
DISCLAIMER 

TTm rcfKrrj was prepared ;ts ;JJ> aceouni •»( <*»)•& vpmwrfed hy an ajiciKy of ita UmU'ri State1-
(invtrnmcni. Neitftci thi: l e n t i l Suites CTtu'Cfmnem nc« ;*n> agency ifefcof. Tun .iOv rf <hcu 
finpii'^cv, (Tinkers ;m> warranty, e\pre*s ur implied, itr ^sumes ;*n> kpU Uyfrilm «r re-sports'-
M i n fi»r (he accufaty, ciimpletefwv*. <>r UM: fifteen «r any ipfntrmniwyfi, appaniim, product, or 
pruccw (hsclnrcd, or ttpiestiii?. (h:*l »•> UHC v.mi 1*1 n^i uit'nnjsc privately owned nghK Rtfrr-
CfK« hrrctu t« any specific comffiefCKtl pj*xlnet, proofs, u; ^ n i t ^ h> trytk name, tfademafi,. 
Tiiifn«f;K.fi?n;rr ur uthcrwj.si: duts mtf wrcesjanK ciimtiluK' m unplj jt.* en dor « mem, rtv«p!-
nu*ndatii>n, »j favoring (vv iht United SiaJo Ciuvt-rnmeni ar *.w> ngtncy thereof Tire vie»v> 
imJ opinions pf aulhtifs expressed ftcrem *3J) nm flccc^ariH Mate nr reflet! those of iht 
Untied S(«tC5 Government «c ;«ty ugync; (her<wtf 

MEASUREMENT OF PARALLEL ION ENERGY 
DISTRIBUTION FUNCTION IN PISCES PLASMA 

G. R. Tynan, D. M. Goebel, R. W. Conn 

August 1987 UCLA-PPG-1092 

UCLA/PPG—1092 

DE88 000108 

Department of Mechanical, Aerospace, and Nuclear Engineering 
Institute for Fusion and Plasma Research 

University of California, Los Angeles, CA 90024 



\ 

DtSOAMR 
This report was prepared aa an account of work sponsored by 
an agency or the thlced States Government. , Neither the 
Unitea States Government nor any agency thereof, nor any of 
the i r employees, makes any warranty, express or implied", or 
assures any legal l i ab i l i ty or responsibility for the 
accuracy, oonroleceness, or usefulness of any Information, 
apparatus, product — j r r - ^ " J ' " -1"1 

i t s use would not 
herein to any spec 
service by trade naie, 
does not necessarily 
reconraendation, or favor_ _, — — ___ 
ar any agency thereof. The views and opinions _ 
expressetr herein do not neaessarlly state or reflect 
the United States Government or any agency thereof. 



Measurement of Parallel Ion Energy Distribution 
Function in PISCES Plasma 

G. R. Tynan, D. M. Goebel, B. LaBombard, Y. Hirooka, 
W.K. Leung, R. W. Conn 

The PISCES facility is used to conduct controlled plasma-surface interaction 

experiments. Plasma parameters typical of those found in the edge plasmas of major 

fusion confinement experiments are produced. In this work, the energy distribution 

of the ion flux incident on a material surface is measured using a gridded energy 

analyzer in place of a material sample. The full width at half maximum energy 

distribution of the ion flux is found to vary from 10 eV to 30 eV for both hydrogen 

and deuterium plasmas. Helium plasmas have a much lower FWHM energy spread 

than hydrogen and deuterium plasmas. The FWHM ion energy spread is found to be 

linearly related to the electron temperature. The most probable ion energy is found to 

be linearly related to the bias applied to the energy analyzer. Other plasma parameters 

have a weak influence upon the energy distribution of the ion flux. Two possible 

physical mechanisms for producing the observed results are introduced and 



suggestions for further work are made. The impact of the reported measurements on 

the materials experiments :onducted in the PISCES facility are discussed and 

recommendations for future experiments are made. 



Introduction 

The PISCES experimental device is used to simulate he edge plasma 

conditions found in major magnetic confinement fusion experiments. Figure 1 gives 

a schematic of the PISCES facility. A radiatively heated Lar.thanum Hexaboride 

cathode disk thermionically emits electrons which are accelerated towards an anode 

and which are confined radially by a sufficiently strong DC magnetic field. The 

potential difference between the cathode and anode accelerates the primary electrons 

along the magnetic field; the primary electrons undergo collisions with the neutral gas 

atoms and create ions and electrons. Working gases are injected just downstream of 

the cathode -nd ions are produced by electron impact ionization. The energetic 

primary electrons continue drifting down the magnetic field and are lost at the 

endplate as are die ions while the Uiermal electrons are confined along the magnetic 

field by an electrically floating endplate. The combination of the cathode material, 

field and cathode geometries, and high pumping speed allow steady state plasmas 

with densities of up to 10 1 3 particles/cm3 and electron temperatures of up to 25 eV to 

be generated. The details of the facility have been discussed elsewhere*. 

