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 A hydrogen negative ion source based on Transformer Coupled Plasma (TCP) source 

with external RF antenna has been developed at SNU, which is able to operate 

continuously and has an advantage of long lifetime. A driving RF frequency of 13.56MHz 

has been used to generate plasma in TCP H- ion source. However, it is well known that 

driving RF frequency affect the performance of H- ion source by varying plasma 

parameters such as electron temperature and electron density. 

 In volume production, which is one of the most important physical phenomena for H- 

ion production, the H- ions are generated via dissociative attachment of low energy 

electrons to ro-vibrationally excited hydrogen molecules. Ro-vibrationally excited 

hydrogen molecules are generated by collisions with high energy electrons. So, plasma 

parameters are closely related to H- ion production. 

 To understand the RF frequency dependency of H- ion production, measurements of 

extracted H- beam current and plasma parameters are performed in the range of driving 

RF frequency from 12MHz to 27.12MHz. At two RF frequencies, 13.56MHz and 

27.12MHz, the experiments of H- beam extraction and plasma diagnostics are carried out 

to investigate the input RF power dependency of RF frequency effects on H- ion 
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production. 

Plasma parameters are measured along the center of the ion source chamber by installing 

the Langmuir probe in the TCP H- ion source through the extraction hole. Bias currents 

and voltages are also utilized to get the information on plasma parameters near the 

extraction region. 

 At the same operating pressure and RF power, the more H- beam is extracted with 

increasing RF frequency. As driving RF frequency increases, electron density also 

increases while electron temperature decreases. Result of H- beam extraction means that 

the dissociative attachment of low energy electron to ro-vibrationally hydrogen molecules 

increases with increasing RF frequency. As driving RF frequency increases, higher power 

coupling efficiency causes the increase of electron density. Increase of electron density 

affects H- ion production positively by both processes of exciting hydrogen molecules 

and inducing associative detachments. On the other hand, as driving RF frequency 

increase, reduction of high energy electron population with lower electron temperature 

has positive and negative effects on H- ion production either by increasing dissociative 

electron attachment or by decreasing collisional excitation of hydrogen molecules. Those 

effects are believed to determine the change of extracted H- beam currents. 

 Increasing amount of extracted H- beam current with various driving RF frequency has 

differences in each RF frequency range. At a lower RF frequency range, increasing rate of 

extracted H- beam current is much larger with varying RF frequency than the rate of 

electron density, indicating electron temperature also influence on the increase of H- 

beam current with respect to RF frequency. At discharge region, since electron 

temperature is almost same at each frequency and high enough to produce ro-

vibrationally excited hydrogen molecules, it doesn't affect H- ion production. Reduction 

of electron temperature at extraction region seems to have more positive effect by 

increasing dissociative electron attachment than that by decreasing high energy electrons 

to generate highly excited molecules in this range. Since the population of low energy 

electron increases, dissociative electron attachment increases, and consequently, much 

more H-ions are generated. 

 On the other hand, at higher RF frequency range, increasing rate of extracted H- beam 

current is similar to the rate of electron density increase with varying RF frequency. At 
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this frequency range, positive and negative effects of electron temperature decrease may 

be canceled out. 

As electron energy is high, cross section of dissociative attachment is relatively low. As 

electron energy is higher than 1.5eV, cross section of dissociative attachment is so low. So, 

the number of H- ion produced by dissociative attachment at 13MHz may be smaller than 

that of any other RF frequencies. In addition, high energy electron can destroy more H- 

ions. 

 At higher input RF power, the effect of driving RF frequency on H- ion production is 

different from that of lower input RF power. As input RF power increases above 1000W, 

electron temperature doesn't affect the extracted H- beam current anymore because of 

higher electron temperature at extraction region. As mentioned before, as electron has 

high energy above 1.5eV, electron temperature doesn’t make much difference to the H- 

ion production, due to a low cross section of associative attachment. In this RF power 

range, electron density is a major factor to increase population of H-ions, showing similar 

behavior of H- beam current with respect to RF power. 

Variation of plasma parameters with varying RF frequency seems to be related to power 

coupling efficiency at each frequency. So, discharge current and discharge voltage need to 

be measured for obtaining power coupling efficiency with varying RF frequency. 

Furthermore, to understand the correlation between driving RF frequency and H- ion 

production rigorously, H- ion density needs to be measured directly. 
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Chapter 1 Introduction 

 

 

 

1.1 H- ion source 

 

 

 Since there are advantages for charge exchange of negative hydrogen ions to positive 

hydrogen ions or neutral particles, negative hydrogen ion sources have been used to 

various fields such as the neutral beam injector in nuclear fusion, and the injectors for 

high power proton accelerators [1,2]. There are some requirements for the applications of 

negative hydrogen ion source to various fields; high temperature-high density plasma, 

long-time operation, easy control of electron temperature, and so on [3]. 

 To obtain high density plasma in low pressure and apply magnetic field for easy electron 

control, Induced Coupled Plasma (ICP) using RF sources is more effective than that using 

any other sources. In ICP, generally plasmas are generated using internal or external RF 

antenna. Recently, for the life extension of ion sources, RF ion sources, which cylindrical 

dielectric barrier are installed between plasma and external RF antenna, have been 

developed [4]. 

 To extract H- ion in the complicated processes of H- ion production and destruction, 

electron should be controlled effectively in a restricted space [5]. Detailed mechanism of 

H- ion production and destruction will be presented next section. For the control of 

electron, ion source separates as two region, discharge region and extraction region, by 

using magnetic filter which prevents the energetic electron from entering into the 

extraction region [6]. To confine the high energy electrons, multicusp magnetic field is 

formed in the discharge region[ 7]. To maintain the electron temperature low in the 

extraction region, magnetic filters of appropriate strength are required. 

 Since the plasma potential is generally positive, in addition to electrons, the H- ions are 

confined, that is, the plasma plays a role as a well for them. The H- ions should have 

enough energy to overcome this potential well. However, with the plasma electrode 
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which can be biased positively above the plasma potential, the plasma potential structure 

to suit for the extraction of the H- ion beam can be formed. In many sources, the positive 

bias potential applied to the plasma electrode optimizes the extracted H- ion beam current 

and reduces the number of extracted electrons. 

 A hydrogen negative ion source based on Transformer Coupled Plasma (TCP) source 

with external RF antenna has been developed at SNU, which is able to operate 

continuously and has an advantage of long lifetime. This source has cusp magnetic field 

to confine plasma effectively, and has a higher current/power ratio, even if the extracted 

H- beam current is not much high due to low RF power output capability [8]. 

 

 

1.2 H- ion volume production and destruction process 

 

 

 To understand the process of H- ion volume production, it is necessary to consider 

ionization, excitation and dissociation of hydrogen molecules and hydrogen atoms. So, 

reaction rate and cross section of ionization, excitation and dissociation are required for 

expecting H- ion production accurately. The H- ion destruction process also needs to be 

considered for effective H- ion production. 

 

1.2.1 H- ion volume production process 

 

 In volume production, which is one of the important physical phenomena for H- ion 

production, the H- ions are generated by dissociative attachment of low energy electrons 

to ro-vibrationally excited hydrogen molecules. Ro-vibrationally excited hydrogen 

molecules are generated by collisions with high energy electrons [9, 10]. Thus, to 

understand the process of H- ion volume production, two steps need to be considered 

together; one step is impact excitation of high energy electrons with hydrogen molecules 

and the other step is dissociative attachment of low energy electron to ro-vibrationally 

excited hydrogen molecules. 
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 Step1. Impact excitation of low energy electrons with hydrogen molecules 

In H- ion volume production, the more ro-vibrationally excited hydrogen molecules are 

produced, the more H- ions are generated by associative detachment. So, it needs to 

understand the production process of ro-vibrationally excited hydrogen molecules in 

order to increase the number of ro-vibrationally excited hydrogen molecules. 

