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Abstract: A theoretical model of laser excited potassium vapour induced by nanosecond laser pulses tuned to the first
resonance, 4s-4p and 4p-nl transitions has been studied. All the important collisional ionization, photoionization, electron
collisions and radiative interactions are included in this mode. The numerical model studies the temporal variation of the
Electron Energy Distribution Function (EEDF); the dependence of the (EEDF) on potassium vapor density and laser energy;
the variation of atomic ion density; molecular ion and electron density. The applied computer simulation model is based on
the numerical solution of a set of rate equations that describe the rate of change of the ground and excited states population,
beside the atomic ion K* density; molecular ion K,* and electron density formed during the interaction. The calculations
showed that, the non-equilibrium shape of the electrons occurs due to the relaxation of fast electrons produced by super elastic
collision with residual excited potassium atoms. Also the results showed a competition between the processes reponsible for
producing K*. Finally, the model may be useful for interesting applications such as laser isotopes separation and alkali laser

systems.
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1 Introduction

Since the invention of lasers which have found their way
into nearly every technology, many scientific, military,
medical and commercial laser applications have been
developed. One of these fields is studying concerning laser
excitation and ionization of alkali-metal vapors, which has
been developed in the last decades and becomes the subject
of numerous studies nowadays. This phenomenon attracted
the attention of many researchers due to its importance in
different fields in the applied areas of science and
technology such as gas lasers, astrophysics, photochemistry
and controlled thermonuclear plasma [1-7]. A better
knowledge of collisional and ionization processes in
medium containing ground-state atoms, excited atoms and
ions was obtained through studying the phenomenon of laser
produced plasma[8]. When a gaseous medium is exposed to
light with wavelengths equal to resonant transitions in the
corresponding atoms, this led to the discovery of photo
resonant plasma. Fluorescence from levels lying near twice
the excitation energy can be observed. Such fluorescence
result from energy-pooling (EP) collisions. Electron Energy
distribution function has been exploited in many of plasma
sources because it plays an important role in the formation,
evolution and radiative properties, so it is considered
interested in the plasma physics, fusion and astrophysical

communities. In addition to that many applications used the
measurements of the (EEDF) such as studies of absolute
negative conductivity in photo plasma and light-to-electric
signal conversion [9, 10]. Theoretical modeling of alkali
metal vapor ionization under resonant optical excitation is a
promising field, so it has been studied recently years [11-
16]. It is obvious that there are a competition between the
ionization processes as single and two photoionization,
electron impact ionization, Associative ionization, Horn-
beck Molnar ionization, Penning and induced Penning
ionization. The aim of this work is to study the variation of
the Electron Energy Distribution Function (EEDF) in
potassium vapour excitation tuned to the first resonance, 4s-
4p with the conditions of (potassium vapour density, laser
energy, irradiation time) for the excitation processes as it is
important in ionization-guiding discharge experiments.

2 The Theoretical Model of Laser Excited
Potassium Vapour 4s—4p Transition

The theoretical model we shall develop is particularly
appropriate with low-lying resonance states, such as in the
alkali metals Na, K, RDb, etc. Here we consider the case of a
homogenous, single constituent, atomic vapor medium
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(potassium vapor) which is irradiated by pulsed laser level (4s), (4p) and nl, where n>4p .
radiation so that it is tuned to one of the electronic resonance

transition. de(;ls) = N(4p)(Ryy + A51) — N(45)Ry,
2.1 Processes considered + N(4p) f ne (e)kz, (€) de
Asarsitof vt of poss vpou i -89 [ @ @
1) Two-photon ionization of the 4p level + N(4p)N(n)kp; + %NZ (4p)kgp
K(4p) + 2hUsg76 > K* + €” — NN (48)km,
2) The Penning lonization — N(4s) f ne(e)kic(e)de
K(4p) + K(nl) > K(4s) + K* + e~ + > N2 (4p)o, v
3) The laser induced penning ionization + N+ n,(e)[ne.(e)ke (g)
K(4p) + K(4p) + hU,g, ¢ > K(4s) + Kt + e~ + kgp(€)] 1
4) Electron impact ionization dN (4p)
Kn)+e (e) > K" +e (g) +e (g) = 1‘\]llt(4s)R12 — N{Ap)(Ry, + A4y1)
5) Three-body recombination — N(4p) f ne(e)ky, (€)de + N(4s) j ne(e)ky, (e)de

