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Investigation of Collisions
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Excitation of 4/ Levels
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Results of measurements of rate constants for transitions between
2P — 45, 2P — 4P, and 2P — 4D levels of lithinm are presented. The
investigations were performed in laser induced plasma. The results were com-
pared with calculations based on Born and close coupling approach.
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1. Introduction

Collisions of electrons with atoms have been investigated since more than
one hundred years. In spite of that only few experimental studies have been done
with the excited atoms (excluding the atoms in metastable levels). This is caused
by the huge technical problems. Therefore data for these kind of impacts are
available primarily from theoretical papers. These data are of great importance for
plasma physics, astrophysics, physics of the new light sources, etc. For alkali atoms,
besides the classical calculations [1, 2], the quantum approaches based on Born
approximation [3] and close coupling approximation [4] are known. Unfortunately,
results of these calculations differ significantly. It concerns especially the range of
very low electron energy which corresponds to a low temperature plasma.

The experiments were done mainly with Na(3P) sodium atoms [5, 6], how-
ever, majority of them concerns the superelastic scattering of electrons leading
to 3P—3S transition [7-17]. The investigations of e-Li(2P) superelastic collisions
were reported as well [18].
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In our recent paper [19] we presented the rate constants for e-Li(2P) col-
lisions leading to excitation of 35, 3P, and 3D levels. Here we show results of

measurement of the rate constants for electron impact induced transitions between
2P and 4! levels of lithium.

2. Experiment

Details of the experiment were shown in our previous papers [16, 17, 19],
therefore here only a brief description is presented. The measurements were per-
formed in a heat-pipe oven at a temperature of 400°C which contained a mixture of
lithium and sodium with 10 Torr of argon as a buffer gas. Concentration of sodium
vapor which served as the electron generator was about 10'® cm~3. Concentration
of lithium vapor was about three orders of magnitude lower.t

The experimental setup is presented in Fig. 1. The measurements were done
in plasma produced by light pulse from the LASERb589 tuned to the resonance tran-
sition (589 nm). Here the collisional process of the plasma production in sodium
was used [22]. It provides the electrons of the density about 10! cm~3 and the tem-
perature of several thousand kelvins. The energy of the pulse was about 2-3 mJ,
its FWHM time — about 7 ns and the spectral line width — about 0.01 nm. The
electrode placed in the cell served as the Langmuir plasma probe and was used to
determine the electron temperature and for evaluation of the electron density. The
probe current was analyzed by means of a digital oscilloscope. In order to reduce
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Fig. 1. The experimental setup.

tNumber densities given by Nesmeyanov [20] (6 X 10'® cm—2 for Na and 1.4 x 102 cm—2 for
Li at 400°C) concern the saturated vapors. Usually this condition is not fulfilled in heat pipes
where the concentrations even one order of magnitude lower were observed [21].
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uncertainties of the electron temperature caused by a high pressure of the buffer
gas (affecting the Langmuir plasma probe measurements) a specially developed
method of elaboration of the plasma probe data was applied [22].

The second dye laser (LASER671) tuned to the resonance transition in
lithium (671 nm) was used for production of the Li(2P) atoms. The energy of
the pulses from this laser was about 0.5 mJ, their FWHM time — about 7 ns. The
light beam producing the Li(2P) atoms was introduced into the cell collinearly
with the ionizing beam. The diameter of both laser beams in the cell was equal to
2a = 8 mm.

Both lasers were synchronized by a delay generator. The frequency of repeti-
tion of the light pulses was equal to 7 Hz. At each trigger pulse the process of mea-
surements was initiated by the shot of the dye LASERb589 producing the plasma.
Within several microseconds the temperature and the concentration of electrons
were well stabilized. Then with a delay of 6 ps the pulse from the LASER671
was generated. Due to collisions of the electrons with Li(2P) atoms the higher
lying levels (among them 4{) were populated. By measuring a fluorescence signal
at lines originating from these levels the rate constants for the electron impact
induced transitions 2P — 4l were determined. The respective wavelengths of the
observed fluorescence (497, 460, and 274 nm — see Fig. 2) were selected by means
of a monochromator and a set of color and interference filters. The photomulti-
plier connected to the digital oscilloscope controlled by means of a special software
served as the photon counting system [23].
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Fig. 2. Scheme of transitions observed in the experiment in case of lithium. In brackets

energies of the levels [eV] are given.
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3. Analysis of the experiment

