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Abstract: We investigate the ion effect on the broadening of the spectral line profile by the free
electrons collisions with the emitters in plasmas. We only considered the weak collisions’ contribution.
This effect has a consequence on the trajectories of the free electrons through the electric microfield
created by the ions of the plasma. Thanks to the Meijer’s functions, the calculation of the electronic
Stark broadening is precisely established.
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1. Introduction

One source of the broadening of the line profiles in plasmas results from the collisions among
emitters (neutral atoms or ions) and the other particles of the plasma. The line shape analysis
relies on measurable macroscopic plasma parameters such as inventory of chemical species and
their temperatures and number densities. In this paper, the term collisions refer to the interactions
between the plasma constituents or particles (neutrals and charged particles). This means that
the broadening of the line profile is caused by the various types of interactions between emitting
atoms and perturbers (electrons or ions of the plasma). As is known, the Stark line broadening
results from the contributions of both the plasma electrons and ions through their interactions with
the emitter. Using an old theory, the ion contribution to Stark broadening was widely investigated
for lines emitted by hydrogen, hydrogen-like ions and helium neutrals [1-6]. The commolyn used
approximation in this investigation is the classical path approximation for electrons [1,3]. Other often
used approximations in plasma emission spectroscopy are the impact approximation for the treatment
of the emitter—electron interactions and the quasi-static approximation for that the emitter—ion
interactions [1]. These approximations are useful to establish the influence of these particles on the
emitted line profile in the plasmas. Following this description, the quasi-static approximation and the
impact approximation are separately treated to have the spectral line profiles. However, bhow would
the line profile be affected if we considered the colliding electron with the emitting atom as moving
under the influence of the ion electric microfield? This microfield prevents the free colliding electron
from following a straight trajectory. Another approximation we need in our paper is the semi-classical
dipolar electric one [7,8]. It is an acceptable approximation because it shows a good agreement
compared to numerous experiments [9,10]. In this work, we deal with helium plasma by considering
three approximations: impact approximation for the electrons, quasi-static approximation for the ions
and the electric dipolar approximation. The contribution of our investigation is the dependency of
the collision operator on the ion microfield. We notice here that Djurovi¢ et al [11] used the effects
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of the microfield distribution on collision operator. Thus, our work starts by giving the principal
theoretical elements of the spectral line profile in Section 2. Section 3 is devoted to give our theoretical
investigation to derive the collision operator. The conclusion is presented in Section 4.

2. Spectral Line Theory

The foundations of the spectral line shape theory can be found in the works of Baranger, Griem
and collaborators [1-7,12,13] as well as more recently in the work of Kogan, Lisitsa and collaborators [8].
Using the experimental results in [9,10,14], theoretical improvements, including the ions dynamics [5,15]
and the electron broadening [7,16,17], were accomplished. In the present paper, we focus on the theory
of the line broadening caused by the electron collisions in the impact regime. During the collision
between the free electron and the emitter, we consider the effect of the static ion electric microfield on
the electron trajectory. Thus, the spectral line profile is given by the following expression

I(w) = Re(1/7) / W(F)AF Y dyg
BB aa!

<< aplliw — iwyp + idF /i — ®(F)] o' p >> a7 1)
where F is the time-averaged intensity of the electric microfield created by the ions of the system. F
is considered obeying to the microfield distribution W(F) [18-20]. «, a’ are the upper states and 3, f’
are the lower states involved in the transition under consideration. ®(F) is the collision operator
depending on the ions electric microfield F, as shown in next section. In our work, we consider only
the broadening of the line profile caused by the collision of the free electrons with the atomic emitters.
For simplicity, natural line broadening as well as Doppler and ionic Stark broadenings are ignored
in this work. If the plasma is quasi-fully-ionized, the free electrons must be sensitive to the electric
microfield created by the ions. Their trajectories are not straight lines and are given approximatively by

7>(t):7+7t+§?t2 2)

such that F is the electric microfield created by the ions of the plasma (we neglect others sources of
force acting on the free electron), whereas m is the electron mass. p, V are are the initial conditions,
which are, respectively, the impact parameter and the velocity of the free electron. Below, we show
that the maximum value of p is the radius of the Debye sphere.

