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Abstract: Retarding Potential Analyzers (RPAs) are compact, inexpensive diagnostics 
capable of measuring ion energy distribution functions (IEDFs) by using, traditionally, a 
series of grids to selectively filter ions of differing potentials. Two RPAs have been built, 
calibrated using the monoenergetic ion beam of a 3-cm-diameter gridded ion source, and 
tested in the discharge of a 15-cm-diameter helicon source at the University of Michigan 
Plasmadynamics and Electric Propulsion Laboratory (PEPL). The first RPA (Micro RPA or 
MRPA) is a small, compact gridded design developed at Australia National University in 
Canberra specifically for helicon plasma measurements. The second RPA (Slit RPA or 
SRPA) is a new PEPL design that substitutes adjustable-width slits for the traditional 
constant-diameter grid apertures, facilitating the matching of slit width to the ion Debye 
length for high-density plasmas. We found that measurements in the beam of a 3-cm-
diameter ion source gave similar results for both analyzers. Ion energy distribution functions 
(IEDFs) measured on the helicon source differed greatly between the two RPAs. Results 
from the SRPA show ion energies about 2 to 3 times that measured by the MRPA. The 
MRPA measured ion energies between 17 V and 40 V, where as the SRPA measured ion 
energies between 55 V and 100 V. Possible explanations for the differences are explored. 

 

Nomenclature 
Ac = collector area 
I = ion current 
kb = Boltzmann’s constant 
mi = ion mass 
ne = electron number density 
ni = ion number density 
qe = elementary charge 
Te = electron temperature 
V = retarding potential 
Vd = potential difference between grids 
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Vmp = most probable ion voltage 
Vr = electron-repelling potential 
Vs = electron-suppressing potential 
x = grid spacing  
Zi = ith charge state 
εo = permittivity of free space 
λD = Debye Length 

I. � Introduction 
ELICON sources are highly efficient RF plasma sources capable of producing plasma densities as high as ~1020 

m-3 with electron temperatures only around 3 eV. For this reason, there is much interest in using helicon sources in 
all aspects of plasmadynamic research from plasma processing to electric propulsion. At the University of Michigan 
Plasmadynamics and Electric Propulsion Laboratory (PEPL) we have developed a 15-cm-diameter helicon source 
for a variety of purposes. These include simulating atmospheric re-entry plasma conditions in a laboratory setting 
and researching the feasibility of using a helicon as an ionization source for a Hall effect thruster (HET). 

During atmospheric re-entry, capsules become surrounded by high density, low temperature plasma. Densities of 
around 1016 – 1019 m-3 and electron temperatures around 2 – 5 eV have been measured during the re-entry of a 
RAM-C capsule in the 1960’s.1,2 The densities and electron temperatures downstream of the PEPL helicon source 
match well with the lower densities (higher altitudes) and electron temperatures found in the RAM-C experiments. 
In addition to the ion number density and the electron temperature, we are interested in measuring the ion energy 
downstream of the helicon source. This is measured using a retarding potential analyzer (RPA).3  
 Modern spacecraft are increasingly using electric propulsion devices for station keeping and orbit topping 
maneuvers. HETs are used most often for near earth maneuvers, such as those mentioned above, due to their high 
specific impulse and reasonable electrical efficiency. However, the reliance of HETs on DC electron bombardment 
for gas ionization limits the thrust efficiency as well as the range of specific impulses.4 Helicons, known as the most 
efficient method for producing high density, low temperature plasma,5 may be able to alleviate some of the issues 
that arise from using DC cathodes as the main source of ionization in HETs. In order to determine the feasibility of 
using helicon sources on HETs, we must first determine whether the plasma is exiting the helicon at a sufficient rate 
for the HET. Again, this is determined through the use of a RPA. 
 The RPA is a diagnostic that collects selectively filtered ions via the application of a varying grid potential. 
Thus, only ions with energy to charge ratios (E/q) greater than the grid voltage can pass through the grid apertures to 
reach the collector. The magnitude of the derivative of the resulting current vs. voltage curve is proportional to the 
ion energy distribution3.  
 In this study, we developed and tested two RPAs for use on the PEPL helicon source. We built one RPA (the 
micro RPA or MRPA) based on a design used at Australia National University in Canberra by Conway et al. 
specifically for use with helicon sources.6 The second RPA is a new PEPL design that substitutes adjustable-width 
slits for the traditional constant-diameter grid apertures,5 facilitating the matching of slit width to the ion Debye 
length for high-density plasmas. This allows for more versatility when operating in plasmas of various densities, as 
is common at PEPL. Both RPAs were calibrated using the monoenergetic ion beam of a 3-cm-diameter gridded 
calibration source that provided a constant beam voltage at 300V. After calibration, we placed the RPAs in the 
discharge of the PEPL 15-cm-diameter helicon source. Ion energy distribution functions (IEDFs) were calculated 
from the current vs. voltage characteristics and compared for the two RPAs. We present these results in this paper. 