One of the primary research objectives of the work on PISCES is to carry out 

experiments in plasma-material interactions. Typically, the ions in the PISCES 

plasma have a relatively low thermal energy in comparison with the ion energies of 

interest. In order to simulate the ion energies found in the edge plasmas of 

confinement experiments and fusion reactors, material samples in PISCES are biased 
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negatively with respect to the plasma in order to accelerate the ions to energies of the 

order of 100 eV. The resulting ion flux is similar to the edge plasma parameters of 
;-,terest and allows plasma-surface interaction experiments to be carried out under 

controlled conditions. 

Since the effect of the ion flux on the material surface depends upon the energy 

of the ions, the parallel energy distribution of the ions striking the material sample is 

of inherent interest Previously, it was assumed that the variation in ion energy at the 

material surface was negligible compared to the magnitude of the potential difference 

between material sample and plasma, i.e. the ions were assumed to be 

monoenergetic. There are considerations that would suggest that this is not 

necessarily true and hence measurements of the variation in axial ion energy in the 

plasma were made using a gridded electrostatic energy analyzer which was inserted 

into the plasma in place of a material sample. The measurements made also provide a 

reasonable simulation of the edge plasma flow into a limiter or into the endplates of a 

divertor. 

Since the plasma densities involved are on the order of 10 1 1 to lO 1^ 

particles/cm^, achieving the requisite resolution in the analyzer was difficult due to 

space charge effects within the analyzer itself. The heat flux imposed by the plasma 

on the analyzer was also considerable and hence the analyzer had to be water cooled 

in order to prevent melting. These two constraints dominated the experimental and 

engineering considerations involved in making the measurement. 

The format of this report is as follows. The experimental considerations axe 

discussed first, followed by a presentation of the results. Possible physical 
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mechanisms for producing the observed results are presenled. Finally, the 

implications of the attendant observations on material studies in the PISCES 

experimental facility are discussed, several conclusions are drawn, and suggestions 

for future work are made. 

% 
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Experimental Considerations 

Description of Instrument: 

Gridded energy analyzers use a series of parallel grids to screen out the panicles 

that are not of interest, allowing the energy distribution of the remaining particles to 

then be found. Figure 2 shows a schematic of a typical energy analyzer design and 

figure 3 shows the variation of the electric potential within the analyzer. Particles 

enter the body of the analyzer from the plasma by falling through a sheath region; 

particles that pass through the sheath and entrance slit then must pass through the set 

of grids in order to be collected and measured. A bias of the appropriate polarity is 

applied to the repeller grid in order to screen out the species of particle that is not 

being examined during the experiment. The magnitude of this bias plus the difference 

between the plasma potential and the probe potential must be high enough to screen 

out the majority of the unwanted particles. After passing through the repeller grid , 

the remaining particles must pass through the discriminator grid. This grid has a 

variable bias applied to it in order to discriminate between particles with varying 

levels of kinetic energy. If a particle has enough kinetic energy to overcome the 

potential that is applied to the discriminator grid, it passes through the grid and is 

collected. The collected current forms the physical signal used to make the 

measurement. By varying the bias on the discriminator grid and recording the 

corresponding variation in collected current, one can generate a curve that 

corresponds to the variation in particle kinetic energy. Energy analyzers are a routine 

means of measuring the energy distribution of ions and electrons and have been used 

in the past to measure ion and electron distribution functions in basic plasma physics 

experiments, charged particle beam experiments, and in the edge plasmas of fusion 
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confinement experiments. 

The expected form of the data from the energy analyzer is shown in figures 4a 

and 4b (neithe of these figures presents real data; the general form is the item of 

interest at this point). Figure 4a shows a representative curve of collected current 

plotted against the changing bias on the discriminator grid. Figure 4b shows the 

slope of figure 4a plotted against the bias on the discriminator grid. It is this second 

curve that is proportional to the parallel ion energy distribution function. It can be 

shown that the relation between collected current and the parallel distribution function 

is given as2»3 

dlcollect/dVgnd = (eAt /m) G(Eu) (1) 

where: 
e= Ion Charge 
A= Slit Area 
m=Ton Mass 
G(Ejj)=Parallel lor. Energy Distribution 

Function at the Entrance to Analyzer 

This can be solved for the parallel ion energy distribution function in terms of the 

slope of the analyzer characteristic. Hence by observing the variation of the collected 

current as the discriminator grid bias is varied, the parallel ion energy distribution at 

the entrance to the analyzer can be measured. This distribution can then be related to 

the distribution in the plasma. 