3. Electron Collision Operator

To have the broadening formula of the line profile by the electron collisions, we have considered
that the effect of the electric field resulting from the free electrons has no effect on the colliding electron
trajectory. This assumption is related to the fact that the electrons are very light and then moving with
high velocities giving a very fluctuating electric field. Thus, we have considered only the effect of the
electric field created by the ions on the collision between the colliding electron and an emitting atom.

Now, we write the expression that gives the broadening ¢, [2] corresponding to a state “a”
(the sub-states are «, “a” is the upper state of the studied transition from the lower state “b” with
sub-states p for example)

¢u = —Re (a| P, o) = —N/Vf(V)dV /27rpdp.Re<1x\(S —1)|a) 3)
where f (V) is the well known Maxwell probability density of the velocity
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where S is S-matrix and R is the position operator of the bounded electron of the helium atom and the
subscript (¢ is its standard component) and E (u) is the electric field created by the colliding electron
at time u on the emitting atom given by the following expression (expressed in CGS units)

e? u2
?(u) =—e s Vi 373 (6)
(p2 +V2u2 — %( o+ 7u)u2 + %u‘l)

Using Equation (6) and the substitution
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Equation (5) becomes
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When we carry out the average on the impact parameter p and the velocity V of the electron,
the last formula gives the effect of the colliding electrons on the broadening of the line profile emitted
by the plasma.

To make Equation (8) easy to use, we have the next expansion

explizyy (1 — x2)] = c08(240X1) €O8(ZgarX2) + SIN(Zgyr X7 ) SIN(Zyr X2 )
+i [Sin(zyrX1) COS(Z4rX2) — COS(Zynr X1 ) SIN(ZgarX2)] )

and we use the fact that the scattered electron is subjected to a force not very different from mV?/p,
which is itself equal to the electric force eF (m is the electron mass). Therefore, the real part of
Equation (8) (responsible to the broadening by the electron collision) is given by
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The last equation can be transformed to
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Using equation (3.771-2) from [21]
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we find that Equation (10), in Energy/Length? unit, can be written as
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Performing the average of Equation (14) over the impact parameter p and the velocity V by
using the Maxwell probability density, we get the diagonal matrix element of the collision operator as
the following

¢ = Y REVRE (9" +95" +95™) (18)

o,
where (by using Equations (3), (4) and (15)—(18))
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such that z,,,y iy are defined in Equation (6) for p taking the Debye length Ap = +/(kT/47tN,e?)

and the thermal de Broglie wavelength At = h/+/27tmkT, respectively. It is worth mentioning that
our approach holds when the ratio z;;,/zZmax = Ar/Ap << 1 such that the quantal effects are
negligible. Otherwise, we must consider the Thomas—-Fermi model for the emitter. In that case,
the colliding electron (the atom is the target), does not follow a straight trajectory as it moves in
the Thomas-Fermi potential created by the atom. In our investigation, we consider the condition
Zmin/ Zmax = Ar/Ap << 1. This means that the colliding electron perturbs the atomic emitter by
the electric field it creates, but the emitter does not modify the electron trajectory. The only possible
force acting on the electron comes from the remaining free electrons and the static ions composing
the plasma.

If we introduce the plasma frequency w), = v/47wNe?/m and the thermal velocity v; = v/2kT/m,
then z,y iy become

hwp\/ 27T Wyt )\T Wyn! Wyy! Wyy!
Zmin -0 .. =57 —_ = Ail Zmax -
kT v Ap © v v

where @,, and v are dimensionless frequency and velocity (in units of the plasma frequency w;, and
thermal velocity v;). Therefore, we find

(22)
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and Ei(1,z) is the exponential integral function [21]. By using the abbreviation Qi W = Aza;i W