Kt+e (g)+e (g) > K(nl) +e (g)
6) Radiative recombination
Kt +e (g) » K(nl) + hU

1 1
- §N2(4P)kA1 — NM@p)NM)kp, — ENZ(‘LP)%[VF

1
— 5 N?(4p)kgy = N(4p)age F?

Where P = Np) [ (@Ko (e)de
7) Associative ionization + N+ no (&) [ne (ko ()
2
K(4p) + K(4p) - K} + e~ + ko (€)] )
8) Hornbeck-Molnar ionization dN(m) _ Z (&) N(m)ko () — z 1,(8) Nk (&)
d e nm e mn
K(5D) + K(4s) » K3 + e . >h
K(75) + K(4s) » Ki + e~ = D AN = Y 1e(E) Nk )

n>m n

9) Super elastic collision (SEC 1
) Sup ( ) - Z N(4p) N()kp; + ENZ(‘}P)]‘EP

K(4p) + e (gg) > K(4s) +e7(e) wheree> g, n
10) Electron impact excitation - Z N(n) N(4s)kym; — Z N()oy F

Knl)+e () » K(n'l") + e (g) where € > g,

n>2

+ N+ ne(e) Z [ne(e)ken ()

+ kpp ()] 3)
While the rate of growth of the atomic ion and molecular ion

11) Absorption of resonant photon
K(4s) + hU7676 > K(4p)

12) Energy pooling collision is given by:
K(4p) + K(4p) - K(4s) + K (nl) AN (K*) _ Z - Z o KOOk

nl= 5p, 6s, 4d. dt PI e nc

2.3 Rate equation + N(@p)oPF? + Z Nyoll F

n>2
- - - 1
Our theoretical model is based on a set of rate equations n - N2(4p) ooy F

which are similar to those presented in our previous papers

[17]. The rate of change of the population density of the — N+ ne(f)Z[ne(E)km(S)
various levels plus for the atomic and molecular ions is —
given as follows. + kpp(€)] 4)

The rate of change of the population density of the ground
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AN(K3)
dt

1
= 5 N2y + ) N NSk ®)

Electron energy distribution function equation, which
includes all the collisional processes responsible for
electrons production in the plasma is given by:
dn,(¢)

dt
= Z ne(s) N(m)knm(g) - Z ne(g) N(n)kmn(g)

n>m

+Zm@MM%@+ZM%W®M

m<n

+ N(4p)a§§)F2 + Z N(n)a(l) F+= N2(4p)UP1vF

n>2

1
+ 7N2(4p)kA1 + Z N(m) N(4s)kyy,

A OPYRCI NG
+ kgp(8)] i (6)
The normalization conditions are

Ny =3¥,N(n) + N(K*) )

J- ne(e)et?ds = 1,J- ne(e)de
0 0

= N, (8)
Where ...

e N(4s), N(4P) and N(nl) are the population density of
levels 4s, 4P and nl respectively where nl is any excited
level > 4p (cm®).

e Ng+ represents the density of atomic ions (cm3). Nk,*
e Ngs represents the density of molecular ions (cm3).
e N is the density of free electrons (cm).

e No is the density of K atomic vapor (cm).

e n.(e) represents the density of free electrons with an
energy ¢ and e+Ae (cm®).

e Ry, isthe stimulated absorption rate coefficient from
4s to 4p level (se¢l).

e R,; isthe stimulated emission rate coefficient from 4p
to 4s level (sec™?).

e A, Einstein coefficient for spontaneous emission for
the transition n—m (sec™).

e k,, represents the electron collision rate coefficient for
transition from (4p—4s) as a function of electron
energy (g) (cm®.sec™).

e ky, represents the electron collision rate coefficient
for transition from (4s—4p) as a function of electron

energy () (cm3.sec).

