processes involving metal atoms in excited
states and rare gases or molecules in the ground states
remain poorly studied at the present time. Indeed, though
experiments have ban done on metal atoms such as Cd, '

Hg, ' Zn, ' and Pb, ' to our knowledge, no data have
been published on refractory metal atoms, despite their

potential use for the diagnostics of metallic impurities in
gases or plasmas by laser-induced-fluorescence methods, '

for analysis of refractory metal species produced from
surfaces, either by laser ablation' or by ion-beam sputter-
ing, 's'9 and for understanding and modeling of new
metal-vapor laser media or reactors used for deposition of
refractory metal compounds.

On the contrary, these latter elementary processes have
been extensively studied both theoretically and exper-
imentally2 2 for alkali-metal atoms, with emphasis on
fine-structure-changing collisions and mixing, 3 on
highly excited states (Rydberg states), n-changing col-
lisions, and I-changing collisions, induced by
alkali-metal atoms in ground state, rare gases, and dia-
tomic molecules.

This lack of experimental data concerning these ele-
mentary processes for refractory metal atoms results cer-
tainly from the difficulty in producing these species in
sufficient amounts and in well-defined and reproducible
conditions.

In this paper, we present new experimental results deal-
ing with quenching mechanisms and fine-structure-
changing collisions involving the z FJ. [31 ( F)-
4s4p( P )] sublevels of titanium and the rare-gas atoms:
argon, neon, and helium. In this experiment titanium
atoms are produced by sputtering in a hollow-cathode
discharge and they are injected in a pressure-controlled
observation chamber. Then quenching mechanisms and
fine-structure-changing collisions are studied by selective
laser excitation and time-resolved spectroscopy. Reaction
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rates are deduced from fluorescence light relaxation
curves using a numerical "identification" method derived
from the method previously used for hdium.

II. EXPERIMENT

The experimental apparatus is schematically shown in
Fig. 1. The hollow cathode discharge, derived from the
device proposed by Ohebsian et a/. ," is composed of an
assembly of cylindrical Macor (Corning) insulators enclos-
ing a copper ring anode and a titanium hollow cathode (4
mm diameter). The gap between the electrodes is 28 mm.

The sputtered titanium atoms are ejected together with
the buffer-gas atoms (argon or neon) into the observation
chamber, leading to a green afterglow expanding jet. The
stainless-steel observation chamber (500 mm long, 150
mm diameter) is equipped with fused silica windows (80
mm diameter), allowing spectroscopic investigations along
two perpendicular axes at right angles to the expanding
jet. A constant gas flow is obtained by means of a 35-
m /h pump (Alcatel} and mass-flow-rate controllers
(Tylan). Satisfactory titanium sputtering conditions in the
hollow-cathode discharge are obtained for buffer-gas flow
rates (argon or neon) in the range 200 to 1000 cm min
(STP). The corresponding pressure values, measured by a
capacitance manometer (MKS Baratron 222), stand be-
tween 0.4 and 2 mb. For higher pressure values of argon
or neon, an auxiliary gas flow is directly injected into the
observation chamber and for the studies involving helium
atoms, a fixed flow rate of argon gas is injected into the
hollow cathode discharge to obtain sputtered titanium
atoms and helium gas is injected directly into the observa-
tion chamber.

Sputtering of the titanium cathode becomes efficient
for discharge current intensities higher than 15 mA. The

discharge voltage lies at about 350 V.
In all the experiments, high-purity-grade gases are used

(Air Liquide 99.9995%%uo) and the hollow cathode consists
of 99.9% pure polycrystalline titanium. Between each ex-
perirnent, the ~hole device is maintained down to a pres-
sure of 10 i mb by secondary pumping.

Laser perturbation studies have been achieved 15 cm
downstream from the cathode exit hole. In this region,
the light emission from the expanding jet is very weak and
the species inside the medium may be considered mainly
as rare gases (buffer plus auxiliary gas} and titanium
atoms, in ground and metastable states.

