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The generation of plasma in cesium vapor excited by cw laser is investigated theoretically. We
have developed a computational model which quantitatively explains the laser power dependences
of electron energy distribution function (EEDF) and the level population densities which were
created during the interaction. The energy spectra of the electrons emerging from the interaction
show that the mechanisms by which electrons gain energy through the resonant system can
significantly increase the density of the resonant plasma. The nonlinear behaviour of the ion current
suggests that the plasma formation is initiated via collisional ionization and collisional excitation,
such as associative ionization, Penning ionization, or photoionization as well as energy pooling
collisions.The Cs—Cs atom collisions play important role in the formation of a highly Cs plasma
with the use of a relatively low power laser to excite a resonance transition. A comparison between
the behaviour of the calculated ion current as a function of a laser power is proved to be a reasonable
agreement with that measured by Pappas et al. (Appl. Spectrosc. 54, 2000, p. 1245). The results
may be useful in designing and developing cw metal vapor lasers.
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1. Introduction

There is a long history of studies concerning laser excitation and ionization of alkali-
-metal vapors [ 1, 2]. The absorption of laser photons in alkali-metal vapors is possible
by tuning the laser frequency to the resonant transition, quasiresonant transitions, and
two-photon resonant transitions. That interesting effect was further investigated by
Tam and HAPPER [3, 4] in Cs vapor with extension of the technique to the cw laser
quasiresonant excitation 6P — 8D at 601 nm. The laser-induced fluorescence from
a dense Cs vapor showed recombination continuum and plasma-broadband atomic
lines [3].

In 1976 ALLEGRINI et al. [5] reported that, when atomic vapors are resonantly
excited by laser radiation, it is often possible to observe fluorescence from levels
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lying near twice the excitation energy [5]. Such fluorescence can result from
“energy-pooling” (EP) collisions in which two excited atoms collide and “pool” their
energy so that one atom ends in the ground state and the other in a more highly excited
state. Since energy deficits or surpluses must be taken up by kinetic energy of colliding
atoms, it is clear that the strongest EP collision processes will be those where the final
energy state lies near twice the excitation energy. Energy pooling collisions have been
studied extensively in alkali homonuclear [6—9] and heteronuclear systems [10, 11],
as well as in other metal vapors over the last 20 years. Measurements of EP cross
sections at thermal energies provide important test of theoretical molecular potential
curves at large internuclear distances. However, energy pooling collisions in cesium
are of current interest because such collisions could be an important loss mechanism
in ultracold laser traps [12, 13], in which the atomic density is very high (10'! to
10'* cm™). Recently, many experimental investigations on energy pooling processes
in cesium vapors have been published [14—18]. The main purpose of these
investigations is to present quantitative results for the rate coefficients and cross
sections for the cesium energy-pooling process. The theoretical evaluation of laser
ionization by resonant light was made by Measures and co-workers [19, 20]. In their
model, called LIBORS (light ionization based on resonance saturation), the laser
rapidly saturates the resonant level. Once the large pool of atoms in resonant state is
created, seed electrons are generated by multiphoton ionization from the resonant level,
by associative ionization, by laser-induced Penning ionization, and by other ionization
processes. Free electrons rapidly gain energy through superelastic collisions with
excited atoms, so that electron impact ionization from the resonant level and
collisionally populated upper levels contribute to the rate of ionization together with
the single-photon ionization from those upper levels. Almost complete ionization of
the excited atoms occurs when a critical electron density is achieved.

Due to the importance of the energy pooling collisions in the laser interaction
with cesium atom, we developed a numerical model [21, 22] by adding this process
to the ionization scheme to study the kinetics of the resonant laser plasma
produced when cesium vapor is excited by cw laser under the experimental conditions
of PApPAS et al. [23]. The formulation of the model, is described in the following
section, which incorporates associative ionization, Penning ionization, electron impact
excitation and ionization, photoionization, excited atom-excited atom collisions,
and radiative recombination, as well as three body recombinations. The energy-level
diagram of cesium atom involved in the model is shown in Fig. 1.