Detailed reactions of ro-vibrationally excited hydrogen molecules production are listed 

below [11, 12]. v'' means vibrational level of ro-vibrationally excited hydrogen molecules. 

 

    
            

          

  
                              

      

  
                    

  
               

       

             
       

       
                

       
             

    

  
               

       

  
                              

  

    
             

    

                            
                                                    

 

 It is well known that ro-vibrationally excited hydrogen molecules are mostly produced 

by high energy electron excitation (E-V) reaction process. Figure 1.1 shows that ro-

vibrationally excited hydrogen molecules (           ) are produced effectively when 

electron energy exceeds approximately 20eV [13,14]. 

 

 

 Step2. Dissociative attachment of low energy electron to ro-vibrationally excited 

hydrogen molecules 

 There are various electron attachment reactions to produce H- ion. Detailed reactions of 

electron attachment for H- ion production are listed below [15]. 
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 In these attachment reactions, dissociative attachment is the most effective reaction to 

produce H- ion. The reaction rate and cross section of dissociative attachment are 

determined by electron temperature and ro-vibrationally excited hydrogen molecules. The 

higher vibrational level of ro-vibrationally excited hydrogen molecules is, the higher 

cross section for electron dissociative attachment is. When the vibrational level of ro-

vibrationally excited hydrogen molecules change from       to      , the cross 

section increases approximately     times and, most H- ions are produced by 

dissociative attachment above      . Threshold energy of electron for dissociative 

attachment decreases as state of ro-vibrationally excited hydrogen molecules increases. 

Especially, threshold energy of electron for dissociative attachment is less than 1eV at the 

vibrational level of ro-vibrationally excited hydrogen molecules above      . Figure 

1.2 shows the rate constant for dissociative attachment. 
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Figure 1.1 Excitation cross section of hydrogen molecules with incident electrons [14] 

 

 

Figure 1.2 The cross section for electron dissociative attachment to excited hydrogen 

molecules [16] 
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1.2.2 H- ion destruction process 

 

 Since ro-vibrationally excited hydrogen molecules are essential elements for producing 

H- ion, population reduction of ro-vibrationally excited hydrogen molecules has a 

negative effect on production of H- ions. The ro-vibrationally excited hydrogen molecules 

are destroyed or the vibrational level of ro-vibrationally excited hydrogen molecules is 

lowered by many processes as below [11, 12]. 

 

    
         

        
           

     

                                     

    
         

          
           

     

                                                  

    
             

                                                                

    
           

                                                                                                        

        
   

            
   

                                                                    

                                                                                                                  

                
                                                                                        

 

 H- ions are also destroyed by below processes [11]. 

 

                                                                            

                    

       
                                                                  

                      

                                                                                           

                        

                                                                                                                                 

 

 In electron detachment (ED), destruction cross section and reaction rate of H- ions is 

high approximately                       above electron energy 1eV. However, less 

than electron energy 1eV, destruction cross section and reaction rate of H- ions is low. So, 
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It is favorable to decrease electron energy for reducing the destruction of H- ions. 

 Since H- ions are confined by plasma potential in the source, H- ion destruction by wall 

loss decrease naturally. Mutual neutralization and associative detachment are influential 

processes. In these destruction processes, reduction rate of H-ions decreases by reducing 

population of hydrogen molecules and positive hydrogen ions. However, reduced 

population of hydrogen molecules and positive hydrogen ions decreases the number of 

ro-vibrationally excited hydrogen molecules. To produce certain H- ions, gas pressure 

above a certain pressure is required. 

 

 

1.3 Motivation and objectives 

 

 

 A hydrogen negative ion source based on Transformer Coupled Plasma (TCP) source 

with external RF antenna has been developed at SNU, which is able to operate 

continuously and has an advantage of long lifetime. A driving RF frequency of 13.56MHz 

has been used to generate plasma in TCP H- ion source. However, it is well known that 

driving RF frequency affect the performance of H- ion source as varying plasma 

parameters such as electron temperature and electron density [17]. As previous studies, at 

a lower driving RF frequency, the production of H- ion is expected to increase due to 

more production of ro-vibrationally excited hydrogen molecules by increasing the 

population of high energy electrons. On the other hand, at higher RF frequency, H- ion 

production can be enhanced by increase of electron density and electron temperature due 

to higher power coupling efficiency [18, 19]. Then, there can be an optimal driving RF 

frequency for higher extracted H- beam current. 

 However, most studies about effects of driving RF frequency on H- ion production are 

performed below driving RF frequency of 13.56MHz. And there are not sufficient 

experimental data about plasma parameters, such as electron temperature and electron 

density, with varying RF frequency. So, in order to understand the RF frequency 

dependency of H- ion production, measurement of extracted H- beam current and plasma 

parameters is performed in the range of driving RF frequency from 12MHz to 27.12MHz. 
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At each driving RF frequencies, effects of driving RF frequency on plasma parameters 

are confirmed. From this result, different effects of driving RF frequency on H- ion 

production can be discussed. As input RF power increases, different effects of driving RF 

frequency on H- ion production can be also discussed. Consequently, optimal driving RF 

frequency for higher H- beam current can be obtained. 

 In chapter 2, experimental setup including diagnostic tools and methods for reducing RF 

noise will be introduced. As using Langmuir probe, which is well known as a popular 

plasma diagnostic tool, RF compensation is considered for reducing RF noise. 

 In chapter 3, H- beam extraction result and diagnostic result with varying RF frequency 

will be presented. The experiment is performed at same input RF power and same gas 

pressure. From the results, correlation of driving RF frequency and H-ion production will 

be presented. 

 In chapter 4, as higher input RF power, different effects of driving RF frequency on H- 

ion production will be discussed. Finally, research in this thesis will be summarized and 

conclusion of this study will be presented in chapter 5. 
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Chapter 2 Experimental setup 

 

 

 

2.1 TCP H- ion source 

 

 

 A hydrogen negative ion source based on Transformer Coupled Plasma (TCP) source 

with external RF antenna has been developed at SNU, which is depicted as a schematic 

diagram in Figure 2.1. This source, which has 14 pole cusp magnets for plasma 

confinement, is designed as cylindrical structure with inner diameter 100mm and 

discharge chamber length 132mm. Quartz window, which is used as cylindrical dielectric 

barrier to apply RF power into the plasma, has a design inserted into discharge chamber 

to put the plasma generated by external RF antenna inside the multicusp magnetic field. 

Also, plasma electrode is installed inside the multicusp magnetic field to extract H- beam 

current effectively [20]. 

 A set of filter magnets is installed to form a magnetic filter field which prevents the 

energetic electron from entering into the extraction region. To filter out extracted electron 

and enhance the magnetic filter field strength, a set of additional filtering magnets is 

installed at the extraction electrode [21]. 

 To reduce influences of positive biased plasma electrode on plasma potential structure 

near the extraction hole, plasma electrode with small radius 2cm is installed as a picture 

presented in Figure 2.3. Plasma potential as a function of probe position with varying bias 

voltage is presented in Figure 2.4. 

