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Description: 

A Heavy Ion Beam Probe, HIBP, has been installed on a helicon plasma device. The 

objective was to measure plasma fluctuations at the 13.55MHz RF frequency. This offers 

a unique challenge for the HIBP, because the transit time of the probing ion is long 

compared to the fluctuations of interest.  For previous HIBPs, the transit time has been 

short compared to the period of the fluctuations which permits one to assume that the 

magnetic and electric fields are  static.  Modeling has shown that the diagnostic will still 

accurately measure the average potential. The fluctuating potential was to be detected but 

the absolute magnitude is difficult to determine with signal from a single point.  However, 

modeling indicates multipoint measurements will allow one to resolve the absolute 

fluctuation magnitude. Work supported by DOE Gant No. DE-FG02-99ER5452985 

 

Results: 

During the funding of this grant, a helicon plasma discharge device was built and 

operated.  A Heavy Ion Beam Probe primary system was installed and operated.  A 

primary beam detector was installed and primary beam was detected both with and 

without plasma.  Attempts were made to detect secondary ions using the primary beam 

detector, without success.  Given the lack of a detectable signal, the energy analyzer of 
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the HIBP system was never installed.  It is available for installation if there is a reason to 

do so in the future. 

 

Analysis of the system indicated that the plasma electron temperature, estimated to be a 

few  eV, was the likely reason for the lack of detectable secondary ions.  A change of ion 

species to either Boron or Magnesium would greatly increase the signal, but neither of 

these ions have been used in a HIBP system.  The ion source used in this system is made 

by using a charge exchange process to create a zeolite loaded with the desired ion.  

Attempts were made to use charge exchange to load Magnesium into a zeolite, and were 

not successful.  It is felt that Magnesium and/or Boron zeolite sources could be created, 

but time and funds were exhausted.     

 

Modeling was done to show what could be done if signal had been detected.  As 

originally stated in the proposal, the issue to be addressed is that the ion transit time is 

long compared to a cycle time of the RF drive signal, or long compared to the time scale 

of the fluctuations of interest.  In other words, the system would be able to make the 

measurement proposed.  There would also be a significant path effect which may be 

difficult to eliminate.  Additional work is required to use simultaneous multipoint 

measurements to separate the local and path effects. 

The conclusions of the work are: 

1) HIBP measurements on such a low temperature plasma require a change in the 

probing ion. 
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2) Even though the standard electro-static approximation used with HIBP systems 

isn’t valid for high frequency fluctuations, the change in energy of the secondary 

ions is strongly related to the plasma potential at the ionization location. 

 

Background – why is there interest in HIBP measurements of high frequency 

fluctuations? 

Radio frequency waves have been used in many plasmas for heating and current drive. 

Determination of wave propagation through the plasma and the power deposition is 

generally based on computer simulations of the experiment. However, confirmation of 

these results with experimental measurements has been difficult to achieve. As the result, 

measurement of the wave propagation and deposition was identified as an important 

diagnostic need for magnetically confined plasmas [1]. 

 

Overview of system 
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Fig. 1. The schematic diagram of HIBP 
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Basically, the HIBP utilizes ions as the test particles. As fig.1 shows, singly charged 

particles (called primaries) are injected into a magnetically confined plasma. As ions pass 

through the plasma, some of them are further ionized and become doubly charged ions 

(called secondaries). In the confinement magnetic field, the primaries and the secondaries 

are separated by the magnetic force. Secondaries ionized at different locations fly along 

different routes. Given a certain detector location, only those ionized at a certain location 

are detected. Thus, this allows the HIBP to make measurements localized to the 

ionization position. 

Fig. 2 shows the configuration of our system. The vacuum is maintained by two sets of 

rough/turbo pumps that provide a base vacuum down to 10-6Torr. The ion beam is 

generated by a thermionic ion source [6-7], accelerated, and then steered by sweep plates. 

The ions we are using are Na+ and K+. A wire array detector is placed on the right of the 

sweep plates. By using the wire array detector, we measured the diameter of the ion beam 

is ~1cm, the beam current ~1μA. The helicon plasma is heated by a 13.56MHz RF power 

source, which can provide a power up to 1000Watt. The antenna we are using is type 
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Fig. 2 Internal side view of the HIBP system at RPI 
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Nagoya III. A magnetic field up to 2.6 kGauss is applied. With a Langmuir probe, we 

measured that the plasma density ranges from 10-10 to 10-13 cm-3, the electron temperature 

varies from 4eV to 14eV depending upon the discharge modes [11], the plasma potential 

ranges from 10-60V. 