2. Theoretical formulation of the model
2.1. The rate equations

A set of differential equations for instantaneous population densities of different states,
electron density as a function of electron energy, together with the normalization
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Fig. 1. Energy level diagram of Cs atom

6 0.0eVv excited by cw laser.

conditions, are developed and solved iteratively. We will first describe the basic

equations.
The rate of change of instantaneous population density N(6s) of a particular state

6s is given by:

SO = N(6p)(Ry + Ay) = N(63)R 3 + [ (€)N(6p) Ky (€)de +
KEPI
~ [n(eIN(65)K ;3 (£)de+ N(6pIN(m)Kpy + N (6p) —3 +
(1)
+N? (Sd) jN(6s)n (£)K(€),,de ..
The rate of change of the resonance state 6p population is given by:
SHOD). — N(65)R,, - N(6p)(Ry, +yy) - [1,(£)N(6p) Ky (£)de +
+ jne(g)N(m)K12 L _ N(6p)N(n)Kp, +
(2)

_N%(6p ) ~ N(6p) o) F? J.N(6p)n (£)K, (£)de ...
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The rate of change of the population density of the high-lying n/ states is given by:

A~ S (ONIK, () = Y n(ONWK,,,(e) = 3 N1, +
—Zn (e)N(mK,, (&) - ZN(6p)N(n)KPI+N (6p)—EPL |
+N° (Sd) ZN(n)O'( 'F +
n>2
+ N(Cs+)ne(8)2[ne(8)[(m(g) + Kep(@) ] . 3)

Where 4,, represents the Einstein coefficient for spontaneous emission, R,; represents
the stimulated emission-rate coefficients for the resonance transition and is given by

Oy 1(V
Ry = ZIE—() (4)
21

(while o, is the cross section for the pumping of the 65—6p transition whose energy
is E,; and I(v) is the laser irradiance); K,,, is the rate coefficient for an electron
collision-induced transition from level n to m, K, represents the rate coefficient of
electron impact ionization for the 6s, K, represents the rate coefficient of electron
impact ionization for the 6p, K, represents the rate coefficient of electron impact
ionization for the n/ state, K| represents the rate coefficient for associative ionization
process, Kp; represents the rate coefficient for Penning ionization process, Kgp;
represents the rate coefficient for energy pooling of 6p—6p collisions, Kip, represents
the rate coefficient for energy pooling of 5d—5d collisions, o(!) represents the single-
-photon ionization cross section for level n, 0'526) represents the two-photon resonance
state cross section, K, represents the rate coefficient for three body recombination
into state n, Kpp represents the rate coefficient for radiative recombination into
state n, F represents laser photon flux density, N(n) represents the population density
of highly excited states, N(Cs") represents the atomic ion density, n,(€) represents
the electron density as a function of electron energy &.

The time dependence of the Boltzmann equation, which gives the actual energy
distribution function for the free electrons created due to these processes, is given by
dn (8)
— = Z n,(e&)N(n)K,,,(€) - z ”e(g)N(")Knm(f)+Z"e(€)N(”)Knc(5) +

n

m>n n>m

+ZN(6p)N(n)KPI+N2(6p) L+ N(6p)o)F? +

+ 3 Nmyol)F = NCsHn (e)Y [ne(g)Kcn(g) + KRD(.:")] e 5)

n>2
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The normalization conditions are:

Ny = 3 N(n) +N(Cs") ...

oo

[nae) =1 (6)
0

oo

I n,(e)de = N,
0

where N, is the number density of electrons and N, is the vapor density of Cs.
While the time evolution of the atomic and molecular ions is given by

d%ctsﬂ = Zn:N(6p)N(n)Kp1 +Zn:ne(£)N(n)Knc(,g) +N(6p)o'(220)F2 N
+ Z N(n)di,lc)F—N(Cs+)ne(8)2[ne(8)1<m(8) + KRD(g):I.“
n>2 - (7)
dN(CSE) 2 Ky
—g - V) —; ©

The factor 1/2 in associative ionization and energy pooling processes in the above
mentioned equations corrects for possible double counting of each colliding pair of
identical particles [24].