II. � Design Considerations 
When designing an RPA, the first consideration is the spacing between the electron repelling and the ion 

retarding grids with respect to space-charge limitations.3 This occurs when, as positively or negatively charged 
species are removed from the flow, additional charge builds up between the grids, creating a potential hill. If this 
potential hill increases to the point where it is greater than the applied voltage, then the operation of the RPA will 
change. This results in a lowering of the collected current of that species. The relationship between the grid spacing, 
x, and the potential difference between the grids, Vd, is given in Eq. (1) for the case when any higher plasma density 
would lead to space-charge limitations. 

                                                             
5 Conversations between Timothy B. Smith and Kristina M. Lemmer, University of Michigan, October 2006. 
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Equation 2 is an expression to determine the Debye length, where λD is the Debye length, qe is the charge of an 
electron, kb is Boltzmann’s constant, Te is the electron temperature in Kelvin, εo is the permittivity of free space, and 
ne is the plasma electron density. Since Vd is generally set to a few times Te (to ensure that all electrons are repelled), 
the spacing between the ion-retarding grid and the electron-repelling grid should be set to satisfy the condition in Eq. 
(3). 

 

! 

x < 4"
D

 (3) 

In the case of the PEPL helicon plasma source, where the plasma density is on the order of 1018 m-3, this requires a 
grid spacing of less than 0.1 mm. For our experiments we are taking RPA measurements downstream of the helicon 
discharge where densities are closer to 1017 m-3. This requires grid spacing less than 0.5 mm, which is difficult to 

build in the lab. To circumvent this issue, we place floating attenuation 
grids on the front of the analyzer to lower the plasma density entering the 
RPA. 
 Another design consideration that we looked at was the size of the grid 
aperture. In order for the grids to be effective, the diameter of the grid 
aperture must be much less than the Debye length, while still maintaining a 
high signal to noise ratio. This design consideration led us a different type 
of RPA design, which does not have fixed diameter grids as the filters 
since this type of RPA is designed to work with a narrow range of plasma 
densities. If we were to stray outside that range, either the grids would not 
work as effective filters, instead creating a potential valley through which 
the particles accelerate (for higher densities), or the grids would block too 
many of the ions, resulting in a signal to noise ratio that is unacceptable 
(for lower densities).  
 Since we use many types of plasma devices at PEPL, we wanted to 
design a RPA that can operate in different ranges of plasma densities. 

Thus, we decided upon a slit design that allows for a degree of freedom in the gap thickness. Therefore, when we 
want to operate the RPA in low-density plasma, we can increase the gap, and when we want to operate the analyzer 
in high-density plasma, we can narrow it. Figure 1 is a photo of the slit inside of the SRPA. Although the intention 
of the SRPA is for the slit width to be adjustable, for our initial attempt, we chose to fix the gap width to simplify 
the construction. 