Equation (24) becomes
P = A(Qi(O) — Qi(wyy)) (27)
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Similarly, we write the second contribution given by Equation (20) as
95" = 2A(Q(0) ~ Qa(wiy)) 28)
where Q; ; are defined as
Q12(X?) = X2 ./:o bt exp(—thz)PLz(%) (29)
and (F; is defined above in Equation (25)),
Fy(z) = exp(—22)(9 + 18z + 142> + 42°)

The third contribution (see Equation (21)) is
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and

F3(z) = exp(—22)(3 + 6z + 42> + z* + 22°)

The three contributions in Equations (27), (28) and (30) of the amplitude of the collision operator
are expressed in closed form, because the integrals in Equations (28) and (30) are computed exactly
using the Meijer functions G;' (see Appendix A). The obtained results are then exact and reported for

certain plasma conditions (temperatures and densities) in Figures 1-3. We see that 4)%"“/ depends on
the electric microfield F, which means a deep correlation exists between the electron broadening and
the ionic stark effect. In our application (subsequent figures), we only replace F by the Hotsmark field
Froits = 2.636Ng2/ 3. However, for best results, we can keep the dependency of the collision operator on
the electric microfield F and average (with respect to one microfield distribution [18]) the ionic Stark
effect and the collision operator together.

8004\ Y
Temperature 10°K

\\ Density Ne=10"‘cm’®

Griem's result

600 our work
A A =10°

400

200

Amplitude of the collision operator

T T T T T
0 20 40 60 80 100

frequency separation in plasma frequency unit

Figure 1. Amplitude of collision operator versus frequency separation in plasma frequency unit @,
for Ne = 10 cm—3 and 10,000 K. The amplitude is in 12 A /768 unit, where A is defined in the text
as Equation (26).
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Density Ne=10"cm’®
Griem's result
our work
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w4 A2
A/4,=0.72"10
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amplitude of the collision operator

. . . . T
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Figure 2. Amplitude of collision operator versus frequency separation in plasma frequency unit @,
for Ne = 10! em—3 and 15,000 K. The amplitude is in 712 A /768 unit, where A is defined in the text
as Equation (26).
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450 |

400 | Temperature T=20,000K
ss0] | Density Ne=10'7cm'3
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8009\ our work
250 - 2w =1.72-10"

150 4
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Amplitude of the collision operator

T T T T T T T T T T
0 20 40 60 80 100

frequency separation in plasma frequency unit

Figure 3. Amplitude of collision operator versus frequency separation in plasma frequency unit w,,
for Ne=107¢m =3 and a temperature 20,000K. The amplitude is in 712 A /768 unit, where A is defined in
the text as Equation (26).

To compare with our results, we write the Griem’s operator (in Energy / Length? unit) as is defined
in [2]:

/ lem?et  m 2kT [
o0 _ 372441 2
Poen =~ 35 Ngmr) T Jy Y0P
Zmax (z
[ 2 [P + K22 ()
Zmin z
by integrating over z we obtain:
/ 322t m kT
o, _ 372845
Pgrien = 3h N( anT) m

/0 ~ vdv exp(—o%) (yKo (1) K1 () — xKo(x) Ky (x)) (33)
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where x = z,i;, ¥ = Zmax are given in Equation (22). By using the same change of variables in the
above integrals in Equations (23) and (24), we find (w = @y,)

e m\1/2
bgriom =27V22N (1) o

kT

1 2 2 1

3 /\ A 1

40 2 2 (AT 40 [ (AT 2 2
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(34)
3 ArA%
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L4 —1,-1,0,0 Ap ) T\ \ 4, —1,-1,0,0
@@ Aw?
3 m?
1 2 2 1
— = /\ A — =
40 o 2 (AT a0 [ (AT 2 2
lGM <“’ | —1,—1,0,0) (AD) e ((AD> “ —1,—1,0,0)]
where Gy are the Meijer function given in [21].
Figures 1-3 show the collision operator amplitude (¢p** = (Pi"“, + 493"“, + ¢§’“/) given