The evolution of Li(4l) atoms distribution, Ny (r,1), is given by the differ-
ential equation

GW%Y’” = AuNa(r 1) + kap—at(TN (1) Nap(r, 1). (1)
The terms at the right side describe the spontaneous emission with the Einstein
coefficient, A4y, and the population of the 41 level due to electron impact excitation
from the 2P level. Here kop_4i(Te) denotes the collisional rate constant for the
respective transition at given electron temperature 7., Nc(r,t) — the electron
distribution and Nap(r,t) — distribution of Li(2P) atoms excited by the laser
pulse. We neglect the radiative and collisionally induced transitions populating
the 4l level from the states other than that one excited by the laser as well as
collisions depopulating the 41 level .t

Solution of Eq. (1) provides opportunity to describe the experimental signal:
number of the fluorescence photons registered by the detector on respective wave-
length. However, in order to find the N.(r,¢) function the analysis of the plasma
diffusion must be performed, while the determination of Naop(r,t) distribution
requires the analysis of the resonance radiation trapping.

We can assume that in the heat pipe the cylindrical geometry is fulfilled.
Therefore diffusion of the electrons is described by the following equation:

WD) py L9 2 v, 2)
where Da denotes the ambipolar diffusion coefficient which 1s related to the decay
time 7 of the main mode of plasma diffusion: Da = a?/7p? (p1 = 2.404 is the
root of the Bessel function of zero order and the first kind [24], a is the radius
of heat pipe). In our experiment value of the 7 parameter reached about 100 ps.
It was measured by registration of the ionic current with the plasma probe [25].
Since the process of the electron production takes place only within several tens
of nanosecond after the LASER589 shot [26] we assume that the electrons are
generated mainly in the region determined by the laser beam. The diffusion Eq. (2)
provides opportunity to find the Nc(r,t) function.

The Nop(r,t) function can be found by analysis of the resonance light dif-
fusion. Spectral line width of LASER671 (about 0.05 nm) is large enough to
overlap both fine-structure components of resonance line in lithium (670.791 and
670.776 nm). Therefore Li(2P) population should be described by sum of popu-
lation of each sublevel: Naop(r,t) = Napi/a(r,t) + Napsjo(r,t) and the integro-
-differential equation of the light diffusion [27]:

6N2PJ(7‘,t)

T = —AQPNQPJ(’I‘,t)—I—Azp/ NQPJ(T/,t)GJ(’I‘, ’I‘/)d?”l‘/ (3)
Vv

1 This assumption is based on analysis of respective rate constants which were evaluated using
the theoretically calculated cross-sections [4].
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must be solved for each fine-structure component (J = 1/2, 3/2). The integration is
done over whole volume of the cell, V. Here Asp denotes the rate of spontaneous
decay of Li(2P) atoms. Gy(r,+') is the probability that the resonance photon
emitted in any point 7/ is reabsorbed in the point of interest r:

Gyl 1!) = ﬁ /OOO A Py (ks () expl— | — #|Jes ()], (4)

where Pj(v) is a normalized shape of the emission line for a given fine-structure
component, while k(v) is the relevant absorption coefficient. Since under condi-
tions of our experiment the Doppler broadening dominates, both coefficients are
described by the Gaussian functions?

c (v—vy)? c?
Plvj)= ——exp |——5—
(vs) NZIZA% p[ vi  VEL
v — 1/])2 c?

kr(v)=k] oz e 5
7(v) 0 €XP [ V2 Voz] (5)
Here vy denotes the frequency of transition, ¢ is the light speed, Vi = % —
mean velocity of atoms at the gas temperature Tc, k¥ — the Botzmann constant

and M — the atomic mass. According to Holstein [27], for cylindrical geometry the
absorption coefficient k¢ at the center of the line can be found from the equation

= 6
Vrln(kfa) (6)

where 7{ denotes time of the radiation imprisonment. This time was measured
during the experiment.