 This TCP H- ion source is able to operate continuously and has an advantage of long 

lifetime. This source also has a higher current/power ratio, even if the extracted H- beam 

current is not much high due to low RF power output capability. 
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Figure 2.1 Schematic diagram of TCP H- ion source 

 

 

Figure 2.2 Picture of TCP H- ion source 
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Figure 2.3 Picture of plasma electrode r=2cm [20] 

 

 

 

Figure 2.4 Plasma potential as a function of probe position with plasma electrode r=2cm 

[20] 
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2.2 Langmuir probe diagnostics 

 

 

2.2.1 Theory of Langmuir probe diagnostics 

 

 One of the fundamental techniques for measuring the properties of plasma is the use of 

electrostatic probes. This technique was developed by Langmuir as early as 1924 and 

consequently is sometimes called the method of Langmuir probes. Basically, an 

electrostatic probe is merely a small metallic electrode, usually a wire, inserted into 

plasma as seen in Figure 2.5. The probe is attached to a power supply capable of biasing 

it at various voltages positive and negative relative to the plasma, and the current 

collected by the probe then provides information about the conditions in the plasma. 

Figure 2.6 shows the circuit for measurement of the current passing through probe [22]. 

 It is a fortunate property of plasmas that under a wide range of conditions the 

disturbance caused by the presence of the probe is localized, and the probe can act truly 

as a probe in a sense that its very presence has no effect on the quantities it is measuring. 

In spite of the difficulties which arise when probes are used in present-day plasmas, the 

method is an important one because it has one advantage over all other diagnostic 

techniques: it can make local measurements. Almost all other techniques, such as 

spectroscopy or microwave propagation, give information averaged over a large volume 

of plasma. 

 Experimentally, electrostatic probes are simple devices but the theory of probes is 

extremely complicated. The difficulty stems from the fact that probes are boundaries to 

plasma, and near the boundary the equations governing the motion of the plasma change 

their character. In particular, the condition of quasi-neutrality is not valid near the 

boundary [23]. The formation of shielding layer of space charge around the probe (with 

radius Rs, see Figure 2.5, where cylindrical probe is considered) is a basis of the probe 

theory. The space charge shields the probe potential o [(r = Ro) = o, Ro is the probe 

radius]. The potential  in the space charge shield decreases in respect to o up to the 

plasma potential pl. This is the potential non-perturbed by the probe. The surface with 

radius Rs, when (Rs) = pl is the boundary between space charge layer and the non-
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perturbed plasma. If the probe potential is positive in respect to pl the ions are repealed 

and the electrons are attracted by the probe. The space charge in the layer is negative. In 

the opposite case ( < pl) the space charge is positive. The variation of the potential at 

conditions of a positive space charge is shown in Figure 2.7. The thickness of the space 

charge shield depends on the probe potential o. Usually, the shield thickness is several 

Debye lengths Rs ~ (1 – 10 Rd). 

 The main assumptions of the probe theory are the following [7]: 

 Electron energy distribution in the non-perturbed plasma is Maxwellian; 

 The probe radius Ro is greater than Debye length Rd and less than the mean free path of 

the electrons; 

 The mean free path of ions and electrons is greater than Debye length. Therefore the 

collisions of electrons and ions in the space charge shield can be neglected; 

 When  < pl the electric field is retarding for the electrons, and the electron density is 

determined by Boltzmann ratio, i.e. 

pl

e

e U
kT

Ue
NN  








 exp    (2.1) 

 In this case the probe current I is determined by the electrons and ions which can pass 

through the shield and to reach the probe surface.  

 In order to get an over-all view of the situation, let us look at the physical plot of probe 

current I versus probe voltage as shown in Figure 2.8 [24]. Here negative, or electron, 

current to the probe is plotted against probe voltage with respect to an reference electrode. 

This plot can be obtained continuously in a steady-state discharge by changing the probe 

bias. The qualitative behavior of this curve can be explained as follow. At large negative 

values of U (region AB) almost all the electrons are repelled, and the ion sheath is formed. 

Ion saturation current is flowing to the probe. Further on, when the probe potential is 

changed, but it is still negative relative to pl, the electrons are still repealed and the ions 

are accelerated. At the point F, called floating potential, the probe is sufficiently negative 

to repel all electrons except a flux equal to the flux of ions, and therefore there is no net 

current. 

 The electron current increases as U decreases in region CM which can be called 
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retarding-field region of the probe characteristic. If the electron distribution is 

Maxwellian, the shape of the curve here, after the contribution of ions is subtracted, 

would be exponential. At this part the probe current is formed mainly by the electron 

current, i.e., I ~ Ie. The sheath  radius decreases and the electrons reach the probe surface 

due to their thermal energy in case it is sufficient to overpass the retarding field (in this 

region  < pl). Assuming Maxwellian electron energy distribution, the electron current to 

the probe can be presented as [25]:  

 

pl

e

e U
kT

Ue
II  








 exp0    (2.2) 

 The electron saturation current Io corresponds to the point M of the probe characteristics 

as presented in Figure 2.7. At this point the probe has the same potential as the plasma i.e., 

pl (this is commonly called the space potential). There are no electric filed at this point 

and correspondingly no space charge shield and the charged particles migrate to the probe 

because of their thermal velocities. Therefore 

SVeNSjI theeo
4

1
      (2.3) 

 Here,   2/1
/8 eeth mkTV   is the thermal velocity of the electrons, S = 2Rolpr, the 

probe surface, and Io is the electron saturation current corresponds to point M as seen in 

Figure 2.8. 

 If the probe voltage is made positive relative to plasma, the electrons are accelerated 

towards the probe. Near the probe surface there is therefore an excess of negative charge, 

which builds up until the total charge is equal to the positive charge of the probe. This 

layer of charge, the sheath, is usually very thin, and outside of it there is very little 

electric field, so that the plasma is undisturbed. The electron current is that which enters 

the sheath through random thermal motions; and since the area of the sheath is relatively 

constant as the probe voltage is increases, there is fairly flat portion (region ME) of the 

probe characteristics. This is called the region of electron saturation current. 

 Probe diagnostic techniques permit to determine the density of charged particles Ne, the 

electron temperature Te and the plasma potential pl. Usually the electronic part of the 
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probe characteristic is used. It is convenient this part of the characteristics to be presented 

in semi-logarithmic scale as shown in Figure 2.9. As far as the ion current has also 

contribution to the total probe current in this region, it must be subtracted from the 

measured full current. The contribution of the ion current can be determined by 

extrapolation of the ion current in the region AB (see Figure 2.8). In the case of 

Maxwellian electron energy distribution, the probe characteristics is linear in semi-

logarithmic plot as seen in Figure 2.9. The point M corresponds to the probe potential 

equal to the plasma potential. There is characteristic “knee” at this point because the 

current dependence on the probe voltage changes. 

 The electron current in retarding region (CM) can be presented as: 

e

e
kT

Ue
II  0lnln     (2.4) 

 Therefore, the electron temperature Te can be determined from the slop of the probe 

characteristic [26]. 

 

 

 

 

 

Figure 2.5 The schematic diagram of Langmuir probe diagnostics 
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Figure 2.6 The schematic circuit of Langmuir probe diagnostics 

 

 

Figure 2.7 The variation of the potential at conditions of a positive space charge 
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Figure 2.8 The physical plot of probe current I versus probe voltage 

 

 

Figure 2.9 Semi-logarithmic plot of probe current I versus probe voltage 
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2.2.2 Langmuir probe diagnostic system 

 

 The diagnostic experiments are performed by installing the Langmuir probe in the TCP 

H- ion source through the extraction hole. Figure 2.10 shows Langmuir probe diagnostic 

system. Since the length of probe tip is 1cm, in order to obtain plasma parameters in the 

extraction region, probe diagnostics is performed at the position of 1cm away from the 

plasma electrode. Plasma parameters in the discharge region are obtained by probe 

diagnostic results measured at the position of 8cm away from the plasma electrode. 

 The Langmuir probe used for plasma diagnosis is designed without considering RF 

compensation. Usually, Langmuir probe has a RF compensation system with reference 

ring and RF choke to reduce RF noise. In these experiments, RF noise can be reduced 

quite by modifying the source grounding. So, Langmuir probe is designed without RF 

compensation. 