A nitrogen-laser-pumped tunable dye laser (spectral
width 0.4 A, pulse width 1 ns, energy per pulse 2 pJ,
repetition rate 20 Hz,' EG8rG, Princeton Applied
Research PAR 2100 Dyescan) is used to selectively popu-
late a fine-structure sublevel of the z Ii ' titanium state
from the a F ground state. The laser-induced fluores-
cence light emission, observed at right angles to both the
laser beam and the jet axis, is imaged by a fused silica lens

(f=200 mm) with a magnificatio of unity onto the en-

trance slit of a 100-cm grating spectrometer (THR 1000,
Jobin-Yvon, resolving power = 100000), equiped with a
RCA 7265 photomultiplier tube (rise time, 2 ns). Then
the time dependence of the output signal is analyzed by a
Boxcar averager (EG8cG PAR 4400, gated integrator
4422, gate width equal to 2 ns), synchronized with the
laser pulse and connected to a desktop computer.

Great care is taken to prevent saturation of the elec-
tronic devices by fluorescence light and stray laser light,
and the laser beam is collimated and attenuated by
neutral-density filters in order to reduce the interaction
volume and also to eliminate laser- and population-
induced phenomena such as superradiance or super-
fluorescence. Finally, each relaxation curve corresponds
to an average of about 5000 laser shots.
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III. MEASUREMENTS

Before the laser-perturbation studies, detailed spectro-
scopic investigations of the expanding jet have been un-

dertaken along the jet axis to determine the characteristic
parameters of the medium and the optimal working con-
ditions of the hollow-cathode discharge. In particular, no
traces of impurities have been spectroscopically detected.
We just present in the following the results of interest ob-
tained 15 cm downstream from the cathode exit hole,
where laser perturbation studies have been carried out.

A. Characteristics of the medium in the region
of laser-perturbation studies

SIGNAL BOXCAR
QVERAGER
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DESK
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FIG. 1. Schematic diagram of the experimental apparatus.

As previously quoted, the emission of light from this
region of the expanding jet is very weak and the species
inside the medium are mainly rare-gas and titanium
atoms, in ground and metastable states.

Population densities on the three a E& titanium
ground-state sublevels have been measured by classical ab-
sorption spectroscopy, using a titanium standard hollow-
cathode lamp (Oriel). The inferred radially averaged con-
centration values are shown in Figs. 2(a) and 2(b), respec-
tively, for argon and neon buffer gases, as functions of the



34 CHANGE IN TOTAL ANGULAR MOMENTUM %'ITHIN THE. . . 4795

E 3-

R

3=2: ~ 40mA v 37~
)-3 & 40mA
)=4. 40mA

OA 58 68 1' 0'.2
P A„(mbar)

1'.S

25 40 8Q
mA)

FIG. 3. Measured population densities on the three a F~ ti-

tanium ground-state sublevels in the region of laser-perturbation
studies, as functions of discharge current intensity Iq and for a
fixed argon pressure I'A, ——0.8 mb.
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FIG. 2. Measured population densities on the three a 'FJ ti-
tanium ground-state sublevels in the region of laser-perturbation
studies (15 cm downstream from the cathode exit hole), as func-
tions of buffer-gas pressure P in the observation chamber
Iq ——40 mA: (a) argon buffer gas, (b) neon buffer gas.

pressure P in the observation chamber (discharge current
intensity Id 40 mA). T——hese values are calculated '~2

taking into account the "apparent" diameter of the ex-
panding jet (about 2 cm in the region under study for
PA, 0.8 mb) and a di——ffusion-dominated profile has been
assumed for radial concentration distributions.

We observe that the maximum sputtering efficiency is
obtained for s pressure value in the observation chamber
of about 0.8 mb for argon gas and 1.3 mb for neon gas.
As shown in Fig. 3 for argon buffer gas (Pz, fixed), the
titanium concentration exhibits s nearly linear dependence
on discharge current intensity Id in the range under study,
in agreement with the theoretical predictions of Koch
et al. 3 for sputtering in hollow-cathode discharges.