The knowledge of Naop(r,t) and N(r,t) functions provides opportunity to
find the function Nai(7,t) describing concentrations of highly excited levels. Solving
Eq. (1) one obtains

t

Na(r,t) = kop—ai(Te) eXp(—A4lt)e(7‘)/ dt’ Ne(r,t)Nap(r,t') exp(Aart’). (7)

12
The integration starts at the moment {2 of the LASER671 pulse. The number of
fluorescence photons that were emitted by the Li(4/) atoms and were registered
per unit of time by the detector localized in R’ is equal to

d3r
m]\hl(rat)a (8)

where @4; denotes quantum efficiency of the optical system for the respective

nk(t) = @41A41—>n'l/AS/V

wavelength and A4 — the respective rate constant for spontaneous emission
of registered transition, AS — the surface of the detector. The integration is done

§The hyperfine splitting of lithium resonance lines are small enough for approximating the
absorption line profile by the Gaussian function with the width of about 5% larger than the
Doppler width of a single frequency line.
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over whole volume of the cell V. During the experiment the number of photons
was integrated over the time period 7" = 2 ps. Then number of the registered
counts 1s expressed by

24T 24T
N4l(’l‘ t)
NF:/ tht:@A_,nuAS/ dt/d?’i’
w=/ ny () = ParAgi—nn "IR R — 1]’

t24T (7‘)
= Py Asi—nv ASkap_ai(T. / dt/ ,7exp(—A4lt)
4ir|R

EE
t
X / dt’ Ne(r, ¢ )Nop(r,t') exp(Aat’). 9)
12
Replacing the triple integral in the above equation by symbol X one gets
Ni| = GarAsi_niv ASkap_ai(Te)X. (10)

Determination of the rate constant kop_4(7:) from Eq. (9) is difficult since the
parameters like the absolute values of concentration of the laser excited atoms
Nop(r,t) and electrons No(r,t) are hard to measure and they are usually affected
by a large experimental error. In order to avoid this difficulty we used a reference
signal. For this purpose the resonance fluorescence at the transition 671 nm was
applied. The reference signal was registered when the cell was irradiated by pulses
from the LASER589 only. In this case the resonance fluorescence from Li(2P)
atoms is excited due to collisions of Li(2S5) atoms with the electrons. For each
fine-structure sublevel evolution of concentration of the resonantly excited atoms
is described by the equation of the light diffusion with excitation [27]:

dNZI}’J (7‘, t)
dt

—|—A2p/ dST/NZI}J(r’,t)GgP(r, ). (11)
v

Number of photons registered per time unit at resonance line is equal to

= —Asp NI (7, 1) + kos—2p(Te)N Ne(r, 1)

r

( ) @RA AS/ mNﬁ:J(T,t)TJ(R/, 7‘) = @RAZPkZS—»ZP(Te)

r R !
<AS [ e N N (T (R ), (12)

where @R denotes the quantum efficiency of the optical system at the resonanceline.
Since the resonance radiation is strongly absorbed by the vapor we consider also
1ts transmission coefficient TJ( ,7) that is equal to

Ty(R  r) = /000 dvP(vy)exp[—|R — »lks(vy)], (13)

where R’ denotes the position of the light detector. We neglect the excitations due
to secondary collisions as well as the cascade transitions from higher excited lev-
els. Finally the total reference signal registered at both fine-structure components
integrated over the time 7" per one laser pulse is expressed by
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Ne(r)d3r

24T
N = prdopkos_. TeAS/ dt ] —=
RA2PK25 2P( ) ” . 47r|R’—r|2

x [N21331/2(7" t)T1/2(R/’ T) + NZIEDS/Z("" t)T3/2(R/’ T)] (14)
Replacing the double integral in the above equation by symbol Y| one gets

NE = drAspkap_os(Te)Y. (15)
Combining Eqs. (10) and (15) the ratio of the rate constant can be expressed by

kap—ai(Te) _ Nu®r _Asp X (16)
kas—op(Te) NE Py Agpy YV

Here except the atomic constants Asp and A4, [28] the other quantities,
le.. ®r, P41, Na, and NE were determined in the experiment. The X and Y
integrals were calculated numerically. Since both X and Y depend linearly on the
atomic and electronic concentration, one can avoid the doubtful determination of
these parameters. The cross-section oas_2p(FE) for electron impact excitation of
the resonance transition in lithium was measured by many authors [29-31]. This
cross-section can be used for calculation of the kas_.2p(Te) constant

kos—op(Te) = /000 UzsﬁzP(E)f(E,Te)ﬁdE, (17)

Me

where f(F,T.) denotes Maxwellian distribution of the electron energy E, m. —
electron mass.