. cfllc) represents the single photon ionization cross-
section (cm?) [18, 19].
og? represents the two photon ionization cross-section

(cm* J2 sec)= 2.9x107% cm?.sec [20].

e F photon flux (photon cm?sec™?).

e v represents the relative velocity of the free electrons

(cm sec™).

o ki represents electron impact ionization rate
coefficient for level 4s (cmq.sec?).

o k,. represents electron impact ionization rate

coefficient for level 4p (cmd.sec).

o k() represents electron impact ionization rate

coefficient for level n  (cmé.sec?) [21].

o k., represents the three body recombination rate

coefficient for n level (cmé.sec?) [21].

e k.. represents the electron collision rate coefficient
for transition from (n—m) as a function of electron
energy (g) (cm®.sec?)

o  k.n(€) represents the electron collision rate coefficient
for transition from (m—n) as a function of electron
energy () (cm®.sec).

e kpp represents the radiative recombination rate
coefficient (cm®.sec?)[21].

o kp; represents Penning ionization rate coefficient for
level n (cmd.sec?).

e Kkgp represents the energy pooling collisions rate
coefficient (cm®.sec?) [22].
o ky represents the association ionization rate

coefficient (cm®.sec?)= 1.27x107Y cm? [23].

o kym represents the Horn-beck Molnar ionization rate
coefficient (cm®.sec?) [24].

e o, represents Penning ionization cross section (cm?).

* 0y, represents induced Penning ionization cross section
(cm?) =1.2x10™* cm*.sec [20] .

Note that the factor 1/2 with kgp and kg, corrects for
possible double counting of each colliding pair of identical
particles [25].

3 Results and Discussion

Equations from (1) to (8) are solved numerically using the
Rung-Kutta fourth-order technique under the experimental
conditions of Amin et al [18]. In their experiment, they used
dye-laser beam, the laser energy varied from 0.1 mJ to 1mJ,
using potassium vapor density varying in a range from
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(3.57x10%° to 8.94x10% cm?) and pulse duration =6 ns. A
computer program is undertaken to obtain the following
relations:

1) Variation of electron energy distribution function with
time, laser energy, potassium vapor density.

2) Variation of electrons density (ne), atomic (K*) and
molecular ions (K3) density with potassium vapor
density.

3) Comparative study of the ionization processes
produced atomic and molecular ions.

3.1 Variation of electron energy distribution
function with time.

The time evolution of the electron energy distribution
function at different time intervals shown in figure (1).
These calculations enable us to study the time evolution of
the electrons seeding and growing processes. From this
figure we note that the spectral structure can be seen from
the noticeable increase of the height of the peaks (A, B, C,
D, E and F) lying at energies 0.08, 0.5, 0.7, 1.07, 1.49 eV
respectively. These peaks are attributed to some physical
processes which contribute to the population and
depopulation of the various excited states considered in this
analysis. The energy distribution of the electrons produced
in peak A which is centered at a mean energy & ~ 0.08 eV
created by Horn-beck Molnar ionization of 7s and 5d and
single photo ionization of 3d and 5s, which are described by
the following equations:

K(5d,7s) + K(4s) » K} + e~

K(3d,5s) + hv > Kt + e~
The peak B is attributed to electrons produced by laser
induced-penning ionization, two photo ionization and
Associative ionization of 4p, which are described by the
following equations:

K(4p) + K(4p) + hv » K(4s) + Kt + e~
K(4p) + 2hv > Kt + e~

K(4p) + K(4p) - K;f + e~
While the peak C corresponds to single photo ionization of
6p, which are described by the following equations:

K(6p) +hv > Kt +e”

The peak D corresponds to single photo ionization of 4p, 5d,
7s and 7p which are described by the following equations:

K(4p,5d,7s,7p) + hv > Kt + e~

While the peak E is attributed to electron impact ionization
of highly excited states (5p), which are described by the
following equations:

KGp)+e - Kt +2e”

We can say that, the others peaks are attributed to super

elastic collision which is described by the following
equations:

K(4p) + e~ (low energy) — K(4s) + e~ (high energy)

