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ABSTRACT

An investigation has been carried out of radiative recombination process for
(F™* F, Na”- Na'*, Mg'>-Mg"*, Ni®®- Ni®") ions, and dielectronic
recombination for (F*, Na®*, Mg'®") ions, by calculating the rate coefficient for
those processes, which is important in understanding ionization balance in both
laboratory and astrophysical plasmas. In this paper we compare recombination
rate coefficients given by empirical formulas with the data of other researchers.
In general the agreement was very good and the considerable conclusion that the
resonance in the rate coefficients of dielectronic channels decreases for highly
charged ions.
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Introduction

There are many mechanisms of electron-ion collision, which are very
important in plasma, as example ionization, excitation and recombination. These
processes can take place directly in one step by single interaction or indirectly in
two steps or more . There combination of electrons with ions is very
interesting because of the possibilities of high resolution measurements and
because of the need of atomic data in plasma and astrophysical research .

Plasma is the fourth state of the matter and it is supposed to be the most
common and abundant form of matter in universe . One of the most important
subjects of plasmas is the emission of radiation, which has a principal rule in
determining the properties of plasma such as ionization balance, density,
temperature and elemental abundances. As a result, this emission takes place the
electron-ion interaction processes such as excitation, ionization, and electron-ion
recombination process ™.

Electron-ion is a very high exothermic process in which the atomic ion
capture an electron after collision. When the densities of the electron be low and
moderate, there are two channels of recombination through which the atomic ion
recombine with a free electron, those two processes are radiative recombination
(RR) and dielectronic recombination (DR). The radiative recombination is a
non-resonant channel and classified as a mechanism of direct mode, while
dielectronic recombination is indirect resonant mode working in two steps. In
both processes the excess energy and momentum of captured electron are taken
away by the emitted photon ™.

The radiative recombination (RR) is a one step direct channel in which
energy liberated by the binding of the free electron is carried away by a photon
instantly . as shown in fig.(1-a).

e+ A™ — AUD* 4 photon

The dielectronic recombination (DR) involves two steps. In the first step a
free electron is captured by the atomic ion with a simultaneous excitation of a
second electron bound to the ion. In the second step the new charge state of the

ion is stabilized by emitting of a photon !, as shown in fig.(1-b).

e+ A" - [AUDTT 5 AD* 4 photon
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Figure(1): Schematic diagram!!! of:
(a) Radiative recombination
(b) Dielectronic recombination in He-like ion

In plasma collisions happens between ions with each others or with
electrons. Many types of reactions can be included as a result of that, for
example ionization and recombination, each process need to be studied
separately to understand the behavior of plasma ™.

The dielecronic recombination (DR), is the process which governs the
charge balance state in plasma. The coefficient rate of dielectronic
recombination form the principal ingredient in the modeling codes of plasma
that are employed for the analysis of spectra obtained from astrophysical
observations !,

The accuracy of rate coefficients for the atomic collision processes is
required, in order to be able to estimate a rational description of the plasma
properties, such as element abundances and temperatures. To date most DR rate
coefficients are used for the modeling stem of plasma from theoretical
calculations ™.

In electron-ion interactions the charge changing being crucially important
in plasmas, whether of man made or astrophysical nature. As they play principal
rule in estimating the ionization balance and the properties of plasma. One needs
the atomic collision data, such as rate coefficient, resonance energy positions,
and recombination cross sections for diagnosing and modeling the state of high
temperature plasma ™.

Many investigations have been carried out by many researchers for RR
and DR processes ™. Two powerful experimental techniques has been
depended in this field; The Electron Beam lon Source and Traps (EBIS-Ts) !
and Heavy-lon Storage rings F82,

143



JOURNAL OF COLLEGE OF EDULATION,..... 2606.......NO.T

Theory

Radiative recombination (RR) and dielectronic recombination (DR) are
fundamental channel processes with great influence on the charge state balance
of the atomic ions in plasma and on the radiation emitted. Therefore, as a result,
rate coefficient data for these channels are needed for understanding and
diagnostics as well as modeling of all plasmas.

In this paper we depend the formula of radiative recombination rate
coefficients for both ground and metastable levels, for Gu 1, which were fitted
to the usual functional form:

e (T) = AT T, @ TIT e e T )

Where ., (T) is in unit (cm® s™). Here T, ,T, are in units of temperature (K), the

unit of A is (cm® s*) while B dimensionless. Table (1) presents the fitting
parameters, where a nonlinear least-square fit has been used to determine the
coefficients %2,

The dependent formula for determining dielectronic recombination rate

Cpr (I.)[Z?,, ] is:
1 & E;
apr(T) = _I_—%iZ:l:Ci exp(—?') ....... (2)

Where C, is in unit K*cm’s™* the resonance strength for the ith fitting
component and E; are in unit K, the corresponding energy parameter. In table
(2) we present c, and E, ¥ for atomic ions under investigation to
calculate o, (T).