 

 

 

 

 

 

Figure 2.10 The schematic diagram of Langmuir probe diagnostic system 
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2.3 Faraday cup 

 

 

 A Faraday Cup is device for measuring the current in a beam of charged particles. In its 

simplest form it consists of a conducting metallic chamber or cup, which intercepts a 

particle beam. When a beam or packet of ions hits the metal it gains a small net charge 

while the ions are neutralized. The metal can then be discharged to measure a small 

current equivalent to the number of impinging ions. Essentially the faraday cup is part of 

a circuit where ions are the charge carriers in vacuum and the faraday cup is the interface 

to the solid metal where electrons act as the charge carriers (as in most circuits). By 

measuring the electrical current (the number of electrons flowing through the circuit per 

second) in the metal part of the circuit the number of charges being carried by the ions in 

the vacuum part of the circuit can be determined. An electrical lead is attached which 

conducts the current to a measuring instrument. Detection can be as simple as an ammeter 

in the conducting lead to ground or a voltmeter or oscilloscope displaying the voltage 

developed across a resistor from the conducting lead to ground. A bias voltage applied 

either to the cup itself or a repelling grid preceding the cup, or a magnetic field, is usually 

used to prevent secondary emission from distorting the reading. The design can be 

significantly more complicated when it is necessary to make measurements of very short 

pulses or very high energy beams which may not be fully stopped in the thickness of the 

detector [27]. 

 Many ion beam systems use electron sources in conjunction with the ion source to 

neutralize ion charge build up at the target and to minimize spreading of the ion beam due 

to the space charge of the ions. Electrons are also present in the vacuum chamber from 

ionization gauges and from secondary electron emission from surface scattering of the ion 

beam with components in the vacuum system. In order to filter these electrons from the 

ion collector inside the Faraday cup, a pair of permanent magnets is used at the cup 

entrance. These magnets set up a magnetic field across the cup entrance which trap and 

block electrons from entering the cup. 

 In the TCP H- ion source, the faraday cup used for measuring extracted H- beam current 

has 20cm length and a set of permanent magnets to suppress secondary electron effect. 
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The strength of magnets was determined not to affect the trajectory of the extracted H- 

ions. The schematic diagram of H- beam current measurement system using Faraday cup 

is presented in Figure 2.11 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.11 The schematic diagram of H- beam current measurement system using 

Faraday cup [28] 
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2.4 Reduction of RF noise by the source modification 

 

 In the operation of TCP H- ion source, there are some problems generated by RF noise. 

As input RF power increases, DC power supply used for applying positive potential to 

plasma electrode is out of control due to overvoltage on the power supply. This problem 

occurs severely with increasing RF frequency at lower RF power. Also, The RF matching 

system and temperature indicator of cryo-pump is operated abnormally by RF noise. 

Especially, RF noise influences on diagnostics by distorting the measured results. 

Because of these problems, it is hard to operate the ion source safely. 

 To reduce RF noise, the grounds of TCP H- ion source and RF matching system are 

connected by wide-thin copper straps to the earth ground directly. Complicated grounding 

system of the ion source plays a negative role to increase impedance of the grounding 

system, which leads to increase of RF noise not reduced by the grounding system. So, the 

grounds of TCP H- ion source and RF matching system are connected to the earth ground 

directly. As the TCP H- ion source is operated by using RF power, the electric current 

flows mainly at the skin of the conductor, between the outer surface and a level called the 

skin depth. The skin effect causes the effective resistance of the conductor to increase at 

higher frequencies where the skin depth is smaller. Since skin depth is small at higher 

frequency, the better RF noise is reduced, the wider conductor is. Thus, to reduce skin 

effect, wide-thin copper straps are used to connect the ion source ground with the earth 

ground. 

 More bypass capacitors is connected in parallel at positive terminal of bias DC power 

supply as seen in Figure 2.12. Since bypass capacitors connected in parallel lower total 

impedance of the plasma electrode bias circuit, RF noise flows out into bypass capacitors, 

which leads to reduction of RF noise. As bypass capacitors are connected in parallel, total 

capacitance increases, and capacitive reactance,    
 

  
 , decreases. So, more RF noise 

flows out into bypass capacitors. 

 By reducing the influences of RF noise on the operation of TCP H- ion source and 

diagnostic results of the plasma, the ion source can be operated more safely, and 

diagnostic results can be obtained more accurately. Figure 2.13 shows the reduction of RF 

noise. Ch1 and Ch2 mean electrical signals before and after passing resistor which is 
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connected to plasma electrode in order to measure current flowed into plasma electrode. 

Before the modification of the ion source, there is a large RF noise enough to distort the 

I-V curve although very low RF power is applied to the ion source not enough to generate 

plasma. However, after modifying the ion source, RF noise can be reduced considerably. 

 Before reducing the RF noise, I-V curve measured by Langmuir probe shifts a little. The 

floating potential is -40V approximately at driving RF frequency 14MHz. From these 

results, RF noise distorts diagnostic results severely. The shift of I-V curve leads to wrong 

interpretation of the curve. However, after modifying the ion source, there is no shift of I-

V curve. Figure 2.14 shows reduction of RF noise in I-V curve before and after the ion 

source modification. The floating potentials of each RF frequencies are above 0V. 

 In addition to modification of the ion source, many low pass filters is used for reducing 

RF noise. The ground of oscilloscope is connected separately from the ground of TCP H- 

ion source in order to prevent oscilloscope signal from RF noise flowing through the 

grounding system of the ion source. 

  



23 

 

 

 

Figure 2.12 Modification of TCP H- ion source for reducing RF noise 
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Figure 2.13 Measured signals of RF noise 
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(a) 

(b) 

Figure 2.14 Comparison of I-V curves before (a) and after (b) modifying the ion source 
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Chapter 3 Correlation between driving RF frequency 

and H- ion production 

 

 

 

 To find out the effect of RF frequency on H- ion production, the TCP H- ion source is 

operated with varying RF frequency from 12MHz to 27.12MHz at the same operating 

condition. Operating pressure is fixed at 10mTorr and the source is operated with input 

RF power 500W. 

 In this source, Gases is pumped through the extraction hole, the only hole, because there 

are design limitations of TCP H- ion source due to arrange cusp magnets for confining 

plasma. So, Langmuir probe is installed through extraction hole and affects conductance 

of gas pumping. The minimum pressure of this source within Langmuir probe is 10mTorr. 

 Operating RF power is also fixed at 500W. For operating the source with varying RF 

frequency, RF power amplifier which has maximum output RF power, 700W, is used. 

And mode transition is not occurred at lower RF power than 500W. Because of safe 

operation of the amplifier and occurrence of mode transition, operating RF power is 

determined as 500W. At lower RF frequency region than 12MHz, mode transition is not 

occurred even if input RF power increased up to 600W. So, driving RF frequency range 

to operate the source is determined as this RF frequency range, from 12MHz to 

27.12MHz at input RF power 500W. 

 For extraction of H- ions, acceleration voltage is determined as -10kV and extraction 

voltage is controlled between -1.5kV and -2.5kV. Bias voltage applied to plasma 

electrode is determined in the range from 5V to 20V. Extraction voltage and bias voltage 

to extract maximum H- beam current are different at each driving RF frequencies. The 

extracted H- beam current is measured by Faraday cup, which has a circuit with resistor 

of 100Ω and voltage meter. 

 Plasma parameters are measured along the center of the ion source chamber by installing 

Langmuir probe through extraction hole. Since the length of probe tip is 1cm, in order to 

obtain plasma parameters in the extraction region, probe diagnostics is performed at the 
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position of 1cm away from the plasma electrode. Plasma parameters in the discharge 

region are obtained by probe diagnostic results measured at the position of 8cm away 

from the plasma electrode. 