Several different effects govern the ability of the energy analyzer to resolve small 
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levels of axial energy variation. These effects include space charge within the 

analyzer^, field penetration of neighboring grids and focussing effects4, distortion of 

the sheath in front of the probe due to the small but non-zero slit width that is used to 

extract a beam of ions from the body of the plasma, and possibly, in high neutral 

density regimes with working gases that have a large charge exchange cross section, 

ion-neutral collisions in the region between the entrance slit and the swepi grid. 

Questions of analyzer resolution and accuracy can be satisfied by making appropriate 

choices for grid spacing and mesh size, by using double grids, and by biasing the 

analyzer sufficiently to overcome space charge effects within the analyzer itself. A 

detailed discussion of the proceedures used to estimate the energy resolution of the 

analyzer are given elsewhere^. 

Specific Design and Operation: 

The analyzer body was roughly the same size as a material sample in the 

PISCES facility (roughly 2-3 cm typical length), was constructed of copper and was 

water cooled to remove the heat load imposed by the plasma. The entrance slit in the 

front face of the analyzer was .25 mm wide and was 1.5 mm deep. Both the repellei 

grid and discriminator grid were made up of two stainless steel wire meshes spot 

welded onto stainless steel mounting plates ( i.e. 'double grids' were used). The 

front grid of both double grids had a mesh size of 400 lines per inch with a wire 

diameter of 0.001 inches white the second grid had a mesh size of 250 lines per inch 

with a wire diameter of 0.0016 inches. This mesh size was chosen so th?t the applied 

potential was not shielded out by the Debyr; shielding effect of the plasma that exists 

within the analyzer. The distance between the second grid of the repeller grid 
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assembly and the first grid of the discriminator grid assembly was 0.5 mm. The 

collector plate was made of stainless steel and was located 0.5 mm behind the 

discriminator grid. The collector plate was biased to +9 V (with respect to the bias of 

the analyzer casing) in order to eliminate secondary electron effects. A linearly 

ramped voltage was used to sweep the discriminator grid through a range of voltage 

in order to progressively retard the flow of ions and measure the ion energy 

distribution; the collected current was then passed through a shunt resistor and the 

resulting voltage was used as an input to an instrumentation amplifier. The output of 

the amplifier was then isolated and sent to a data acquisition system to be recorded for 

later analysis. 

Once data for a series of shots was recordeJ, the data was proceas^d to remove 

high frequency noise spikes, and then the slope of the collected signal was found 

using a localized curve fitting routine. The amount of data smoothing and extent of 

the localized curve fitting was found to have little effect on the obtained distribution 

functions-. Hence the primary limitation in the resolution of the analyzer vas c ae to 

the physical effects within the analy.asr tha were discussed above. The estimated 

energy resolution of the analyzer was 5 eV of -r.ergy spread. This estimate 

corresponds well with observed energy distributions, which were found under cei'ain 

plasma conditions fo have full width ai hall maximum energy variations of 7 volts or 

less. 

The fact that the probe is biased with respect to the plasma implies that the 

probe draw 5 a large current from the plasma, which in effect makes the probe part of 

the plasma dump. This is not a serious concern for the purposes of this experiment, 

since the analyzer is metely replacing the material sample that is usu; ily used in 
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PISCES as part of the plasma dump. However, in other applications, biasing the 

probe to overcome space charge effects may cause a large perturbation on the global 

plasma properties. Hence care must be exercised when designing and using energy 

analyzers in situations where the plasma does not have enough directed kinetic energy 

to overcome space charge effects in the analyzer since the presence of the analyzer 

may seriously perturb the plasma. 
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Results 

Initial Observations: 

The effect of electron temperature, electron density and neutral density on the 

parallel ion energy distribution of the ion flux striking 'ne analyzer surface were 

observed. In addition to these discharge parameters, it was thoi^'.i that the 

magnitude of the bias that was applied to the energy analyzer might have an effect on 

the energy spread of the ions. Several shots were taken at identical plasma conditions 

in order to see how reproducible the data from the energy analyzer were. For fixed 

plasma conditions, the measured full-width-at-half-maximum energy spread was 

reproducible to within 20%. The observed energy distribution was found to be 

independent of the waveform of the bias applied to the discriminator grid, as 

expected. 

