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ABSTRACT 

An investigation has been carried out of radiative recombination process for 

(F
7+

- F
9+

, Na
9+

- Na
11+

, Mg
10+

-Mg
12+

, Ni
26+

- Ni
28+

) ions, and dielectronic 

recombination for (F
7+

, Na
9+

,  Mg
10+

) 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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 دراسة عمليات اعادة الاتحاد المشع وثنائي الالكترون للآيونات
(F XII–F IX , Na IX–Na XI , Mg X-Mg XII , Ni XXVI-Ni XXVIII) 

 

 أ.م.د.علاء عبد الحسن خلف
 جامعة البصرة –كلية العلوم  –قسم الفيزياء 

 

 الخلاصة
-+F7+- F9+ ،Na9+- Na11+ ،Mg10يونعا   قمنا باجراء بحث يتناول عملية اعادة الاتحاد المشع  لآ   

Mg12+ ،Ni26+- Ni28+   واععادة الاتحعاد انعاالأ اتلوتعروي لآيونعا )F7+, Na9+,  Mg10+  مع  لاع ل )
حسعععاع ملامعععد الملعععلل ليععع و اللمليعععا ، والععع ف  فعععوي وعععلولاو ميمعععا  عععلأ  يععع  التعععوا ي الايعععونلأ  عععلأ  عععد مععع  

لبحث قمنا بمقالانة مللل ملعام   اععادة الاتحعاد المستح علة مختبرا  الابحاث والب  ما الفلوية.  لأ ه ا ا
معع  غععير تير بيععة معع  قععراءا  بععاحصي  الاععر  . ب ععولاة عامععة  ععاي التوا عع  وععي  حسععاباتنا وقععراءا  البععاحصي  

 ضعااد  لقنعوا  اناايعة اتلوتعروي يتجيلو جلا وقل استنتينا م  ه و الحسابا  اي الرني   لأ مللل الملام 
 ية الشحنة.لآيونا  عال

 آيوي  -مقاط  عرضية، مللل اعادة الاتحاد، تفاعد الوتروي  -مفتاحيةكلمات 

mailto:alaa75uob@hotmail.com


JOURNAL OF COLLEGE OF EDUCATION….. 2016…….NO.1  

142 

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 
[1]

. 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 
[2]

. 

 Plasma is the fourth state of the matter and it is supposed to be the most 

common and abundant form of matter in universe 
[3]

. 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 
[4]

. 

 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 
[1]

. 

 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 
[2]

, as shown in fig.(1-a). 

 

photonAAe qq   )1(   
 

 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 
[2]

, as shown in fig.(1-b). 

 

photonAAAe qqq   )1(**)1( ][   
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 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 
[1]

. 

 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 
[5]

. 

 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 
[6]

. 

 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 
[1]

. 

 Many investigations have been carried out by many researchers for RR 

and DR processes 
[7-14]

. Two powerful experimental techniques has been 

depended in this field; The Electron Beam Ion Source and Traps (EBIS-Ts) 
[15-17]

 

and Heavy-Ion Storage rings 
[18-20]

. 

 

Figure(1): Schematic diagram
[1]

 of:  

(a) Radiative recombination 

 (b) Dielectronic recombination in He-like ion  
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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 
[21]

, which were fitted 

to the usual functional form: 

  1
1

1

1

00 )/1()/1(/)(


  BB

RR TTTTTTAT     ……. (1) 

Where )(TRR  is in unit (cm
3
 s

-1
). Here 0T  ,

1T  are in units of temperature (K), the 

unit of A is (cm
3
 s

-1
) while B dimensionless. Table (1) presents the fitting 

parameters, where a nonlinear least-square fit has been used to determine the 

coefficients 
[22]

. 

 The dependent formula for determining dielectronic recombination rate 

)(TDR
[23, 24]

 is: 





k

i

i
iDR

T

E
C

T
T

1

)exp(
1

)(
2

3
  ……. (2) 

Where iC  is in unit 132
3 scmK  the resonance strength for the ith fitting 

component and iE  are in unit K, the corresponding energy parameter. In table 

(2) we present iC  and iE  
[23]

 for atomic ions under investigation to 

calculate )(TDR . 