 As extraction hole is used to install the Langmuir probe, the extraction experiment and 

the diagnostic experiment are performed separately. The extraction result and the 

diagnostic data are presented as follows. 

 

 

3.1 Extracted H- beam current with varying RF frequency 

 

 

 The extracted H- beam current is plotted as a function of the driving RF frequency. As 

seen in Figure 3.1, the extracted H- beam current increases overall as increasing RF 

frequency. However, at lower RF frequency range than RF frequency 13MHz, the 

extracted H- beam current increase as decreasing RF frequency. At higher RF frequency 

range than RF frequency 13MHz, the extracted H- beam current increase as increasing 

RF frequency. There is a dip of the extracted H- beam current at driving RF frequency 

13MHz. At driving RF frequency 13.56MHz, there is a hump of the extracted H- beam 

current. As the driving RF frequency change from 13MHz to 13.56MHz, the extracted H- 

beam current increases so much. On the other hand, as the driving RF frequency increases 

from 13.56MHz to 15MHz, the extracted H- beam current decreases quite. In the driving 

RF frequency from 13MHz to 17MHz, except for the H- beam current at driving RF 

frequency 13.56MHz, the extracted H- beam current increase rapidly as increasing RF 

frequency. Relatively, in the driving RF frequency above 17MHz, the extracted H- beam 

current increase gradually as increasing RF frequency. 

 At 13.56MHz, the extracted H- beam current is so high compared with that of other RF 

frequency near 13.56MHz. RF chokes seem to cause this H- beam extraction result like 

this. Figure 3.2 shows the difference between the extracted H- beam current with RF 

choke and without RF choke. Initially, the TCP H- ion source is designed to operate with 

driving RF frequency 13.56MHz. To prevent the source operation and experimental data 

from RF noise, each electrode, such as plasma electrode, extraction electrode, and 
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acceleration electrode, have RF chokes which are composed of inductor and capacitor to 

filter out RF noise of 13.56MHz. Reduction of RF noise by RF choke may affect 

production and extraction of H- ion positively. However, as the RF choke decrease RF 

noise of 13.56MHz only, RF noise of any other RF frequencies affects the ion source 

operation and the extraction system. Although the RF choke to filter out RF noise of 

13.56MHz can be used for reducing RF noise of 27.12MHz which is a secondary 

harmonic frequency of 13.56MHz, there is no effect of the RF choke due to low 

impedance of RF choke at 27.12MHz. 

 To sustain same operating conditions, experiments of H- beam extraction are performed 

without RF choke of 13.56MHz. The measured extraction result is plotted as a function of 

the driving RF frequency in Figure 3.3. The hump of the extracted H- beam current at 

13.56MHz disappears. The extracted H- beam current has minimum value at driving RF 

frequency 13MHz. The H- beam current at 12MHz is slightly high compared with that of 

driving RF frequency 13MHz. Above the RF frequency of 13MHz, the beam current 

increase rapidly until RF frequency reaches 17MHz. And then, as RF frequency passes 

over 17MHz, the beam current increase gradually compared with that below 17MHz. 
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Figure 3.1 The extracted H- beam current as a function of the driving RF frequency 

(operating pressure 10mTorr and input RF power 500W) 
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Figure 3.2 The extracted H- beam current with RF choke and without RF choke in narrow 

driving RF frequency range (operating pressure 10mTorr and input RF power 500W) 
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Figure 3.3 The extracted H- beam current as a function of driving RF frequency without 

RF choke (operation pressure 10mTorr and input RF power 500W) 
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3.2   Diagnosis of plasma parameter with varying RF frequency 

 

 

 To measure plasma parameters, Langmuir probe is used as diagnostics tool. The 

Langmuir probe used for plasma diagnosis is designed without considering RF 

compensation. Usually, Langmuir probe has a RF compensation system with reference 

ring and RF choke to reduce RF noise. In these experiments, RF noise can be reduced 

quite by modifying the source grounding. So, Langmuir probe is designed without RF 

compensation. The Langmuir probe is installed through extraction hole. The TCP H- ion 

source is operated with varying RF frequency from 12MHz to 27.12MHz at the same 

operating condition. Operating pressure is fixed at 10mTorr and the source is operated 

with input RF power 500W. Since the length of probe tip is 1cm, in order to obtain 

plasma parameters in the extraction region, probe diagnostics is performed at the position 

of 1cm away from the plasma electrode. Plasma parameters in the discharge region are 

obtained by probe diagnostic results measured at the position of 8cm away from the 

plasma electrode. Plasma parameters, such as electron density and electron temperature, 

are obtained from the I-V curve measured by Langmuir probe. As presented in Chapter 2, 

plasma parameters are calculated with measured experimental data. 

 The measured electron density and electron temperature are plotted as a function of 

driving RF frequency in Figure 3.4 and Figure 3.5. Generally, electron density and 

electron temperature in discharge region are higher than those in extraction region. The 

most input RF power is applied locally near the quartz window because of the planar RF 

antenna located at quartz window. From this structural reason of the ion source, the 

plasma is generated near the quartz window, that is, electron density in discharge region is 

higher than that in extraction region. Since the plasma is diffused toward the extraction 

region from the discharge region, electron density decreases gradually toward the 

extraction region. 

 Because of filter magnets near the extraction hole, high energy electrons from the 

discharge region don't enter into the extraction region. Since transverse magnetic field is 

formed near the extraction hole by filter magnets, electrons have a gyro-motion with 

Larmor radius,    
   

  
. The higher electron energy is, the longer Larmor radius is. Due 
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to a longer Larmor radius, high energy electrons move toward the wall not confined in the 

extraction region. So, low energy electrons with short Larmor radius remain in the 

extraction region. 

 In extraction region, electron density increase as increasing RF frequency. At the driving 

RF frequency range from 12MHz to 17MHz, electron density increase rapidly with 

increasing RF frequency. At the driving RF frequency range from 17MHz to 27.12MHz, 

electron density increase gradually with increasing RF frequency. This increasing 

tendency of electron density is similar to that of the extracted H- beam current. On the 

other hand, electron temperature decreases as increasing RF frequency. In discharge 

region, as increasing RF frequency, electron density and electron temperature have 

similar tendency compared with that in extraction region. Electron density increases as 

increasing RF frequency and electron temperature decreases as increasing RF frequency. 

In the case of electron density, as varying RF frequency, there is more increase of electron 

density compared with that of the extraction region. 
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Figure 3.4 The electron density as a function of driving RF frequency in extraction and 

discharge region (operating pressure 10mTorr and input RF power 500W) 
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Figure 3.5 The electron temperature as a function of driving RF frequency in extraction 

and discharge region (operating pressure 10mTorr and input RF power 500W)  
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3.3 Correlation of driving RF frequency and H- ion production 

 

 

 At the same operating pressure and RF power, the more H- beam is extracted with 

increasing RF frequency. As driving RF frequency increases, electron density also 

increases while electron temperature decreases. Result of H- beam extraction means that 

the dissociative attachment of low energy electron to ro-vibrationally excited hydrogen 

molecules increases with increasing RF frequency. As driving RF frequency increases, 

higher power coupling efficiency causes the increase of electron density. Increase of 

electron density affect H- ion production positively by both processes of exciting 

hydrogen molecules and inducing associative detachments. On the other hand, as driving 

RF frequency increase, reduction of high energy electron population with lower electron 

temperature has positive and negative effects on H- ion production either by increasing 

dissociative electron attachment or by decreasing collisional excitation of hydrogen 

molecules. Those effects are believed to determine the change of extracted H- beam 

current. 