4. Discussion and results

In our consideration we neglected the collisions mixing the population be-
tween Li(4!) levels. As is seen in Fig. 2 the energy gap between 4P, 4D, and 4F
level is smaller than kTc. Dubreil and Chaleard [32] showed that at the argon
pressure higher than 8 Torr, due to inelastic collisions of Li(4P), Li(4D), and
Li(4F) atoms with Ar atoms, the populations of these levels become completely
mixed within a nanosecond time scale. Population mixing by argon is also sup-
ported by the electron impact induced transitions between these levels. Using the
cross-sections by Schweinzer et al. [4] we found that for the electron temperatures
observed in our experiment (7. = 4000 <+ 10000 K) the rates for the population
exchange can be higher than 107* cm?® s7!, so at the electron concentrations of
10t ecm™3 the efficiency of the electronic mixing is comparable with the mixing
due to collisions with argon. Therefore 4P, D, F levels behave as a single level
which relax with the same rate. For this reason Eq. (1) should be modified as
follows:

ANBpr(rt)
dit
where NjngF = Nap 4+ Nap + Nap. The effective decay rate of the mixed levels

= Ao NSEpp(r ) + kS _ sppp(T)Ne(r, t)Nap(r, 1),  (18)
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Pr — gapAap + gapAsp + gar Asr )

4PDF = (19)
g4P + 94D + g4F

where g4; denote statistic weights of the respective levels. In this case the effective

rate of the 2P — 4P, D, I levels population due to the electron impact is defined

as follows:

kP appr(Te) = kap_ap(Te) + kap—ap(Te) + kap—ar(1L). (20)

The population of each 4P, 4D, and 4F level as well as their rates of spontaneous
decay follows from the statistical ratio:

_ BN

- 9B NeE 21a
gap + 94D + gaF srnE (21a)

Ny

and
qai
gap + 94D + gaF

Therefore in Eqgs. (7), (9), (10), and (16) the effective parameters expressed by the
formulae (20), (21) should be used. The population mixing is the reason that in

ASppr_ni = Agimnivr. (21b)

our experiment only the effective rate constant k5% _ ,ppp(7%) can be determined.

The results of measurement of this rate are shown in Fig. 3. The experimental
data represented by points are compared with calculations based on close coupling
approximations [4].7 Uncertainty of the electron temperature measurements is
about £10%. The error of the determination of the kap_appr(Te)/kos—ap(Te)
reaches 50%.
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Fig. 3. Effective rate constants for electron impact induced transition between 2P —
4P D, F levels. Cw lines represent the rates calculated using the cross-section by

Schweinzer et al. [4].

' These results cannot be compared with calculations by Krishnan and Stumpf [3] since they
do not provide the cross-section for 2P — 4P and 2P — 4F transitions.
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Fig. 4. Rate constants for 2P — 4.5 transition compared with theoretical calculations:

cw lines — close coupling approximation [4], dashed line — Born approximation [3].

The population mixing can be neglected in the case of the 45 level. Here
the energy gaps with respect to the neighbor levels (4P, 3D) are about one
order of magnitude larger than that between 4P, D, F levels (see Fig. 2) and
the rate constants for the population mixing due to collisions with the elec-
trons are about two orders of magnitude lower. Also collisions with argon do not
change the population of Li(4S5) level significantly [33]. Results of measurements
of kap_a5(Te)/kas—op(Te) ratio was shown in Fig. 4. At low electron tempera-
ture (5000 K) the experimental data agree better with the rates calculated with
the Born approximation [3] while at 9500 K our result corresponds to the close

coupling approach.
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