According to the small energy gsps between the three
a FJ (j =2,3,4) titanium ground-state sublevels

(bE3.z ——170 cm ', &E&2 ——387 cm '), a Boltzmann
equilibrium may be assumed for the population distribu-
tion on these three sublevels, st a temperature close to the
atom kinetic temperature in the expanding jet. In all
cases under study (Ar and Ne buffer gases), the measured
values lie in the range 400+25 K.

Buffer rare-gas metastable-state population concentra-
tions in the same region have been also measured by ab-
sorption spectroscopy using argon snd neon standard
lamps. As expected, we observe that metastable buffer-
gas number densities have their maxima for low discharge
current intensities and are lower than 5 X 10 cm under
the experimental conditions of the laser-perturbation stud-
ies (I& & 25 mA). As an example, population concentra-
tions on the Po and Pz metastable states of argon are
shown in Fig. 4 as function of PA, for different discharge
current intensities Iz. Similar results are obtained for
neon.

B. Radiative destruction probabilities
of the z I'

~ (j =2,3,4) titanium sublevels

A simplified energy diagram of the titanium atom is
shown in Fig. 5. The experiment hss been performed with
argon buffer gas injected into the hollow-cathode
discharge. The dye laser is tuned successively on the
a Fz zF& (j =2,3,4) tr—ansitions and the decay of the
resonance fluorescence light intensity is analyzed assum-
ing a monoexponential relaxation law for the population
variations on the considered j sublevel:
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FIG. 4. Measured population densities on the 382 and 3PO ar-

gon metastable states in the region of laser-perturbation studies

as functions of argon pressure values I'A, for different discharge
current intensities Iq.
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In Eq. (I), I J is the relaxation coefficient of population
variations on the j sublevels depending on argon-gas pres-
sure Pz, . The I J coefficients are drawn in Fig. 6 as func-
tions of P~, for a fixed discharge current intensity
(I~ ——35 mA). Within the measurement accuracy, we ob-
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FIG. 6. Relaxation coefficient of population variation on the
z F, titanium sublevel as a function of the argon gas pressure
I'A, . {a) J=2, {b) J=3, {c)J=4; ~ denotes A~ radiativeproba-
bility of Ref. 44.

sr

serve a linear dependence on P~, of the I J coefficients:

I J
——AJ+B~I'A, . (2)

0

FIG. 5. Simplified energy diagram of the titanium levels in-
volved in the experiment.

In Eq. (2), A~ and BJ represent, respectively, the radia-
tive and the collisional destruction coefficients of the con-
sidered j sublevel. Though the monoexponential analysis
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TABLE I. Radiative destruction probabilities (s ) of the z FJ. (j =2,3,4) titanium sublevels.

z Fj z FJ z FJ

A~ (this work) (6.6+1.3)g 10' (4.8+1.2) )(106 (6+1.5)~ 10'

3& (%'iese et a/. Ref. 44) 8.19X10 +25% 5.65X10 +259o 5.19' 10 +25%

of the relaxation curves is a rough approximation (see Sec.
III C), extrapolation of the function I'J =f(Pa, ) to zero
argon pressure allows a good estimation of the radiative
coefficient A~. The inferred A, (j=2,3,4) values are
summarized in Table I and they are compared to the
values proposed by Wiese et al. A good agreement is
observed within the measurement accuracy.

Several experiments have been done at constant argon
pressure and for different discharge current intensities in
the range 18—80 mA. This leads for instance (Fig. 2) to
variations in the titanium number density of at least an
order of magnitude, however, as shown in Fig. 7 for the
z F'z sublevel, no significant variations of the relaxation
rate are observed as function of discharge current intensi-
ty.

These results indicate that the quenching processes of
the ziEJ sublevels are mainly due to collisions with
ground-state argon atoms. The other contributions (ti-
tamum atoms, argon atoms in metastable states, and
charged particles} are negligibly small, according to their
low concentrations in the region under study.