by Equation (18) in arbitrary unit in terms of frequency separation @, , (in plasma frequency
unit) for various electron densities and electron temperatures and for Holtsmark electric microfield
Fronts = 2.63eN52/ 3 for our work and they were compared with Griem'’s result. As we see, our curves
have the same shape as those of Griem but they are more realistic because we consider the possible
interaction between the electron and the electric microfield of the plasma during the collision between
this electron and the emitter atom. More importantly, the difference between our result and Griem'’s
result is more pronounced for the weak frequency separations, as shown in Figures 1-3. We also
remark that, when the coupling parameter of plasma becomes strong, i.e., the ratio Ay, /Ap is the
greatest, our collision operator is closest to the Griem values. Furthermore, we have studied the effect
of the upper limit of the impact parameter on the electron collision operator. We remark that, when the
upper limit is about the standard value py.x = 0.7Ap [7], our value of the electron collision operator is
greater than Griem'’s (see Figure 4). This discrepancy decreases when the value of the upper limit p;;4x
decreases too (see Figures 5 and 6).

500

450 |

Griem's results

400 Our results
350 Pra=0-7 Ao

\ T220,000K
30091\ N=10"cm®

250

200

150

100

Amplitude of the collision operator

o
(=]
1

T
100
frequency separation in plasma frequency unit

Figure 4. Amplitude of collision operator versus frequency separation in plasma frequency unit @,
for Ne =107 cm—3 and a temperature 20,000 K. The amplitude is in 712 A /768 unit where A is defined
in the text as Equation (26) and pyx = 0.7Ap.
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Figure 5. Amplitude of collision operator versus frequency separation in plasma frequency unit @,
for Ne = 10'7 cm~3 and a temperature 20,000 K. The amplitude is in 712 A /768 unit where A is defined
in the text as Equation (26) and ppax = 0.58Ap.

Amplitude of the collision operator

600

500

300 \

200 4

1004

400

Griem's results
Our results
Pr=0-5
T=20,000K
Ne=10"cm®

frequency separation in plasma frequency unit

T
100

Figure 6. Amplitude of collision operator versus frequency separation in plasma frequency unit @y,
for Ne =107 cm—3 and a temperature 20,000 K. The amplitude is in 72 A /768 unit where A is defined
in the text as Equation (26) and pyx = 0.5Ap.

4. Conclusions

In this work, we have considered the weak collision contribution of the electron collision operator
to the spectral line profile broadening in helium plasma. By using the hypothesis that, during the
collision, the electron movement is governed by the microfield F created by the ions of the plasma as
well as the impact approximation for the electrons, we have computed the weak contribution of the
electron collision operator. We have expressed the result in term of the Meijer’s functions. We have
shown that the collision operator is a function of the ionic electric microfield F (see Equation (30)) and
we have compared it, for a fixed value of the ionic electric microfield, to Griem results. This work
gives then a best result for the collision operator and presents a deep relation between the electron
broadening and the ionic stark broadening F. A more interesting project to study is to include in this
work an external magnetic field in the movement in Equation (2) and to see how the spectral properties

of the emission are modified by the presence of the magnetic field in the plasma.
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Appendix A

To compute the integrals in Equations (29) and (31), we use the equivalent integrals [21]

ot 20 2 1 50 42 1
fy Fewat =) =z =as (400 (A
® dt 20 2y 1 s0( 42051
/o p OPAT =) = =00 (A0 1 (82)
® dt 20 2y 1 30( 02 3
/O 5 exp(—A% - ) = =G ( A%01, 5 (A3)
® dt 22 2 1 50 42 5
ad A% Yy = MlA 2 = A4
/O s exp(—A% - ) = =G ( A%0.2,3 (A4)
% gt b,y 2 1 50( 4ol 5
/ i P-4 = ) = 5 GR (42]0,3, (A5)
/wtdtexp(—Aztz—%):LG” AZ‘—1 1o (A6)
0 t 2\/E 03 T2
/maltexp(—A%fz—E)_LG&O AZ‘—EOO (A7)
0 t Zﬁ 03 2"
S 2 1 1
22\ Eiq 2y 30 (42| 4 4 1
/0 tt exp(~ APP)Ei(1, 7) 4\/%@0,3(14\ 1,-1, 2) (A8)

where G is the Meijer function.
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