At this point, we can conclude that the ionization of K atom
based on laser saturation is mainly produced through single,
two photoionization, induced Penning ionization,
associative ionization and Hornbeck-Molnar ionization. The
energy pooling is responsible for the population of the
highly excited states and the successive super elastic
collisions are responsible for the heating of electrons
resulting on rapid ionization of the medium [22].
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Figure (1): The spectral structure of the electron energy
distribution function as a function of time in potassium
vapor excited with laser energy 0.1mJ and vapor density
3.5x10% cm3,

3.2 Variation of electron energy distribution
function with laser energy.
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Figure (2): Varaiation of the electron energy distribution
function with laser energy at 6 ns from the laser pulse and
potassium vapor density equal to 3.5x10%° cm.

The electron energy distribution function at different laser

© 2016 NSP
Natural Sciences Publishing Cor.



Int. J. New. Hor. Phys. 3, No. 2, 67-73 (2016) / http://www.naturalspublishing.com/Journals.asp

N SS e 71

power density is shown in figure (2). From this figure we
show that, electron energy distribution function increases as
the laser power increases. Approximately the same results
are obtained in peaks A, B, C, D, E, F, this result indicates
the dependence of the occurrence of some physical
processes on the laser power which in turn results in the
appearance of such peaks in EEDF.

3.3 Variation of electron energy distribution
function with potassium vapor density

The dependence of the electron energy distribution function
on the potassium vapor density at 6ns and laser energy = 0.1
mJ is indicated in figure (3). This figure enables us to study
the evolution of the electrons seeding and growing
processes. Also this figure confirmed the observed peaks (A,
B, C, D, E and F) shown in figure (1) which increased in
height as potassium vapor density increases. However the
interesting point from our point of view is that, the
collisional ionization and photo ionization are the dominant
processes during the plasma formation in laser excited
potassium vapor [26-29].
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Figure (3): Electron Energy Distribution Function after 6 ns
from the laser pulse at different potassium vapor densities
and laser energy 0.1mJ.

3.4 Variation of electrons density (ne), atomic
(K*) and molecular ions (K*2) density with
potassium vapor density

In addition, we have studied the variation of electrons
density (ne), atomic (K*) and molecular ions (K*;) density
with potassium vapor density at 10 ns and laser energy
equals to 0.1mJ as shown in figure (4). The rate of
production of molecular ions K*; is greater than the atomic
ions K*. This confirms that Horn-beck Molnar and
Associative ionization for producing the molecular ions are
more effective than single and two photo ionization,
Penning and induced Penning ionization for producing the
atomic ions.

— — - Electron density ng

—— Atomic ions K*
- Molecular ions K2+

0.0 2.0x10'° 4.0x10"° 6.0x10'° 8.0x10" 1.0x10'°

Vapor density (cm™)

Figure (4): Variation of electron density (ne), atomic and
molecular ions (K*, K*;) with potassium vapor density at
time 10 ns and laser energy = 0.1 mJ.

3.5 Comparative study of the ionization processes
producing atomic ions.

The rate of atomic ions density which is produced by
Penning ionization, induced Penning ionization, two
photoionization (of all 4p atoms) and single photo ionization
(of all excited states) at potassium vapor density = 3.5x10%°
cm and laser energy = 0.1 mJ is shown in figure (5). This
figure shows that the two photoionization is the most
effective process in the production of atomic ions up to 0.1
ns then the induced Penning ionization overcome. We note
that Penning, induced Penning ionization and two
photoionization are increasing with time. As shown in the
following equations.

K(4p) + K(4p) » K(4s) + K+
+ e~ (Penning ionization)

K(4p) + K(4p) + hv

> K(4s) +K*

+ e~ (induced Penning ionization)
K(4p) + 2hv —» K* + e~ (Two photoionization)

However, single photoionization remains constant until 0.02
ns then increased with time. This can be interpreted as in the
times less than 0.02 ns, the excited states not filled yet. Also
a comparison between the density of atomic ions which
produced by Penning ionization, induced Penning
ionization, single photoionization and two photoionization
with laser energy variation are shown in figures (6).