 Increasing amount of extracted H- beam current with various driving RF frequency has 

differences in each RF frequency range. At a lower RF frequency range, increasing rate of 

extracted H- beam current is much larger with varying RF frequency than the rate of 

electron density, indicating electron temperature also has influence on the increase of H- 

beam current with respect to RF frequency. As RF frequency changes from 13MHz to 

17MHz, the extracted H- beam current increases about eight times. Increase of electron 

density at extraction region leads to increase of dissociative attachment. Increase of 

electron density at discharge region causes more production of ro-vibrationally excited 

hydrogen molecules. However, total electron density at extraction and discharge region 

increases about two times. Change of electron density is not enough to explain the reason 

for increase of H- beam current. Electron temperature affects production of H- ions as 

well. Reduction of electron temperature at extraction region seems to have more positive 

effects by increasing dissociative electron attachment than that by decreasing high energy 

electrons to generate highly excited hydrogen molecules in this range. Since the 

population of low energy electron increases, dissociative electron attachment increases 
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due to increase of the cross section, and consequently, more H-ions are generated. On the 

other hand, reduction of collision with high energy electrons doesn't affect the production 

of H- ion evidently. Since electron temperature at discharge region is high enough to 

produce ro-vibrationally excited molecules at each frequency and difference of electron 

temperature is so small, electron temperature at discharge region has no effect on H- ion 

production. 

 At higher RF frequency range, 17MHz to 27.12MHz, increasing rate of extracted H- 

beam current is similar to the rate of electron density increase with varying RF frequency. 

The extracted H- beam current increase about 1.2 times, which is similar to total 

increasing amount of electron density in both regions. Electron temperature at higher RF 

frequency doesn't influence H- ion production differing from electron temperature effect 

of lower RF frequency. At this frequency range, positive and negative effects of electron 

temperature decrease may be canceled out. 

 Difference of electron temperature effect on H-ion production can be understood by the 

cross section of dissociative attachment. Figure 3.6 shows Threshold electron energy and 

cross section of dissociative attachment as a function of vibrational level [29]. As 

vibrational level is above      , threshold energy of electron is below 1.5eV. The 

higher vibrational level of ro-vibrationally excited hydrogen molecules is, the higher 

cross section for electron dissociative attachment is. When the vibrational level of ro-

vibrationally excited hydrogen molecules change from       to      , the cross 

section increases approximately     times and, most H- ions are produced by 

dissociative attachment above      . That is, as electron energy is lower than 1.5eV, 

cross section of dissociative attachment is so high and more H- ions are produced by 

dissociative attachment. While, as electron energy is higher than 1.5eV, cross section of 

dissociative attachment change rapidly despite a little variation of electron energy. So, 

production of H- ions can be influenced by electron energy much more. From this, at 

lower RF frequency range, electron energy at extraction region is more effective factor 

than any other factors. 

At RF frequency 13MHz, compared with the electron density at 12MHz, higher electron 

density at 13MHz affects H- ion destruction more rather than H- ion production since 

electron temperature at 13MHz is relatively high. Electron energy at extraction region is 
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1.71eV. As electron energy is high, cross section of dissociative attachment is relatively 

low. There is threshold electron energy for dissociative attachment as a vibrational level. 

And cross section of dissociative attachment is different as a vibrational level. The higher 

a vibrational level is, the lower threshold electron energy is. Most H- ions are produced 

by dissociative attachment of low energy electron to ro-vibrationally excited hydrogen 

molecules above      . That is, to produce H- ions by dissociative attachment of low 

energy electron to ro-vibrationally excited hydrogen molecules above      , electrons 

have low energy below threshold energy for dissociative attachment. As electron energy 

is higher than 1.5eV, cross section of dissociative attachment is so low. So, the number of 

H- ion produced by dissociative attachment at 13MHz may be smaller than that of any 

other RF frequencies. 

 It is confirmed that the variation in the driving RF frequency affect the temperature and 

density of plasma and, consequently, influences the extracted H- beam current through 

formation of H- ions. In addition, it is found that at each driving RF frequency, the RF 

frequency dependency of H- ion production has some differences due to combination of 

negative and positive effects. 
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Figure 3.6 Threshold electron energy and cross section of dissociative attachment as a 

function of vibrational level [29] 
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Chapter 4 Input RF power dependency of RF frequency 

effects on H- ion 

 

 

 

 The effects of driving RF frequency on H- ion production are discussed in chapter 4. 

The variation in the driving RF frequency affect the temperature and density of plasma 

and consequently, influences the extracted H- beam current through formation of H- ions. 

 Then, it is necessary to find out if the driving RF frequency has a similar effect on H- 

ion production at higher input RF power. So, the TCP H- ion source is operated with 

varying input RF power from 500W to 1200W at two driving RF frequencies, 13.56MHz 

and 27.12MHz. As mentioned before, the maximum output power of RF power amplifier 

is 700W. Because of the low maximum output power, RF power amplifier is not enough 

to find out RF power dependency on H- ion production. To input more RF power, two RF 

power supplies are used for operating the ion source. However, each RF power supplies 

generate only one RF signal of 13.56MHz and 27.12MHz. From the experimental results 

of two RF frequencies, effects of driving RF frequency on H- ion production at higher 

input RF power are discussed in this chapter. Operating pressure is fixed at 10mTorr and 

the probe installed through extraction hole is used to obtain plasma parameters. 

 

 

4.1 Extraction and diagnostic results with varying RF power 

 

 

 The extracted H- beam current is plotted as a function of input RF power in Figure 4.1. 

As increasing input RF power, the extracted H- beam current increases with driving RF 

frequency 13.56MHz and 27.12MHz. However, the extracted H- beam current of RF 

frequency 13.56MHz increases more rapidly rather than that of 27.12MHz relatively. 

With varying input RF power, there is a point of intersection near the input RF power 

900W between the extracted H- beam current of RF frequency 13.56MHz and that of 
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27.12MHz. At low input RF power below 900W, the extracted H- beam current of RF 

frequency 13.56MHz is higher than that of 27.12MHz. 

 To find out reasons about the change of the extracted H- beam current with varying 

input RF power, plasma parameters need to be measured. By using Langmuir probe, 

electron density and electron temperature are obtained. Figure 4.2 and Figure 4.3 show 

electron density as a function of input RF power. As input RF power increases, electron 

density increases both two driving RF frequencies. Near the input RF power 1000W, 

electron density of driving RF frequency 13.56MHz is almost same that of 27.12MHz. 

Increasing tendency of electron density is similar to that of the extracted H- beam current. 

Electron density at extraction and discharge region increases as driving RF frequency 

increase from 13.56MHz to 27.12MHz. Change of electron temperature with varying 

input RF power is plotted in Figure 4.4 and Figure 4.5. As input RF power increases, 

electron temperature increases both two driving RF frequencies. At lower input RF power 

below 1000W, electron temperature of driving RF frequency 13.56MHz is higher than 

that of driving RF frequency 27.12MHz in any value of input RF power. At extraction 

region, as increasing input RF power, all of electron temperature at driving RF frequency 

13.56MHz is above 1.5eV at each input RF power below 900W. On the other hand, 

electron temperature at driving RF frequency 27.12MHz is below 1.5eV. At higher input 

RF power above 1000W, electron temperature of driving RF frequency 13.56MHz is 

higher than that of 27.12MHz. 
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Figure 4.1 The extracted H- beam current as a function of input RF power 



38 

 

400 500 600 700 800 900 1000 1100 1200 1300

0.00E+000

1.00E+011

2.00E+011

3.00E+011

4.00E+011

5.00E+011

6.00E+011

 

 

E
le

c
tr

o
n

 D
e

n
s

it
y

 (
#

/c
m

3
)

Input RF power (W)

 13.56MHz_10mTorr

 27.12MHz_10mTorr
Extraction Region

Figure 4.2 Electron density as a function of input RF power at extraction region 
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Figure 4.3 Electron density as a function of input RF power at discharge region 
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Figure 4.4 Electron temperature as a function of input RF power at extraction region 
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Figure 4.5 Electron temperature as a function of input RF power at discharge region  
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4.2 Input RF power dependency of RF frequency effects on H- 

ion production 

 

 

 From the extraction and diagnostic results, it is confirmed that effects of driving RF 

frequency on H- ion production with varying input RF power. The RF frequency affects 

H-ion production differently at each input RF power. Generally, increase of input RF 

power leads to increase of electron density and electron temperature because RF power 

absorbed into the plasma increases. In chapter 3, the extracted H- beam current increase 

with increasing RF frequency. However, this tendency change as increasing input RF 

power. 