III. Facilities and Experimental Setup 

A. Facilities 
All testing was performed at PEPL at the University of Michigan in the Cathode Test Facility (CTF). The CTF is 

a 2.44-m-long by 0.61-m-diameter aluminum vacuum chamber. There is a CVI TM500 cryopump with a measured 
xenon pumping speed of 1,500 l/s attached to the CTF that is able to pump down to a base pressure of ~3 E-7 Torr 
and able to maintain pressures up to ~10 E -3 Torr without overheating. The helicon is attached to a 14.5-cm-
diameter port that is located on the side of the CTF. In addition, there is one high precision linear table with attached 
external motion controller that allows for variations in the axial direction during diagnostics testing. A five-panel 
graphite beam dump protects the cryopump and prevents back sputtering caused by an ion beam. 

B. 3-cm-Diameter Ion Source Setup 
For calibration of the RPAs, we used a Commonwealth Scientific 3-cm-diameter gridded ion source, shown in 

Fig. Figure 2. This unit is capable of operation up to 1,500 V; however, we only ran the system at 300 V. The ion 
source consists of an outer body made of 1.6 mm thick stainless steel. There are two grids, screen and accelerator, 

 
Figure 1. Slits in the SRPA design 
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that are 1 mm thick discs with a laser-drilled hexagonal pattern of holes with 1-mm-diameter apertures and 1.32-
mm-spacing between aperture centers. A needle valve was used to constrict xenon 
flow so that we could maintain a constant chamber pressure of ~8.5 E-5 Torr. A 
Kikisui PAD 16-10L supplies power to the 0.25-mm-diameter tungsten cathode 
filament, while a Hewlett Packard HP 6271 maintains the discharge current and 
voltage. Both of these power supplies float atop a Glassman FC01.5P80 1500 V, 80 
mA power supply that provides the beam potential. Power to the accelerator grid is 
provided by a Lambda model 71 supply, and a 10-ampere Variac powers the 
neutralizer wire. 

C. Helicon Setup 
The helicon source at PEPL has a double helix antenna (Fig. 3a) wrapped 

around a 15-cm-diameter by 40-cm-long quartz tube and connected via a pi-style 
matching network to a 3 kW, 13.56 MHz RF power supply. The matching network 
allows for peak reflected power in the range of 10 – 50 watts for the majority of the 
operating conditions. There are also three magnets capable of creating a peak 
magnetic field of 415 gauss along the helicon centerline. We flow argon into the CTF via a needle valve at about 

~200 sccm through an inlet nozzle at the end of the quartz tube. This creates a background pressure of between 0.9 
and 1.1 mTorr. Fig. 3Figure 3b shows the layout of the PEPL helicon source, and Fig. 3Figure 3c shows the 
electrical setup of the helicon.  

D. Retarding Potential Analyzers 
1. Micro Retarding Potential Analyzer 

We designed the MRPA based on 
both the multi-grid energy analyzer 
design recommended by Hutchinson3 and 
a design previously used at the Australia 
National University in Canberra.6 Figure 
4 shows a schematic of our 4-grid design, 
and Fig. 5 is a photo of the MRPA.  

The analyzer is housed inside a 
stainless steel case that is 21 mm x 13.75 
mm x 26.5 mm, and a 9.75-mm-diameter 
stainless steel tube encloses the electrical 
connections for the grids. The housing lid 

 

 

 
a)        b)             c) 

Figure 3. PEPL helicon source setup. a) Double helix antenna. b) Helicon source layout with dimensions. Units are 
in cm.  The (0,0) location is where the quartz tube meets the CTF flange in the radial center of the quartz tube. The 
magnets and antenna are seen surrounding the quartz tube. c) Helicon electrical setup showing DC magnets, RF 
antenna, pi-style matching network and RF power supply. 

 
Figure 2. 3 cm gridded ion 
source. 