The figures clarified that the contribution of the induced
Penning ionization and two photoionization are greater than
the other two processes in atomic ions production. From the
two figures it is clear that the density of atomic ions (which
produced by each process) increases with the increase of
both potassium vapor density and laser energy. This result
reveals that, the major processes for plasma creation in
potassium vapor are the induced Penning ionization and two
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photoionization processes.
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Figure (5): Rate of atomic ions production by Penning,
induced Penning, single and two photoionization (at
potassium vapor density = 3.5x10° cm™ and laser energy =
0.1 mJ).
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Figure (6): comparison between atomic ions, which
produced by Penning, induced Penning, single and two
photoionization with laser energy variation (at 6 ns and
potassium vapor density=3.5x10%%cm3).

4 Conclusion

A computational study has been carried out on the influence
of collisional excitation and ionization processes on the
electron energy distribution function as well as the density
of atomic, molecular ions and electrons in pulsed laser
excited potassium vapour. The results showed a nonlinear
behavior of the energy spectra of the electrons created
during the interaction for different values of both the laser
intensity and the potassium vapour density. This non-
equilibrium shape results from super elastic collisions

between the generated free electrons resulting from
collisional ionization and photoionization with the formed
excited states. The calculations also showed a competition
exists between the collisional ionization (Penning ionization
and induced-Penning ionization) and photoionization
processes (single and two photoionization) in producing
atomic ions. From our model we could study the variation
of electrons density (ne), atomic (K*) and molecular ions
(K*2) density with potassium vapor density. The model may
be wuseful in a laser induced plasma or discharge
experiments.

References

[1] Adgostini, P., P. Bensoussan, and J. Boulassier, Three photon
excitation and ionization of potassium vapour. Optics
communications, 1972. 5(4): p. 293-297.

[2] Allegrini, M., et al., Observation of fluorescence from high-
lying states of potassium in a sodium-potassium mixture
upon resonant laser excitation. Optics Communications,
1981. 36(6): p. 449-452.

[3] Allegrini, M., et al., Rosonant laser excitation of potassium
vapour: Experimental investigation of energy-pooling
collisions and plasma production .1l Nuovo Cimento D,
1982. 1(1): p. 49-69.

[4] Xiong, W. and S. Chin, Tunnel ionization of potassium and
xenon atoms in a high-intensity CO2 laser radiation field.
Sov. Phys. JETP, 1991. 72: p. 268-271.

[5] Jia, S., Y. Wang, and L. Qin, 599. 2 nm diffuse band
radiation generated by two-photon exciting molecular and
atomic potassium. Chinese Journal of Lasers, 1993. 1(6): p.
527.

[6] Labazan, I. and S. MiloSevi¢, Lithium vapour excitation at
25— 3D two-photon resonance. The European Physical
Journal D, 2000. 8 :(1)p. 41-47.

[7]1 Yar, A, etal., Two-step laser excitation and ionization from
the 7p 2P3/2 state of potassium. Laser Physics, 2015. 25(2):
p. 025702.

[8] Le Gouét, J., et al., Direct Observation of Hot-Electron
Spectra from Laser-Excited Sodium Vapor. Physical Review
Letters, 1982. 48(9): p. 600.

[9] Gorbunov, N., et al., lonization kinetics of optically excited
lithium vapour under conditions of negative electron
mobility. Journal of Physics D: Applied Physics, 2001. 34(9):
p. 1379.

[10] Stwalley, W.C. and J.T. Bahns, Atomic, molecular, and
photonic processes in laser-induced plasmas in alkali metal
vapors. Laser and Particle Beams, 1993. 11(01): p. 185-204.

[11] Measures, R., Electron density and temperature elevation of
a potassium seeded plasma by laser resonance pumping.
Journal of Quantitative Spectroscopy and Radiative
Transfer, 1970. 10(2): p. 107-125.

[12] Measures, R.M.C., PG, Laser ionization based on resonance
saturation—a simple model description. Physical Review A,
1981. 23(2): p. 804.

© 2016 NSP
Natural Sciences Publishing Cor.