 At lower input RF power below 1000W, electron density and electron temperature are 

both major factors to increase H- beam current. From the Figure 3.6, cross section of 

dissociative attachment is high when electron temperature is below 1.5eV. At extraction 

region, all of electron temperature at driving RF frequency 13.56MHz is above 1.5eV at 

each input RF power below 900W. On the other hand, electron temperatures at driving RF 

frequency 27.12MHz are below 1.5eV. So, cross section of dissociative attachment at 

driving RF frequency 27.12MHz is higher than that of 13.56MHz. Because of the 

difference of dissociative attachment cross section, more H- ions are produced at higher 

driving RF frequency 27.12MHz. In case of RF frequency 13.56MHz, as there are more 

high energy electrons, more H- ions can be destroyed. In addition to electron temperature, 

electron density also affects the H- ion production. Electron density at extraction and 

discharge region increases about 50% as driving RF frequency increase from 13.56MHz 

to 27.12MHz. Since electron density increase, the number of dissociative attachment and 

electron impact excitation increase, as a result, more H- ions can be produced. As the 

population of electrons at discharge region increase, more electrons can collide with 

hydrogen molecules and generate more ro-vibrationally excited hydrogen molecules. Also, 

increase of electron density at extraction leads to more dissociative attachment of electron 

to ro-vibrationally excited hydrogen molecules. Although more H- ions are destroyed by 

mutual neutralization and associative detachment as increasing electron density, the 

population of H- ions increases. 
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 At higher input RF power above 1000W, electron temperature of driving RF frequency 

13.56MHz is higher than that of 27.12MHz. However, since electron temperatures at 

extraction region are above 1.5eV at each two RF frequencies, the cross section of 

dissociative attachment is not high enough to affect H- ion production. So, electron 

temperature doesn't affect increase of the extracted H- beam current anymore. In this RF 

power range, electron density is a major factor to increase population of H-ions, showing 

similar behavior of H- beam current with respect to RF power. As driving RF frequency 

changes from 13.56MHz to 27.12MHz, electron density decreases. More low energy 

electrons and ro-vibrationally excited hydrogen molecules are required to produce more 

H- ions. Reduction of electron density at discharge region leads to population reduction 

of ro-vibrationally excited hydrogen molecules. At extraction region, associative 

attachment of low energy electron to ro-vibrationally excited hydrogen molecules 

decreases as the number of electrons is reduced. 

 From the result, increase of input RF power at lower RF frequency is better operating 

condition compared with that of higher RF frequency. As electron temperature increase 

above a certain value, electron temperature doesn't affect H- ion production dominantly. 

So, in the condition of higher RF power, since electron density is higher at lower RF 

frequency, lower RF frequency is better than higher RF frequency to increase the 

extracted H- beam current. 
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Chapter 5 Conclusion and future work 

 

 

 

5.1 Conclusion 

 

 

 The correlation of driving RF frequency and H- ion production is investigated by H- 

beam extraction experiments and Langmuir probe diagnostics. At the same operating 

condition, the extracted H- beam current has minimum value at driving RF frequency 

13MHz. 

 As electron energy in the extraction region is high, cross section of dissociative 

attachment is relatively low at RF frequency 13MHz. So, the number of H- ion produced 

by dissociative attachment at 13MHz may be smaller than that of any other RF 

frequencies. Since most H- ions are produced by dissociative attachment of low energy 

electron to ro-vibrationally excited hydrogen molecules above      . Figure 3.6 shows 

Threshold electron energy and cross section of dissociative attachment as a function of 

vibrational level. To produce H- ions by dissociative attachment of low energy electron to 

ro-vibrationally excited hydrogen molecules above      , electrons have low energy 

below threshold energy for dissociative attachment. As electron energy is higher than 

1.5eV, cross section of dissociative attachment is so low and less H- ions may be 

produced by dissociative attachment. In addition, high energy electron can destroy more 

H- ions. 

As driving RF frequency is higher than 13MHz, extracted H- beam current increases 

with increasing RF frequency. However, increasing rate of extracted H- beam current 

with various driving RF frequency has some differences in each RF frequency range. At a 

lower RF frequency range, 13MHz to 17MHz, increasing of extracted H- beam current is 

much larger with varying RF frequency. Reduction of electron temperature has more 

effect on increasing dissociative electron attachment than that on decreasing collisions 

with high energy electrons in this range. Since the population of low energy electron 
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increases, dissociative electron attachment increases, and consequently, more H-ions can 

be generated. On the other hand, at higher RF frequency range, 17MHz to 27.12MHz, 

increasing amount of extracted H- beam current is relatively low with varying RF 

frequency. Reduction of collision with high energy electrons affects the production of H- 

ion negatively. So, the negative effect causes a little change of extracted H- beam current. 

 From these results, it is confirmed that driving RF frequency affects H- ion production. 

The higher driving RF frequency is, the more H- ions are extracted. However, as driving 

RF frequency increases above a certain RF frequency, the effect of driving RF frequency 

on H- ion production decreases a little compared with that of lower driving RF frequency. 

Dissociative attachment of low energy electron to ro-vibrationally excited hydrogen 

molecules above       is a dominant process for H- ion production. As seen in Figure 

3.6, electron energy is lower than 1.5eV for dissociative attachment with ro-vibrationally 

excited hydrogen molecules above      . As electron has low energy below 1.5eV, 

each cross section of dissociative attachment with ro-vibrationally excited hydrogen 

molecules above       has same order of         . So, as electron energy decreases 

below 1.5eV with increasing RF frequency, electron temperature doesn’t affect H- ion 

production dominantly. Electron temperature also decreases at discharge region as 

increasing RF frequency. Because of this, the number of high energy electron decrease, 

and fewer ro-vibrationally excited hydrogen molecules can be produced. As negative 

effect of electron energy reduction is combined with positive effect of electron density 

increase, higher RF frequency has a less effect compared with the effect of lower RF 

frequency. 

 The input RF power dependency of driving RF frequency on H- ion production is also 

investigated by extraction and diagnostic experiments. At higher input RF power, the 

effect of driving RF frequency on H- ion production is different from that of lower input 

RF power. As input RF power increases above 1000W, electron temperature doesn't affect 

variation of the extracted H- beam current anymore because of higher electron 

temperature at extraction region. As mentioned before, as electron has high energy above 

1.5eV, electron temperature doesn’t make much difference to the H- ion production, due 

to a low cross section of associative attachment. In this RF power range, electron density 

is a major factor to increase population of H-ions. As driving RF frequency changes from 
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13.56MHz to 27.12MHz, electron density decreases. More low energy electrons and ro-

vibrationally excited hydrogen molecules are required to produce more H- ions. 