Moreover, these results prove that radiation trapping of
the fluorescence light emitted in the resonant transitions
does not affect significantly the measurements under our
experimental conditions.

The same remarks remain valid when neon buffer gas is
used.

0
e ~ I

500-i

pulses tuned on the a F4—z I 4 radiative transition
(521.04 nm}, we observe fluorescence light emission ori-
ginating from the z FJ (j=4,3,2) sublevels. The time
variation of the population density of the j=4 sublevel is

C. Change in total angular momentum
@within the fine structure

of the z 3E titanium level induced by
collisions with rare-gas atoms in ground state

The simplified diagram of the titanium levels involved
in this experiment is shown in Fig. 5.

When the z Fq sublevel is overpopulated by laser
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FIG. 7. Variation of the relaxation coefficient I 2 as a func-
tion of discharge current intensity. P~, ——1 mb.

%0. v

0

FIG. 8. Laser-induced time variations of fluorescence light
intensities originating from the three z Fj (j =4,3,2) titanium
sublevels when the z F4 sublevel is overpopulated by laser
pulses (521.0 nm). PA, ——0.6 mb, Id ——40 mA. Comparison be-
tween experimental relaxation curves [AN&(t)] (0, ~, V), and
"identified" curves ( ) [solutions of Eqs. (5)].
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the following coupled rate-equation system

d~g
dt

h—N4 34+ g (kA3+kA2+Q4)N

V

~~

I 3 +DNA gki4N + bN2 gkz4N

dhNi
dr

= —hN, A, + g(k)4+k)&+Q& }N
'

0
~A& b"' +ZN, g k4~,N. + aN, g k»N. , (3)

FIG. 9. J-changing kj" and quenching QI rate coefficients
obtained from the experimental results using the numerical iden-

tification method, as functions of the argon gas pressure PA, .
Within the measurement accuracy Q4" ——Qi' ——Q2' ——Q"'.

dbN2

dt
KN2 —Ai g(k»+ki4+Q2)N

+bN4 g k4zNN+ ENi g ki2NN .

studied by observation of the fluorescence light emitted in
the z F4—a Fs transition (515.22 nm), to avoid signal
perturbation by stray laser light. Population evolutions on
the j=3 and j=2 sublevels are analyzed by observation
of the sensitized fluorescence light emitted, respectively,
in the z F& aF& (519—.29-nm) and in the z F2—a F2
(517.37-nm) radiative transitions. An example of the
laser-induced time variations of the fluorescence light in-
tensities originating from the three sublevels under study,
is given in Fig. 8.

We observe that the relaxation curves shapes depend on
the gas pressure in the observation chamber, but at a fixed
pressure value, no dependence has been detected on the
discharge current intensity in all cases under study. This
indicates, as previously quoted, that contributions of ti-
tanium atoms, rare-gas metastable states, and charged
particles to the observed excitation transfer processes are
negligibly small according to their low concentration
values in the region under study. Therefore, we can as-
cribe the observed total-angular-momentum-changing
("J-changing" ) excitation transfer processes to collisions
with ground-state rare-gas atoms. Moreover, no fluores-
cence light emission has been detected originating from ti-
tanium levels other than the z3F' triplet state under
study.

Consequently, in the laser-free regime, the laser-induced
population variations ~, (j=4,3,2) may be described by

Ti(z F;}+a~Ti(z FJ)+a, (4)

and Qj' is the quenching rate coefficient of the j sublevel

by the a collision partner of population number density
N~. In all the following experiments, we assume a com-
plete mixing of the buffer gas and of the auxiliary gas
directly injected in the reaction chamber. Numerous ex-
periments have been achieved to improve this assumption.