 
Figure 4. Schematic of MRPA. Four grid design with mica sheet 
for spacers.  The grids are in physical contact with copper plates in 
order to create electrical contacts. 
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has two sides, creating a partial box, ensuring that the only ions entering the analyzer are those entering through the 
front orifice. The plasma first passes through an attenuating grid that is floating on the outside of the MRPA. Next, it 
passes into the analyzer and then through the floating neutralizer grid, negatively charged electron-repelling grid, 
positively charged and varying ion-retarding grid, and finally through the negatively charged electron-suppression 
grid. If the ion passes through all these filters, it then collides with a nickel collector plate. Each grid consists of a 
stainless steel mesh with 0.28-mm-diameter grid apertures, a copper plate that provides a means of charging the 
mesh and a mica sheet for insulation. The resulting space between grids is 0.71 mm. This is slightly higher than four 
times the expected Debye length (0.3 mm), so a series of attenuating grids have been added to the front of the 
MRPA in order to lower the density inside the analyzer. The grid assembly is stacked inside of and clamped to the 
housing lid, which is then bolted to the remainder of the housing. 

A varying voltage from 0 V to 500 V is applied to the ion-retarding grid via a Keithley 2410 source meter. We 
use batteries to put a constant 0 V to -11.3 V potential on the electron-suppression grid and a constant 0 V to  -100 V 
potential on the electron-retarding grid. Current collected from the nickel plate is measured via a Keithley 6485 
picoammeter. 

 
2. Slit Retarding Potential Analyzer 

As stated earlier, we chose the design of the SRPA to allow for changing the slit width depending on the density 
of the plasma within which the analyzer will be operated. Due to our desire to create a simple design for the first 
time that we operated the SRPA, however, we chose to fix the slit width on this version. We designed the analyzer 
such that the slit width is equal to the diameter of the grid apertures in the mesh used in the MRPA. In addition, we 
placed a stainless steel mesh at the entrance to the analyzer to lower the plasma density inside the SRPA. Figure 5 
shows the two RPAs side-by-side. 

The SRPA consists of three stainless steel framed slits that the 
plasma must pass through before reaching a nickel collector plate. The 
first slit is the neutralizer slit, the second is the electron-repelling slit, and the third is the ion-retarding slit. We chose 
not to include an electron-suppression slit in the initial version of the SRPA to make the design as simple as 
possible. Layers of kapton tape for insulation separate the slits. This results in a slit separation distance of .72 mm, 
very close to that of the MRPA. In the future, we plan to add an electron-suppression grid and to make the slit width 
adjustable. Figure 6 is a schematic of the SRPA.  

Similar to the MRPA, a varying voltage from 0 V to 500 V was applied to the ion retarding slit using a Keithley 
2410. We again used batteries to provide the constant negative potential on the electron-repelling slit ranging from 0 
V to -100 V, and we used a Keithley 6485 picoammeter to measure the current collected by the nickel plate. 

IV. � Data Analysis and Results 
The collector current and discriminator voltage are recorded by a PC using a LabVIEW code. Then, we smooth 

the data using a 7-point-box smoothing spline before and after numerically differentiating the current vs. voltage 
characteristic to reduce the effects of noise on the measured signal. From Eq. (4) we know that dI/dV is proportional 
to the IEDF. 

 
Figure 5. MRPA on the right and SRPA on the left.  

Figure 6. Schematic drawing of 
SRPA 
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In the equation above, Zi is the charge state of the ions, ni 
is the ion number density, Ac is the area of the collector, 
and mi is the mass of an ion. The IEDFs are normalized to 
a peak of 1 in order to facilitate comparing of 
characteristics. The potential where the peak dI/dV occurs 
in the IEDF indicates the most probable ion voltage, Vmp. 
Figure 7 shows an example current vs. voltage sweep, as 
well its IEDF. 