Int. J. New. Hor. Phys. 3, No. 2, 67-73 (2016) / http://www.naturalspublishing.com/Journals.asp

N SS e 73

[13] Morgan, W.L., Non-Maxwellian electrons in a laser
produced sodium plasma. Applied Physics Letters, 1983.
42(9): p. 790-791.

[14] Huennekens, J., Z. Wu, and T. Walker, lonization, excitation
of high-lying atomic states, and molecular fluorescence in Cs
vapor excited at A= 455.7 and 459.4 nm. Physical Review A,
1985. 31(1): p. 196.

[15] Mahmoud, M. and Y. Gamal, Modelling of collisional
ionization in laser excited sodium atoms. Journal of the
Physical Society of Japan, 1995. 64(12): p. 4653-4659.

[16] Mahmoud, M.A., Kinetics of Rb 2+ and Rb+ formation in
laser-excited rubidium vapor. Central European Journal of
Physics, 2008. 6(3): p. 530-538.

[17] Mahmoud, M.A. and K.A. Hamam, Studies of Electron
Energy Distribution Function (EEDF) in Lithium Vapor
Excitation at2 S— 3D Two-Photon Resonance. Optics and
Photonics Journal, 2014. 4(08): p. 195.

[18] Amin, N., et al., Measurements of photoionization cross
sections from the 4p, 5d and 7s excited states of potassium.
Journal of Quantitative Spectroscopy and Radiative
Transfer, 2008. 109(5): p. 863-872.

[19] Aymar, M., E. Luc-Koenig, and F.C. Farnoux, Theoretical
investigation on photoionization from Rydberg states of
lithium, sodium and potassium. Journal of Physics B: Atomic
and Molecular Physics, 1976. 9(8): p. 1279.

[20] Measures, R.M. and P. Cardinal, Laser ionization based on
resonance saturation—a simple model description. Physical
Review A, 1981. 23(2): p. 804.

[21] Drawin, H.-W., Collision and transport cross-sections,
1967, European Atomic Energy Community. Commissariat
a I'Energie Atomique, Fontenay-aux-Roses (France). Centre
d'Etudes Nucleaires.

[22] Namiotka, R., J. Huennekens, and M. Allegrini, Energy-
pooling collisions in potassium: 4 PJ+ 4 P J— 4 S+ml=5
P, 6 S, 4 D). Physical Review A, 1997. 56(1): p. 514.

[23] Allegrini, M., C. Gabbanini, and L. Moi, Energy-pooling
processes in laser-excited alkali vapors: an update on
experiments. Le Journal de Physique Colloques, 1985.
46(C1): p. C1-61-C1-73.

[24] Djerad, M., M. Cheret, and F. Gounand, Hornbeck-Molnar
ionisation in a K-Rb mixture. Journal of Physics B: Atomic
and Molecular Physics, 1987. 20(15): p. 3789.

[25] Bezuglov, N., A. Klucharev, and V. Sheverev, Associative
ionisation rate constants measured in cell and beam
experiments. Journal of Physics B: Atomic and Molecular
Physics, 1987. 20(11): p. 2497.

[26] Carré, B., et al., Laser-induced collisional ionisation of Na
vapour at the 3P1/2 and 3P3/2 resonances. Journal of
Physics B: Atomic and Molecular Physics, 1981. 14(22): p.
4271.

[27] Li, C.-y., et al. Two-photon resonant three-photon ionization
and atomic energy-pooling-induced ionization in potassium
vapor. in International Symposium on Industrial Lasers.
1999. International Society for Optics and Photonics.

[28] Mahmoud, M., Excitation and ionization of laser-pumped

potassium vapour. Indian Journal of Pure and Applied
Physics, 2004. 42: p. 429-464.

[29] Yar, A., R. Ali, and M.A. Baig, Measurement of the
photoionization cross section for the 6 p 2 P 3/2 state of
potassium using a time-of-flight mass spectrometer. Physical
Review A, 2013. 87(4): p. 045401.

© 2016 NSP
Natural Sciences Publishing Cor.


http://www.naturalspublishing.com/Journals.asp