2.2. Cesium data

The main problem in developing a realistic computer model is the lack of reliable
experimental data on the rate coefficients for various collisional and radiative
processes. In the case of cesium, the problem is particularly severe. However, we have
used analytical formulas for electron collisional excitation and deexcitation discrete
states, as well as for the electron collisional ionization (see [21]). An estimate of
the Penning ionization rate coefficient for cesium atom cannot be found in the literature.
Thus, we have used Kp; from Ref. [26]. On the other hand, the values of the rate
coefficients for the associative ionization, Penning ionization and energy pooling
collisions are in Tab. 1. The photoionizatin cross sections o(n/, A) are indicated in
Tab. 2.

3. Results and discussion

A set of Egs. (1)—(8), which was mentioned previously, is solved numerically by
a fourth-order Runge—Kutta technique under the experimental conditions of
Papras et al. [23]. In their experiment, they examined a plasma formed by a relatively
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Table 1. Associative ionization, Penning ionization and energy pooling collisions rate coefficients
of cesium atom.

Process Rate coefficients [cm3sec’1] Reference
1) Associative ionization

Cs(6p) + Cs(6p) = Cs5(Z,,) +e (2£0.2)x10713 [25]
2) Penning ionization

Cs(6p) + Cs(nl) — Cs" + Cs(6s) + e =1x10710 [26]
3) Energy pooling collisions

Cs(6p31) + Cs(6p32) = Cs(Tpy 1) + Cs(651)) 5.59x107" [14]
Cs(6p3)2) + Cs(6p32) = Cs(Tp3)2) + Cs(651)) 1.81x107" [14]
Cs(6p3)2) + Cs(6p32) = Cs(6d3)5) + Cs(651)5) 1.43x10°"° [14]
Cs(6p3)2) + Cs(6p32) — Cs(6dls)5) + Cs(6s1)5) 1.89x10°"° [14]
Cs(6p3)2) + Cs(6p32) — Cs(4fs,) + Cs(65y7) 1.23x10° " [14]
Cs(6ps3),) + Cs(6p3) — Cs(4£7,,) + Cs(6sy2) 2.04x107! [14]
Cs(6p35) + Cs(6p3/2) — Cs(8sy),) + Cs(65,,5) 1.74x 107! [14]
Cs(6p1)2) + Cs(6py2) = Cs(Tpy ) + Cs(6s1)) 2.14x107" [14]
Cs(6p1)2) + Cs(6py2) = Cs(Tp3)2) + Cs(6s1)) 5.35%10°" [14]
Cs(6p1)2) + Cs(6p;2) = Cs(6dl3)5) + Cs(651)5) 5.54x1071° [14]
Cs(6p1)2) + Cs(6p;2) = Cs(6ds)5) + Cs(6s,)) 2.7x107"° [14]
Cs(6p),) + Cs(6py,) = Cs(4fs/) + Cs(6sy2) =~2.8x107"! [14]
Cs(6pp) + Cs(6py,) — Cs(4f7,) + Cs(6sy2) ~2.7x107"! [14]
Cs(6p1)2) + Cs(6p;2) = Cs(8sy5) + Cs(651)) 1.39x10°"? [14]
Cs(5d) + Cs(5d) — Cs(9d) + Cs(6s) 4.1x107"12 [18]
Cs(5d) + Cs(5d ) = Cs(11s) + Cs(6s) 1.6x10710 [18]
Cs(5d) + Cs(5d) — Cs(7f) + Cs(6s) 3.6x1071° [18]

Table 2. Photoionization cross sections of excited levels of cesium atom.

Level Wavelength [nm] Cross section [Mb] Reference
6p 496.5 18.6+1.5 [27]
7s 540.0 1.14+1 [28]
Tp 455.5 8.8 1.6 [29]

low irradiation continuous-wave (cw) laser. The Ti:sapphire laser was operated with
a power output of 75—150 mW and linewidth of 2 GHz (0.005 nm at 852.12 nm) is
tuned to the 852.11 nm (6s,, = 6ps,,) resonance transition of Cs. In addition to
the atomic number density of cesium =~ 10'2 cm™ at temperature 350 K.