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 )(TRR  as a function of electron temperature for (F
7+

, F
8+

, F
9+

, Na
9+

, 

Na
10+

, Na
11+

, Mg
10+

, Mg
11+

, Mg
12+

, Ni
26+

, Ni
27+

, Ni
28+

) ions, and also will explore 

our results of dielectronic recombination rate coefficients )(TDR as a function of 

electron temperature for (F
7+

, Na
9+

, Mg
10+

) ions. 
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 Figures (1), (3), (5) shows our results of radiative recombination rate 

coefficients )(TRR  for (F
7+

, F
8+

, F
9+

) ions compared with the theoretical data of 

Verner & Ferland 
[25]

 and Nahar 
[26]

, 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 
[26]

 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 
[27]

. 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 )(TRR  for (Na
9+

, Na
10+

, Na
11+

) and (Mg
10+

, Mg
11+

, Mg
12+

) ions alternatively, 

which in turn compared with the theoretical data of Verner & Ferland 
[25]

 and 

Nahar 
[27]

, 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 )(TRR  for (Ni
26+

, Ni
27+

, Ni
28+

) ions compared 

with the theoretical data of Verner & Ferland 
[25]

 and Nahar 
[28]

. Finally, in 

figures (19), (20), (21), and (22) we present our results of the dielectronic 

recombination rate coefficients )(TDR  for (F
7+

, Na
9+

, Mg
10+

) ions compared 

with the theoretical data of Nahar 
[26, 27]

. 

 In general our obtained results of )(TRR  and )(TDR  give a very good 

agreement with all the data that has compared with. The disagreement happened 

between our results for )(TRR  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  )(TDR  made for electron temperature range 

(10
6
-10

9
) 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
7+

 and F
8+

 there was a 

resonance rising at high temperatures where the effects of dielectronic channel 

begin to appears, but there was no resonance for F
9+

 ion. The same thing 

happens with (Na
9+

, Na
10+

, Na
11+

) and (Mg
10+

, Mg
11+

, Mg
12+

) ions. Second, the 

highly charged ions like Nickel (Ni
26+

, Ni
27+

, Ni
28+

) 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
3
 s

-1
) B T0(K) T1(K) 

F
7+ 

9.958(-11)
(*) 

0.5274 3.012(3) 2.896(7) 

F
8+ 

3.128(-10) 0.6712 7.227(2) 5.587(7) 

F
9+ 

8.218(-10) 0.7491 2.046(2) 5.638(7) 

Na
9+ 

1.393(-10) 0.5433 4.258(3) 3.872(7) 

Na
10+

 3.879(-10) 0.6718 1.133(3) 8.008(7) 

Na
11+

 9.743(-10) 0.7488 3.217(2) 8.428(7) 

Mg
10+ 

1.602(-10) 0.5492 4.944(3) 4.434(7) 

Mg
11+

 4.214(-10) 0.6713 1.396(3) 9.433(7) 

Mg
12+

 1.022(-09) 0.7476 4.098(2) 1.011(8) 

Ni
26+ 

4.901(-10) 0.5836 2.460(4) 1.937(8) 

Ni
27+

 1.063(-09) 0.6744 7.979(3) 4.653(8) 

Ni
28+

 2.577(-09) 0.7497 1.949(3) 5.434(8) 

(*) 
the number 9.958(-11) denotes 1110958.9   

 

 



JOURNAL OF COLLEGE OF EDUCATION….. 2016…….NO.1  

149 

Table (2): The coefficients iC , iE  which represent fitting  parameters for ions under 

investigation. 

 

ION i  )( 132
3 scmKCi  )(KEi  

F
7+

 1 1.006(-02) 6.330(6) 

 2 6.743(-02) 7.859(6) 

 3 1.034(-02) 9.755(6) 

Na
9+

 1 2.228(-02) 9.521(6) 

 2 1.133(-01) 1.195(7) 

 3 1.296(-02) 1.502(7) 

Mg
10+

 1 3.067(-02) 1.136(7) 

 2 1.375(-01) 1.431(7) 

 3 1.347(-02) 1.762(7) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

FIG.(1):Radiative recombination rate coefficient for F VII-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 VIII-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 XII-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(19):The dielectronic recombination rate coefficient for (F VII, Na IX, Mg X)-ions
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FIG.(18):Radiative recombination rate coefficient for Ni XXVIII-ion compared with VERNER & FERLAND and NAHAR 

calculations.
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FIG.(20):The dielectronic recombination rate coefficient for F VII-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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