Results & discussion

It's well-known that Radiative recombination rate coefficients are required
In estimating the balance of ionization in plasmas resulting from thermodynamic
equilibrium, as is often the case in environments of astrophysics. Although, it is
convenient to separate the channels of recombination into the non-resonant
radiative recombination (RR) and the resonant dielectronic recombination (DR).
A survey will explore our results of radiative recombination rate

coefficients ., (T) as a function of electron temperature for (F"*, F**, F**, Na”",
Na'™, Na'*, Mg'®, Mg™*, Mg***, Ni®®*, Ni*™*, Ni*®*") ions, and also will explore
our results of dielectronic recombination rate coefficients «, (T)as a function of

electron temperature for (F”*, Na”*, Mg'**) ions.
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Figures (1), (3), (5) shows our results of radiative recombination rate
coefficients a,,(T) for (F™*, F**, F**) ions compared with the theoretical data of
Verner & Ferland *® and Nahar ', whereas in figures (2), (4) we presents the
same of figures (1), (3) alternatively, by taking a logarithmic scale for the rate
coefficient, with a purpose to illustrate the resonance action in Nahar data which
appears at high temperatures. Nahar *® used the unified method for total
electron-ion recombination account for both radiative and dielectronic
recombination processes in an ab initio manner provides a single set of
recombination rate coefficients “’\. In the subsequent figures we will review the
action of (DR) for ions under investigation.

In figures (6), (8), (10) and (11), (13), (15), we presents our calculations
of a(T) for (Na**, Na'®, Na''*) and (Mg'”*, Mg'™*, Mg"*") ions alternatively,
which in turn compared with the theoretical data of Verner & Ferland **! and
Nahar 7 also here figures (7), (9) and (12), (14) represent the same of figures
(6), (8) and (11), (13) alternatively, in logarithmic scale.

In figures (16), (17), (18) we presents our calculations of radiative
recombination rate coefficients a.,(T) for (Ni*®*, Ni*”*, Ni**") ions compared
with the theoretical data of Verner & Ferland ! and Nahar . Finally, in
figures (19), (20), (21), and (22) we present our results of the dielectronic
recombination rate coefficients . (T) for (F"*, Na**, Mg'®) ions compared
with the theoretical data of Nahar 2.

In general our obtained results of «.(T) and «.,(T) give a very good
agreement with all the data that has compared with. The disagreement happened
between our results for «..(T) and Nahar data at a small period of the high
electron temperature, and as we mention that the unified method used by Nahar
combine between the resonant and non-resonant channels was what caused this
disagreement. Our calculations of «,,(T) made for electron temperature range
(10°-10%) K, where the resonance appears only at high temperatures, the
agreement was good and the behavior of the curves was similar.

Conclusion

Vast quantities of electron-ion collisions are necessary to collect and get
precise information about the energy balance, structure, and temperature
distribution etc of these astrophysical aspects.

From what presented by exploring our results of radiative and dielectronic
recombination rate coefficients we conclude the following; first, when the
charge of the ion increases the probability of the appearance of resonance is
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decreasing as we see in Fluorine ions where only in F’* and F** there was a
resonance rising at high temperatures where the effects of dielectronic channel
begin to appears, but there was no resonance for F** ion. The same thing
happens with (Na”*, Na'®*, Na'**) and (Mg'®*, Mg'**, Mg'**) ions. Second, the
highly charged ions like Nickel (Ni®®*, Ni*”*, Ni®®*) all shows no resonance
rising and this support our conclusion that when the charge of the ion increases
the resonance appearances decreases.
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Table (1): The fitting parameters for ions under investigation.

ION A(cm® s™) B To(K) T.(K)
F 9.958(-11)" 0.5274 3.012(3) 2.896(7)
F* 3.128(-10) 0.6712 7.227(2) 5.587(7)
F* 8.218(-10) 0.7491 2.046(2) 5.638(7)
Na’* 1.393(-10) 0.5433 4.258(3) 3.872(7)
Na'"* 3.879(-10) 0.6718 1.133(3) 8.008(7)
Na™* 9.743(-10) 0.7488 3.217(2) 8.428(7)
Mg*”* 1.602(-10) 0.5492 4.944(3) 4.434(7)
Mg 4.214(-10) 0.6713 1.396(3) 9.433(7)
Mg 1.022(-09) 0.7476 4.098(2) 1.011(8)
Ni*®* 4.901(-10) 0.5836 2.460(4) 1.937(8)
Ni*"™* 1.063(-09) 0.6744 7.979(3) 4.653(8)
Ni*®* 2.577(-09) 0.7497 1.949(3) 5.434(8)

®) the number 9.958(-11) denotes 9.958x10™"
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Table (2): The coefficients C,, E, which represent fitting parameters for ions under
investigation.