A. Calibration Using Ion Source 
Before testing the RPAs in the discharge of a helicon 

source, we wanted to make sure that they were operating 
as we expected. By using the Commonweath Scientific 3-
cm-diameter ion source, we were able to set a known ion 
energy equal to the difference between the beam voltage, 
Vb and the plasma potential. The analyzer was located 25 
cm downstream and along the centerline of the ion source, 
while the ion source was operating at a 300 V beam 
potential. We measured the most probably ion potential to 
be approximately 250 V. Figure 8 shows plots of the 
IEDFs from each RPA. The peak, though wide, is 
nevertheless located around 250 V. One possible reason 
for the lower than expected ion potential (300 V) is 
because we did not use thoriated tungsten as the 
neutralizer wire thus, limiting its ability to neutralize the 
plasma. Therefore, the plasma potential may have been 
higher than the expected value of around 0 V.7 The wide 
peak and fluctuating signal are due to low density 
downstream of the ion source. Since both RPAs were 
designed for operation in the high-density plume of a 
helicon source, very little current actually passes through 
all the grids to hit the nickel current collector (less than 
nanoamperes), resulting in a low signal to noise ratio. 
This situation is a great example of where a RPA with an 
adjustable width slit instead of fixed grids would be most 
useful. 

B. Helicon Testing Results 
One difficulty that arose during testing was the low 

current being collected by the analyzers. We expected to collect currents in the microampere range;6,8 however, we 
were collecting nanoamperes. This is because the density in which we operated the analyzers was lower than what 
we expected. Since we expected to operate the analyzers within plasma densities of 1017 m-3, and we were actually 
operating within plasma densities of 1016 m-3, the grids that we placed over the probe entrance attenuated the plasma 
density too much allow for collection of microamperes. This resulted in a higher uncertainty in the accuracy of the 
measurements 

We also had problems with RF radiation coming from the helicon power supply. The RF radiation caused the 
Keithley 2410 source meter and the Keithley 6485 picoammeter to fluctuate from the actual measured/output values. 
In order to alleviate this problem we placed inductor filters on the input lines for the source meter and the 
picoammeter, and we surrounded the helicon antenna and magnets in copper mesh shielding. This resulted in fewer 
fluctuations in the Keithleys; however, the helicon plasma became unstable at higher power settings. Therefore, we 

 
Figure 8. Normalized IEDF as a function of 
Energy/Charge. Most probable ion energy occurs at 
peak of dI/dV plot. Vr = -60 V, Vs = -5.7 V. 

 
Figure 7. Example of data analysis process. 
Sweep taken with MRPA with Vr=-60 V and Vs=-
11.3 V. Helicon power set to 500 W. 
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only operated the helicon at 500 watts, 750 watts, and 1000 watts. Furthermore, the signal fluctuations at 13.56 
MHz, in addition to the low collected current resulted in low signal to noise ratios and thus, uncertainties in the data. 

Despite these issues, a clear drop in the collected current can be seen in the current vs. voltage sweeps along with 
a peak in the IEDF characteristics. Since the expected ion energy in a helicon discharge is lower than that of the ion 
source, we ran voltage sweeps only from 0 V to 150 V. In addition, we wanted to investigate the effect of the 
electron-repelling grid on the measured IEDF, so for both analyzers, we measured data at various electron-repelling 
grid potentials: 0 V, -30 V, -60 V, and -100 V. We also ran the MRPA at three different electron-suppression grid 
potentials (0 V, -5.7 V, and -11.3 V) to determine any effects from that grid. 
 
1. Micro Retarding Potential Analyzer 

Overall, we found that the most probable ion voltage measured with the MRPA was between 17 V and 40 V at 
two downstream locations (-25.5 cm and -51.5 cm) while operating the helicon at 500 W and maximum magnetic 
field strength (415 G). In general, we measured the higher ion energies further downstream.  Also, we found that as 
we increased the magnitude of the potential on the electron-repelling grid from 0 V to -100 V, the most probable ion 
voltage decreased. Similarly, when the magnitude of the potential on the electron-suppression grid increases from 0 

  
a)                 b) 

 
 

   
c)                 d) 
 
Figure 9. IEDF characteristics and most probable voltage results from MRPA. All data was taken with 
the helicon operating at 500 W total power and a peak magnetic field strength of 415 G. Figure 9a shows the 
normalized IEDFs vs. electron-repelling grid potential for a fixed electron-suppression potential. Figure 9b is 
the normalized IEDFs vs. electron-suppression grid potential for a fixed electron-repelling potential.  Figures 
9c and 9d are the most probable ion voltages as a function of the electron-repelling and suppression voltages 
for two different positions. 
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V to -11.3 V, the most probable ion voltage decreases slightly. This is unexpected since one would think the 
negative potential of the repelling and suppression grids would accelerate the ions. Figure 9 illustrates the change in 
Vmp as a function of repelling and suppression voltage for two different downstream positions. The initial jump that 
occurs at 0 V is a result of the Keithley 2410 source meter, and not a characteristic of the plasma.  