1. J-changing
induced by collisions

uath argon atoms

For the lower pressure values and up to the optimal
conditions of titanium atoms production (PA, ——0.8 mb in
the observation chamber}, the argon gas flow is just inject-
ed through the hollow-cathode discharge device (Fl).
For measurements performed at higher pressure values, an
auxiliary argon gas flow is injected directly into the obser-
vation chamber (F2). Numerous tests have been carried

In Eq. (3), &J represents the total radiative destruction
probability of the j sublevel {the medium is assumed opti-
cally thin, see Sec. IIIB), k,z and kj; are the forward and
reverse rate coefficients of the reaction:

TABLE II. J-changing and quenching rate coefficients for the z Fj {j=2,3,4) titanium sublevels

induced by collisions with argon atoms {in 10 "cm s ').

kAr
43

QAr QAr QAr

6.7+0.7 1.9+0.8 8.3+1.8 2.8+0.4 2.8+0.4 2.8+0.4
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where b,E,& E——(z FJ) E—(z F;). In Eq. (6} T is the
atom kinetic temperature measured in Sec. IIIA (T
=400+25 K). Taking into account these assumptions,
the k;J' and Q;

' rate coefficients are calculated such as
the solutions of the rate-equation system (5) agree with
the measured relaxation curves.

An example of identification is given in Fig. 8, and the
inferred results for the k;J' and Q;

' rate coefficients are
shown in Fig. 9. The error bars are determined by vary-
ing the solutions of (5) within the experimental uncertain-
ties on the relaxation curves. As expected, no influence of
the discharge current intensity on the calculated va1ues is
observed. The mean values, obtained by linear regression,
are presented in Table II.

FIG. 10. J-changing k~~
' and quenching QP' rate coefficients

obtained from the experimental results using the numerical iden-
tification method, as functions of the neon gas pressure PN, .
Within the measurement accuracy Q4

' ——Qq
' =Qi

' ——Q"'.

out with El alone and with F 1 plus F2 to check the
reproducibility of the measurements in both cases. There-
fore the rate-equation system (3) may be simplified:

dhÃ~

2. J-changing induced by collisions with neon atoms

The experiment has been done in the same manner as
for argon gas. For a pressure PN, in the observation
chamber of lower than 1.3 mb, ncen gas is just injected
through the hollow-cathode discharge, and for higher
pressure values, an auxiliary neon gas fiow is injected
directly in the observation chamber. Under the same as-
sumptions as for argon gas, the k;J' and Q;

' values are
determined for each neon gas pressure using the numeri-
cal "identification" method. The k,j' and Q;

' rate coef-
ficients inferred by linear regression from the results of
Fig. 10, are summarized in Table III.

+ g bÃgkj, "X~,
J

(j+i)

i =4,3,2 and j =4,3,2. (5)

The dye laser is tuned to the a 3F4 z iF4 (521.04—-nm)
transition and fluorescence light emitted in the transitions
z 3E4 a F3 (515—.22 nm}, z F'i a3F3 (519.29—nm), and
z E'z aFz (517.37—nm) is analyzed for each argon pres-
sure value PA, . The discharge current intensity I~ is gen-
erally set to 40 mA, although measurements for I~ ——25
and 60 mA have been done, leading to the same results at
measurement accuracy.

A simplified version of the "identification" numerical
method developed previously ' is used to calculate the
k;1' and Q;

' rate coefficient values. The A; radiative
probabilities are those given in Table I and to reduce the
number of parameters, we assume that the k;~' and kj";'
rate coefficients are related by the balance equation

k,j '/k~; '= [(2J' + 1)/(2i +.1)]exp( &FJ /ks T), —

O'. J-changing induced by collisions with helium atoms

Helium gas injected into the hollow-cathode discharge
does not lead to efficient titanium sputtering, according to
the helium-titanium small mass ratio. Therefore, in this
experiment, argon buffer gas is injected into the hollow
cathode discharge up to a partial pressure Pz, ——0.8 mb
corresponding to optimal sputtering conditions (see Sec.
III A) and helium gas is injected directly in the observa-
tion chamber (partial pressure PH, ). PA, and PH, are
controlled by measuring the total pressure I' in the obser-
vation chamber and the argon and helium mass-flow
rates.