3.1. The time evolution of the electron energy distribution function

In Figure 2 the calculated electron energy distribution function (EEDF) at a laser power
of 150 mW is shown at various time intervals, namely 1, 5, 10, 50 and 100 ns,
respectively. From this figure we notice that the spectral structure is observed with
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Fig. 2. Time development of the electron energy distribution function in cesium vapor excited with cw
laser at a laser power of 150 mW.

certain peaks (A, B, C, D and E) lying at energies 0.12, 1, 1.75, 2.25 and 3 eV,
respectively. Inspecting these curves, we attributed the peak labeled A to associative
ionization (Al) process, since in this reaction the relative kinetic energy of the electron
is typically much less than 0.1 eV (the difference of the binding energy of the molecular
ion Cs; and the ionization energy of the Cs(6p) state). The peaks B and C correspond
to the electrons produced by Penning ionization process or photoionization process,
in which for Penning ionization process, collisions of Cs(n/) and Cs(6p) atoms, with
respectively, nl = 7p, 6d, 4f, 8s, 9d, 11s and 7f Cs(6p) + Cs(nl) — Cs" + Cs(6s) +
+e(Eg, — Ep(nl)), where Ey(nl) is the binding energy of the electron in the n/ state.
The nl states are populated in the energy pooling collisions [14, 18], while the peaks
D and E are attributed to the superelastic collisions (1SEC and 2SEC) between the free
electrons produced by associative ionization and Penning ionization processes with
atoms in the Cs(6p) state, each of which boosts their by 1.45 eV: Cs(6p) + e(¢) —
— Cs(6s) +e(e+1.45¢eV).

The effect of energy pooling collisions on the electron energy distribution function
is indicated in Fig. 3. From this figure we note that the value of EEDF with energy
pooling collision process is higher than the value of EEDF without energy pooling
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collision. This behavior confirms the important role of the energy pooling collisions
in the populated, highly excited states n/ for the Penning ionization process. Moreover,
the EEDF at different time intervals (Figs.2 and 3) confirms the experimental
observations of DE ToMasI et al. [15] and PAppas et al. [23] who reported that the n!/
states might be populated by recombination or excitation transfer collisions involving
electrons produced by associative, Penning ionization, or photoionization processes.

3.2. The time evolution of the molecular ion Cs} and the atomic ion Cs*

The growth rate of Cs3 and Cs* as a function of time is illustrated in Fig. 4 at laser
power equal to 150 mW. From this figure we can see that the density of Cs; and Cs*
shows a fast increase during the period 1 ns up to 20 ns followed by a linear increase
up to 30 ns. Immediately after this time the density of the molecular ion and atomic
ion shows a slow increase during the late stages of the interaction. The explanation of
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Fig. 4. The time evolution of molecular
1.0E-02 . I T . n S +
0 50 100 150 200 ion Cs; and the atomic ion Cs™ at a laser

Time [ns] power equal to 150 mW.

the linear growth can be described as follows. During the early stages, the Cs; and
Cs™ are created at a high rate through the associative ionization and Penning ionization
processes, respectively. Beyond this time, the growth rate of the molecular ion and
the atomic ion becomes slower due to the competition between the generation of
the electrons through Penning ionization or photoionization, as well as collisional
ionization of ground and excited states and the losses of the ions by radiative
recombination and three recombination processes.

3.3. The dependence of the Cs} and the Cs" on the laser power

The molecular ion and the atomic ion densities as a function of laser power at different
times are shown in Figs. 5 and 6. From this figures we note that, as the laser power
increases, the Cs3 and Cs* densities increase and the curves show almost the same
behavior with descending values of the laser power for different periods of irradiation
time. Moreover, at high laser power greater than 100 mW we note a very fast increase
in the ions density at irradiation time equal to 100 ns. This behavior confirms that
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the main processes for producing the molecular ion and the atomic ion are the associative
ionization and Penning ionization, respectively.