ION i | C.(K”%cm®™) E; (K)
F 1 1.006(-02) 6.330(6)
2 6.743(-02) 7.859(6)
3 1.034(-02) 9.755(6)
Na™* 1 2.228(-02) 9.521(6)
2 1.133(-01) 1.195(7)
3 1.296(-02) 1.502(7)
Mg'%* 1 3.067(-02) 1.136(7)
2 1.375(-01) 1.431(7)
3 1.347(-02) 1.762(7)

B : 2 : 4 5 5 7 ‘ o

Log T

FIG.(1):Radiative recombination rate coefficient for F vi-ION compared with VERNER & FERLAND (1996) and NAHAR
(2006) calculations.
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FIG.(2):The same for FIG.(1) in logarithmic scale for RRC to see the dielectronic effects arise for NAHAR at LogT>6.
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FIG.(3):Radiative recombination rate coefficient for F vii-ion compared with VERNER & FERLAND (1996) and NAHAR
(2006) calculations.
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FIG.(4):The same for FIG.(3) in logarithmic scale for RRC to see the dielectronic effects arise for NAHAR at LogT>6.2
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FIG.(5):Radiative recombination rate coefficient for F ix-ion compared with VERNER & FERLAND (1996) and NAHAR
(2006) calculations.
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FIG.(6):Radiative recombination rate coefficient for Na ix-ion compared with VERNER & FERLAND (1996) and NAHAR
(2006) calculations.
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FIG.(7):The same for FIG.(6) in logarithmic scale for RRC to see the dielectronic effects arise for NAHAR at LogT>6.2
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FIG.(8):Radiative recombination rate coefficient for Na x-ion compared with VERNER & FERLAND (1996) and NAHAR
(2006) calculations.
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FIG.(9):The same for FIG.(8) in logarithmic scale for RRC to see the dielectronic effects arise for NAHAR at LogT>6.4
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FIG.(10):Radiative recombination rate coefficient for Na xi-ion compared with VERNER & FERLAND (1996) and
NAHAR(2006) calculations.
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FIG.(11):Radiative recombination rate coefficient for Mg x-ion compared with VERNER & FERLAND (1996) and NAHAR
(2006) calculations.
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FIG.(12):The same for FIG.(11) in logarithmic scale for RRC to see the dielectronic effects arise for NAHAR at LogT>6.4
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FIG.(13):Radiative recombination rate coefficient for Mg xi-ion compared with VERNER & FERLAND (1996) and NAHAR
(2006) calculations.
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FIG.(14):The same for FIG.(13) in logarithmic scale for RRC to see the dielectronic effects arise for NAHAR at LogT>6.6
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FIG.(15):Radiative recombination rate coefficient for Mg xi-ion compared with VERNER & FERLAND (1996) and NAHAR
(2006) calculations.
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FIG.(16):Radiative recombination rate coefficient for Ni xxvi-ion compared with VERNER & FERLAND (1996) and NAHAR
(2005) calculations.
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FIG.(17):Radiative recombination rate coefficient for Ni xxvii-ion compared with VERNER & FERLAND (1996) and NAHAR
(2005) calculations.
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FIG.(18):Radiative recombination rate coefficient for Ni xxvii-ion compared with VERNER & FERLAND and NAHAR
calculations.
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FIG(19):The dielectronic recombination rate coefficient for (F vii, Na 1x, Mg x)-ions

158

10



JOURNAL OF COLLEGE OF EDULATION,..... 2606.......NO.T

1.E-11
LE12 —P.W.
- = = = NAHAR
~—
)
o
IS
O 1.E-13 A
ad
[ad
[a)
‘\
.
\
1.E-14 4 .
‘\
A
A
1.E-15 T T T T
0 1 2 3 4 5 6 7 8 9 10
Log T
FIG.(20):The dielectronic recombination rate coefficient for F vi-ion compared with NAHAR (2006) data.
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FIG.(21):The dielectronic recombination rate coefficient for Na ix-ion compared with NAHAR (2006) data
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FIG.(22):The dielectronic recombination rate coefficient for Mg x-ion compared with NAHAR (2006) data
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