In this case, the rate equation system (3) reduces to:

a=Ar, HC

i =4,3,2;j =4,3,2 . (7)

TABLE III. J-changing and quenching rate coefficients for the z F~ {j =2,3,4) titanium sublevels

induced by collisions with neon atoms {in 10 "cm s

kNe
32

QNe

1.7+0.2 1.2+0.2 1.2+0.2 1.2+0.2
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FIG. 11. J-changing k;1
' and quenching Q;

' rate coefficients
obtained from the experimental results using the numerical iden-
tification method, as functions of the helium gas pressure I'8, .
Within the measurement accuracy Qq' ——Qi'=Q2'=Q '.

Then the k;J' and Q;
' rate coefficients are calculated

for each helium partial pressure PH, using the A;, k;1',
and Q;"' previously measured. They are presented in Fig.
11. The k;J' and Q;"' rate coefficients deduced by linear
regression from the results of Fig. 11 are summarized in
Table IV.

IV. DISCUSSION

A. Radiative coefficients

Measurements of the radiative coefficients AJ for the
z FJ (j =4,3,2) titanium sublevels have been reported in
Sec. III 8. The measured AJ are summarized in Table I
and they are found in good agreement with accepted
values.

Unfortunately, the measurement accuracy in our exper-
iment is insufficient to discuss the suggestion of Rudolph
et al. that the transition probabilities of Ref. 44 for ti-
tanium are altered by a factor of 0.9, while the relative
scale is fairly good.

Moreover, these measurements prove that radiation
trapping in the resonant transitions does not affect signifi-
cantly the fluorescence measurements under our experi-
mental conditions, allowing simplifications of the rate-
equation system describing the population relaxations that
follow the laser perturbation.

B. S-changing and quenching processes
induced by collisions with helium, neon, and argon atoms

Velocity-averaged cross sections cr;~ are deduced from
the k;J rate coefficients given in Tables II—IV:

where V =(8RT/nM)'~ is the thermal collision velocity,
R is the ideal-gas constant, M the reduced inass of collid-
ing partners, and T is the gas temperature measured in
Sec. IIIA. %e observe immediately that the quenching
cross sections for a given colhding partner have the same
value for the three sublevels at measurement accuracy and
that the noble-gas cross sections for J-changing within the
z F' titanium level exhibit a pronounced minimum at
neon.

Due to the lack of other published measurements or
theoretical calculations concerning the transition metals,
the measured cross-section values can only be discussed in
relation with the values obtained for other materials. For
comparison, we have reported in Table V cross sections
measured by different authors in alkali-metal atoms. We
observe particularly that cross-section values for P fine-
structure-changing processes in Rb and Cs induced by col-
lisions with helium atoms are found to be of the same or-
der or magnitude as our results, for similar values of the
reduced energy b,E/ksT. As in our case, a minimum
value of the J-changing cross sections is obtained for the
neon atom as a colliding partner.

We have also reported in Table V the 7 D and 8 D
fine-structure-mixing cross section in Rb induced by col-
lisions with He, Ne, and Ar, measured by Supronowicz
et al. ' Though the proposed values are about 2 orders of
magnitude larger than our results, according to the low
fine-structure splitting in the 7 D and 8' Rb levels, we
observe still a pronounced minimum of the cross section
values at neon.

For alkah-metal atoms, this behavior is ascribed to the
fact that the interaction takes place essentially between
the noble-gas atom and the alkali-metal valence electron,
which appears to behave as a nearly free particle. This
likeness between the titanium and alkali-metal J-changing
cross-section behaviors as functions of the noble-gas col-
liding partner suggests that the semiclassical theoretical
approach used for the description of J-changing processes
induced in alkali-metal atoms by collision with rare gases
may perhaps be extended to titanium —rare-gas collisions,
at least for the excited triplet state under study [3d ( F)-
4s 4p( P ')], though open inner shells complicate a priori
seriously the theoretical problem.