3.4. The dependence of the highly excited states on the laser power

The calculated values of the population density of four selected highly excited states
(7p, 6d, 8s and 9d) are plotted as a function of laser power in Fig. 7. From this figure
we note that, as the laser power increases, the population density of states increases
and the curves show almost the same behavior with descending values of the laser
power. This may be due to the continuous population of these levels via energy pooling
collisions process between two up 6p cesium atom [15, 23, 30].

3.5. The time evolution of the highly excited states

The growth rate of the population density of the highly excited state 7p, 6d, 8s and 9d
of cesium atom as a function of time at laser power equal to 150 mW is illustrated in
Fig. 8. From this figure we can see that the growth rate of all excited states increases
sharply during the early stages of the interaction formation. This behavior indicates
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the important role of the energy pooling collisions process in populating these levels.
These four levels have been chosen deliberately because there are measured values for
their energy pooling collisions rate coefficients (Tab. 1). Moreover, the growth rate of
6d state exceeds that for the 7p, 8s and 9d states, as indicated in Fig. 8. This confirms
the rate coefficients value of the energy pooling collisions for these states observed
experimentally [14, 18]. To confirm these results, we compared our calculations of
the ion current with the ion current obtained expermintely by PAppas et al. [23].

3.6. Comparison between the ion current measured by Pappas et al. [23]
and the ion current calculated by the model

The ion current was calculated in order to determine the degree of ionization in
the plasma. Also, the ion current generated in the plasma was calculated as a function
of laser intensity in order to ascertain whether or not the plasma was generated by
multiphoton process.

According to CHERET et al. [31] and ManMouD [32], the basic formula of the ion
current of the atomic ion is given by

Ipy =eVKpy N(6s)N(n) )]
Iopo = eV(PIS)(Ahc)o (nl A) (10)
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while the ion current of the molecular ion is given by
Iy1 = VK N*(6p) (11)

In these expressions, Ipy, Ipyo and 1, represent the ion current for Penning ionization,
photoionization and associative ionization processes, respectively; e, ¢, h are the usual
notations for the elementary charge, the speed of light and the Planck constant; V is
the interaction volume which is equal to the overlapping volume of the laser beams;
P and S are the laser power and the beam section, respectively.

A log-scale plot of the ion current as a function of laser intensity is shown in
Fig. 9. The slope of the log—log plot experimentally is 1.004, while the slope in our
model is 1.241, indicating that the mechanism is due to a single photon excitation [23].
The behavior of the ion current curve showed a linear and a quadric dependence of
the ion current on the laser power. The linear part comes from the photoionization and
the quadratic part comes from Penning ionization processes. This can be explained by
the dominant mechanisms for producing the atomic ion current, which are the Penning
ionization or the photoionization processes [30]. In general, the calculated ion currents
for the plasma generated in laser excited cesium vapor have approximately the same
shape as those measured by Pappas ef al. [23].

4. Conclusions

At this point we can conclude that the EEDF at different time intervals confirms
the experimental observations of the formation of a highly ionized Cs plasma with
the use of arelatively low laser power to excite a resonance transition [23]. The irradiance
of the Ti:sapphire laser was on the order of 1.5 W/cm?, which is significantly lower
than the irradiance used in conventional laser-coupled plasmas (MW/cm?>~GW/cm?).
The major mechanism for the formation of this plasma is associative ionization and
Penning ionization, especially at the early stages of the interaction. The linear
dependence of the molecular density and the atomic density on the laser power
indicates that a one photon process is responsible for the plasma formation.
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The nonlinear dependence of the electron energy distribution function on the laser
power indicates that a collisional process, such as associative ionization, Penning
ionization, as well as energy pooling collisions (which play an important role in
populating the highly excited states), forms the plasma. The model presents
the preliminary results concerning the successful coupling of low-irradiance cw laser
light to a plasma via a resonance process.
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