A plate detector is now being used for to tune up the basic system compoents. We 

designed a support structure to mount a Proca-Green parallel plate energy analyzer, but 

don’t expect to install this system.  This is because of the lack of signal and lack of 

funding. This kind of energy analyzer is widely used by various HIBP systems [6] [8-10].  

Potential Measurement 

For the past experiments, the transit time that ions pass though the object plasma is much 

shorter than the variation time of the internal electric field. Therefore, the electric field 

can be treated as static. Therefore the plasma potential was calculated as the following: [6] 

ps

ps
sv qq

WW
−

−
=φ  (1) 

where pW , sW are the energy of the primary ion, the secondary ion; pq , sq  the charge of 

primary ion and secondary; and svφ  the plasma potential at the ionization point, 

respectively. 

However, when the frequency of the electric field fluctuation of interest is high, this 

assumption is no longer valid. Assume the electric field is 

( )tt ,)(),( 10 rErErE +=  (2) 

where )(0 rE  and ( )t,1 rE  are the equilibrium and the fluctuation component of the inner 

plasma electric field. The total energy change of an ion along a piece of a trajectory can 

be written as 
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Since the equilibrium component is electrostatic, usually we express the equilibrium 

component in potential form. So eq.(3) becomes 

( ) ( )∫∫ ⋅+⋅∇−=Δ
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dtqdVqE lrElr ,10  (4) 

 

 

The net energy change of an ion is 
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Where lpri and lsec are shown in fig. 1. The first term in eq.(5) is zero due to energy 

conservation of the electrostatic component.  

Assume that ( ) ( ) ( ) ( ) ( ) θθ φωω aEaErE r ++= trtrt r sinsin, 111

 
 

The time average of the third and fourth terms in eq.(5) is zero. Therefore, 

( ) ( ) ( ) ( )ionizationpri
l

prips VqqdVqqWWE rlr 0sec
sec
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 (6)

 

where rionization is the location of the ionization. Comparing this expression with eq. (1), it 

is seen that the method to measure the plasma potential in low frequency plasmas still 

works for high frequency plasmas if the plasma potential is replaced by the equilibrium 

component of plasma potential. 

The last two terms in eq. (5) are path integrations. Thus it is hard to estimate the local 

fluctuation component of the internal electric field with a secondary signal from an 
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ionization point alone.  However, it is possible to estimate the fluctuation by an energy 

analyzer with two entrance slits. As shown in Fig. 3, since the secondary trajectories are 

tangent to the primary trajectory, and in our experiment the analyzer is far away from the 

plasma, the two secondary trajectories are very close to each another. Therefore, as 

shown in fig 3(b), 22111 LsLpLpLsLp ++≈+ . Then we can make the assumption that 
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Then, we get  
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The first term on the right side is found by averaging the measured signal.  We then have 

( ) ( ) ∫ ⋅−=Δ−−Δ−Δ
2
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The integration ∫ ⋅
2
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dt lrE  can be written as 
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where E1l(r,θ) is the electric fluctuation along Lp2. Replacing E1l(r,θ) in eq. (10) by a 

constant E1lavg, we get 
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        (a)       (b) 

Fig. 3. Secondary trajectories hitting an analyzer with to entrance slits. (a) the 
zoomed view. (b) the exaggerated schematic view. 
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Eq. (11) gives us a method to measure the fluctuation component. However, our 

modeling indicates this approximation is true only when samples lie along the radial 

direction. As shown Fig.4(a), if we take samples nearly along the radial direction, we can 

measure the radial electric fluctuation. We verified this method with computer modeling. 

With those samples, we simulated the energy variation of the secondaries with assumed 

electric field profiles. With this simulated signal, we estimated the internal electric 

fluctuation with eq. (11). By comparison of the estimated result with the assumed 

fluctuation, we can check whether this method works. In Fig. 4(b) is the comparison with 

an assumed profile. The solid line represents the assumed radial electric field. The small 

crosses are the estimated electric fluctuation using eq. (11). We also tried other electric 

fluctuation profiles, all of which indicate that this method can be used to measure internal 

electric field fluctuations. 

 
         (a)                 (b) 

Fig 4. Examination of 2-slits differentiation method. (a) Sample pieces taken with fixed 
injection angle ~ -1.7° (b) The simulation result.  
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