Finally, our results are compared in Table V with re-
cent cross-section measurements ' and calculations for
intramultiplet mixing in collisions of calcium (4s4P P)
with helium. It is difficult to correlate these results with
our measurements and we can just observe that a pro-
nounced minimum of the cross sections is theoretically

TABLE IV. J-changing and quenching rate coefficients for the z 'F, (j =2,3,4) titanium sublevels
induced by collisions with helium atoms (in 10 "cm s ').

kHe
32

QHe QHe

2.6+0.7 10.3+2 2.5+0.3 2.5+0.3 2.5+0.3
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TABLE V. Velocity-averaged cross sections for J-changing and quenching of the z FJ titanium sub-

levels for collisions with helium, neon„and argon atoms in ground state. Comparison with available

data.
0

Cross sections (A~)

Intramultiplet

transfers

Ti(z3I';-~z E, )

(this work) dLEg. /k g T He

4~2
4—+3

3~2
0.55

0.36

1.7%0.5
11+2
7+2

0.70+0.06
1.4+0. 1

2.2+0.3

3.1+1
11+1
14+2

Quenching

Ti z F; (this stork)

Cross sections (A~)

He

i =4,3,2 1.7+0.4 1.5+0.3 4.5+0.6

0
Cross sections (A2)

Intramultiplet

transfers (alkali metals) hE;~/kg T He

Rb 62P3g2~6~P)~2'

Cs 7 P3gg ~7 P~g2

Cs 7 P3yp~7 P
Rb 7 Ddt ~7 D3y2

Rb 82Dg]2~82D3~'

0.26

0.58

0.81

EE=1.51 cm

AE=1.01 cm

17.1+3.6
1122
12.8+2.6

580+90
580+90

5.6+1
0.16+0.03
0.047+0.01

400+60
320+60

13.2+2.6

0.10%0.02

0.075%0.02

690+ 100

940+190

O

Cross sections (A )

Intramultiplet

transfers (calcium)

Ca P;.~ Pj hE,) /kg T He Ar

2—+1

2—+0

1~0

0.35

0.53

0.12

31.9J4.2 d, 11.2'
5 5~16'0 8

2.0+5.0d, 2.5 '

'Reference 33.
bReference 23.
'Reference 31.
dReference 48 (measurements).
'Reference 49 (theoretical calculations).

found for M=2, 9 in agreement with our results but in
contradiction with the measurements of Ref. 48. It would
be interesting to compare our results with intrarnultiplet
mixing cross sections of calcium (4s4p P~) induced by
collision mth neon and argon gas.

V. CONCLUSION

Fine-structure-changing collisions and quenching in-
volving the triplet z F' titanium excited level and noble
gases (He, Ne, Ar) have been studied by laser perturbation
and time-resolved spectroscopy. Titanium atoms are pro-
duced in a home-designed hollow-cathode discharge al-

lowing reproducible measurements. Then, analysis of res-
onance and sensitized fiuorescence light intensity decays
enable us to determine fine-structure-changing cross sec-
tions within the z I' ' titanium level induced by collisions
with helium, neon, and argon atoms. As observed for
alkali-metal —noble-gas colhsions by different authors, we
obtain a pronounced mimmum of the J-changing cross-
section values for neon. These results suggest that
theoretical approaches developed for alkali-metal —noble-

gas collisions may be perhaps extended to
titanium —noble-gas collisions at least for J-changing col-
lisions within the z E' titanium level under study. Un-
fortunately, the lack of available data on transition ele-
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ments does not provide more detailed comparisons of our
results with experimental or theoretical works of others.
At the present time, experiments are undertaken in our
laboratory to extend our measurements particularly on
collisions of titanium triplet level atoms with diatomic
molecnles and J-ch8ngIng processes In qmntet titan un
levels induced by colhsions with rare gases. We hope that
these results would stimulate calculations and other mea-
surements on such processes.
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