Reduction of electron density at discharge region can lead to population reduction of ro-

vibrationally excited hydrogen molecules. So, at extraction region, associative attachment 

of low energy electron to ro-vibrationally excited hydrogen molecules decreases. 

Thus, increase of input RF power at higher driving RF frequency doesn't affect more 

production of H- ion compared with that of lower driving RF frequency. At lower input 

RF power, higher driving RF frequency is better than lower driving RF frequency to 

increase the extracted H- beam current because electron energy is sufficiently low. At 

higher input RF power, electron temperature in the extraction region is not a major factor 

to increase H- ion production due to low cross section of dissociative attachment. High 

electron temperature at discharge region can affect more production of ro-vibrationally 

excited hydrogen molecules. And increase of electron density leads to more production of 

H- ion. That is, more H- ions can be produced due to more processes of dissociative 

attachment. 
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5.2 Future work 

 

 

 Experimental results presented in chapter 3 and chapter 4 show the correlation of driving 

RF frequency and H- ion production. At lower input RF power, the higher RF frequency 

is, the more H- ion is produced. On the other hand, lower RF frequency affect increase of 

the extracted H- beam current at higher input RF power. That is, it is confirmed that 

driving RF frequency affects H- ion production by varying plasma parameters, such as 

electron temperature and electron density. 

Variation of plasma parameters with varying RF frequency seems to be related to 

power coupling efficiency at each frequency. So, discharge current and discharge voltage 

need to be measured for obtaining power coupling efficiency with varying RF frequency. 

And, to extract more H- beam current, population of low energy electron needs to 

increase by filtering out high energy electron at extraction region. 

In the basis of the measured plasma parameters, it is discussed how electron density and 

electron temperature affect the H- ion production by theoretical process of H- ion 

production. However, to understand the correlation between driving RF frequency and H- 

ion production rigorously, H- ion density needs to be measured directly. 
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Abstract (in Korean) 

 

TCP 수소 음이온원에서의 

인가 주파수에 따른 수소 음이온 생성 

특성에 대한 연구 

 

 

조원휘 

에너지시스템공학부 

서울대학교 대학원 

 

 

서울대에서 TCP 방식을 활용한 수소 음이온 발생장치에 관한 연구가 

진행되고 있다. 이 장치는 연속 운전이 가능하고, 고주파 안테나가 외부에 

존재하기 때문에 안테나 교체 없이 오랜 시간 운전할 수 있다는 장점을 

가지고 있다. 지금까지는 13.56MHz 의 고주파 전원을 사용하여 수소 음이온 

장치를 운전해 왔다. 그런데, 앞서 연구된 결과에 따르면 인가하는 고주파의 

주파수가 전자 온도나 전자 밀도 등의 플라즈마 변수에 영향을 끼쳐 수소 

음이온원의 성능이 달라진다고 보고된 바 있다. 

 수소 음이온은 일반적으로 체적 생성과 표면 생성의 두 가지 생성 과정으로 

만들어진다. 그 중 체적 생성 반응의 경우, 저온의 전자가 회전하는 진동 여기 

수소 분자와의 dissociative attachment 반응을 통해 수소 음이온이 생성된다. 

수소 음이온 생성에 필요한 회전 진동 여기 수소 분자들은 수소 분자와 

고온의 전자의 충돌로 생성된다. 이러한 과정을 통해 수소 음이온이 
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생성되므로 전자 온도나 전자 밀도와 같은 플라즈마 변수가 수소 음이온 

생성에 있어 중요한 역할을 하게 된다. 

 인가하는 주파수가 낮은 경우에는 높은 에너지를 가지는 전자의 수가 

증가하여 회전 진동 여기 수소 분자가 많이 생성되고 이로 인해 더 많은 수소 

음이온이 생성될 것이다. 반면에 인가하는 주파수가 높은 경우에는 power 

coupling 효과가 더 커지게 되어 플라즈마에 흡수되는 power 가 증가하게 된다. 

그 결과 플라즈마 내의 전자 온도와 전자 밀도가 증가하게 되어 더 많은 수소 

음이온이 생성될 수 있게 된다. 

이번 연구에서는 인가 주파수가 수소 음이온 생성에 미치는 영향을 

알아보기 위해서 인가 주파수를 12MHz 부터 27.12MHz 까지 변화시켜 인가 

주파수에 따라 달라지는 플라즈마 변수와 수소 음이온 빔전류를 측정하였다. 

운전 압력과 RF power 는 일정하게 유지된 상태에서 인가 주파수만 증가시켜 

인출되는 수소 음이온 빔전류를 측정해본 결과 인가 주파수가 증가할수록 

빔전류가 증가하는 것을 알 수 있었다. 뿐만 아니라 인가 주파수의 증가에 

따라 전자 밀도는 증가하고 전자온도는 감소하였다. 여기서 수소 빔전류가 

증가했다는 것은 저온의 전자와 회전 진동 여기 분자와의 dissociative 

attachment 반응이 많아졌다는 것으로 볼 수 있다. 인가 주파수가 증가할수록 

power coupling efficiency 가 증가하게 되어 더 많은 전자가 생겨나게 되고, 

이러한 전자 밀도의 증가는 더 많은 수소 음이온이 생성되게 하는 역할을 

한다. 반면에 인가 주파수가 높아지면 고온의 전자 수가 감소하여 전체적인 

평균 전자 온도를 감소시키게 되는데 전자 온도의 감소는 수소 음이온 생성에 

있어 긍정적인 영향을 주는 동시에 부정적인 영향을 주기도 한다. 전자 

온도가 감소하게 되면 상대적으로 저온의 전자가 많아지게 되므로 dissociative 

attachment 반응이 증가하여 더 많은 수소 음이온이 생성될 수 있다. 하지만 

그만큼 고온의 전자가 줄어들게 되므로 이는 곧 회전 진동 여기 분자를 

감소시켜 생성되는 수소 음이온의 수가 감소되는 결과를 낳는다. 이러한 

결과들을 통해 인가 주파수가 전자 온도와 전자 밀도를 변화시켜 수소 음이온 

생성에 영향을 준다는 것을 확인할 수 있었다. 
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그리고 인가하는 RF power 를 변화시켜 인가 주파수에 따른 수소 음이온 

생성의 변화에 대해서도 알아보았다. 인가 RF power 를 1000W 이상으로 

증가시켰을 때 인가 주파수에 따라 전자 온도가 달라지기는 하지만 전자 

온도의 크기가 dissociative attachment 반응에 영향을 미치는 온도 범위를 

벗어나게 되어 인가 RF power 가 낮을 때보다 수소 음이온 생성이 전자 

온도에 의해 더 적게 영향을 받는 것을 확인할 수 있었다. 즉, 인가하는 RF 

power 가 증가할수록 전자 온도보다는 전자 밀도가 수소 음이온 생성에 더 

주요한 역할을 하게 된다는 것을 알 수 있었다. 

수소 음이온 생성에 중요한 영향을 미치는 플라즈마 변수가 인가 주파수에 

따라 달라지는 것은 각 주파수에 따른 power coupling efficiency 가 달라 

플라즈마에 흡수되는 파워가 달라지기 때문에 나타나는 현상일 것이다. 이를 

확인하기 위해서는 각 인가주파수마다 방전 전류와 방전 전압을 측정하여 

power coupling efficiency 의 비교가 필요할 것이다. 또한 Laser photo-

detachment 를 통해 직접적인 수소 음이온 밀도를 측정함으로써 인가주파수에 

따라 수소 음이온 밀도가 어떻게 달라지는지 확인해야 할 것이다. 

 

주요어 : 인가 주파수, TCP 수소 음이온원, 전자 온도 및 전자 밀도의 측정, 

수소 음이온 생성, 수소 빔전류, 인가 RF power 

 

학번 : 2010-23346
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