 Also illustrated in Fig. 9 is an increase in ion energy further downstream of the helicon source. The ions at 
51.5 cm downstream of the helicon have about 5 V to 10 V more energy than those only 25.5 cm downstream. This 
type of behavior has been seen before in helicon sources and is usually associated with the presence of a double 
layer.9 

2. Slit Retarding Potential Analyzer 
Data measured from the SRPA shows very clearly the need for an 

electron-suppression grid/slit. Without one, the secondary electrons 
emitted by collisions with the collector are free to oscillate along the 
analyzer axis. This causes a slight increase in the collected current 
around the region of zero ion energy.10 Data from the SRPA also 
demonstrates the need for a sufficient negative potential to be applied 
to the electron-repelling slit. When the retarding potential becomes 
larger than the maximum ion kinetic energy, the collected current 
should go to zero. However, in the absence of an applied potential on 
the electron-repelling slit, or when that potential is insufficient, 
ionization occurs in the analyzer caused by electron-neutral collisions. 
This results in a parasitic current flowing into the collector at higher 
retarding energies.10 Both of these phenomena are shown in Fig. 10.  

The most probable ion voltage measured by the SRPA is higher 
than that measured by the MRPA by a factor of about three, ranging 
from 55 V to 100 V. One reason for this could be that the collector 
was measuring the current with respect to facility ground instead being 
isolated, as was expected.11 This was possible if a short occurred 
between the shielding on the BNC cable and the facility ground. For 

this new condition, the true ion voltage would be equal to the plasma potential subtracted from the measured ion 
voltage.  

Another difference that we found when comparing the measured data from the MRPA and the SRPA is that 
when we increased the magnitude of the potential applied to the electron-repelling slit on the SRPA, the most 
probable ion voltage increased. This situation is opposite to what we measured with the MRPA, but the SRPA case 
is more expected. A strong negative potential applied to the electron-repelling slit could cause the ions to accelerate. 

As is the case with the MRPA, we found that the most probable ion energy is higher further downstream of the 
helicon source exit. Furthermore, we found that increasing the total RF power into the helicon source resulted in an 
increase in the most probable ion energy. This increase is a function of the retarding potential. As the retarding 
potential goes from 0 V to -100 V, the effect of the input power on the ion energy increases. Figure 11 shows this 
graphically and also contains plots of data obtained from measurements done with the SRPA downstream of the 
helicon source at two axial locations, two total RF power settings and four electron-repelling potentials. 

V. � Conclusion 
Two retarding potential analyzers were designed, built, and tested on a helicon source at PEPL. Before testing on 

the helicon source, they were calibrated in the monoenergetic beam of a 3-cm-diameter commercially purchased ion 
source. Although the signal to noise ratio of these calibrations was low, a peak in the IEDF could still be discerned. 
Both the MRPA and the SRPA gave similar ion energies that were lower than what we expected, but the difference 
can be explained. Testing of the RPAs in the plume of the PEPL helicon source gave differing results between the 
two analyzers. Possible explanations for the discrepancies were discussed. Despite the difficulties that arose, both 
RPAs functioned and measured a most probable ion energy. Future work to improve the reliability of the RPAs 
should involve further calibrations using the ion source and additional tests on the helicon source with the 
attenuation grids on the front of the analyzers removed. This will allow for greater particle flux, and therefore, 
greater signal to noise ratio. In addition, work should be done to reduce the affect that RF radiation plays in the 
measured ion energy data. Finally, an electron-suppression slit should be added to the SRPA, and the slit width 
should be made adjustable. 

 
Figure 10. Current vs. voltage 
sweep. Performed on SRPA (no 
suppression grid) with no retarding 
potential. 
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