Figures 5a and 5b show a plot of collected current us a function of voltage 

applied to the discriminator grid. The characteristics shown in the figures have 

several details which give some insight into the operation of the analyzer. In the 

region labeled section I of figure 5a, the collected current is increasing with 

discriminator grid bias due to secondary electrons being emitted form the 

discriminator grid mesh itself. When the difference between the analyzer bias and 

discriminator grid bias is sufficiently large, the ions have enough kinetic energy to 

cause secondary electrons to be emitted from the grid material. Since the net current to 

the collector plate is equal to the sum of the individual ion and electron currents, the 

collected current is reduced. As the bias applied to the discriminator grid is increased, 
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the remaining ion kinetic energy at the surface of the grid wires available to produce 

secondary electrons is reduced and hence secondary electron emission suppressed. 

The collected current then rises as the discriminator grid bias is increased as observed 

in section I of figure 4a. Eventually, the discriminator grid bias is sufficient to begin 

screening out the ions, and the collected current then quickly decreases as seen in 

section II of figure 4a. Section n is therefore the portion of the characteristic that 

contains the information about the ion distribution function; the portion of the 

analyzer characteristic labeled section I is not of direct i tf eren. 

Figure 5b shows an energy analyzer characteristic for • editions where space 

charge effects within the analyzer have begun to distort the data. The discriminator 

grid bias has gone through a complete cycle, and the collected current begins to show 

a hysteresis effect. This hysteresis can be ascribed to space charge effects occurring 

within the analyzer^. This effect can be explained by noting that as was previously 

discussed, when space charge effects are dominating the analyzer, a virtual grid ii 

formed. As the bias of the discriminator grid is being increased, ions are being 

stopped and begin to collect in the region between the electron repeller grid and the 

ion discriminator grid. When the discriminator grid bias begins to decrcas'., the ions 

begin to flow through and are collec'ed. However, the presence of the virtual grid 

due to space charge limitations causes the ion flow to be deviate from the flow that 

occurred during the upward going discriminator grid bias and hence a hysteresis loop 

is formed. Increasing the applied bias on the analyzer for a given plasma density was 

found icduce the hysteresis effect and, at a sufficiently large bias, the hysteresis 

loop was eliminated. By monitoring the hysteresis of the energy analyzer 

characteristic as the analyzer bias was changed, the onset of space charge limited flow 

within the analyzer could be observed and avoided. 
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Figure 5b shows an energy analyzer characteristic for conditions where space charge 

effects within the analyzer have begun to distort the data. The discriminator grid bias 

has gone through a complete cycle, and the collected current begins tr show a 

hysteresis effect. This hysteresis can be ascribed to space charge effects occurring 

within the analyzer^. This effect can be explained by noting that as was previously 

discussed, when space charge effects are dominating the analyzer, a virtual grid is 

formed. As the bias of the discriminator grid is being increased, ions are being 

stopped and begin to collect in the region between the electron repeller grid and the 

ion discriminator grid. When the discriminator grid bias begins to decrease, the ions 

begin to flow through and are collected. However, the presence of the virtual grid 

due to space charge limitations causes the ion flow to be deviate from the flow that 

occurred during the upward going discriminator grid bias and hence a hysteresis loop 

is formed. Increasing the applied bias on the analyzer for a given plasma density was 

found to reduce the hysteresis effect and, at a sufficiently large bias, the hysteresis 

loop was eliminated. By monitoring the hysteresis of the energy analyzer 

characteristic as the analyzer bias was charî  i, the onset of space charge limited flow 

within the analyzer could be observed and avoided. 

F'gure 6 shows the parallel ion energy distribution for the data given in figure 

5a, given by the slope of the trace in figure 5a verses the discriminator grid bias. 

Several observations can be made from this figure. First , the di^jibution has 

roughly the expected shape, i.e. it has the general form of a shifted gaussian. 

Secondly, the full width at half maximum of the distribution is seen to be of the order 

of electron temperature. This width was originally unexpected, since the ions in 

PISCES had previously been assumed to be monoenergetic. Finally, the energy 

1 1 



which corresponds to the peak in the measured distribution function is less than the 

bias applied to the analyzer, again by a difference of the order of the electron 

temperatu*.. 

Effect of Plasma Parameters on Ion Energy Distribution: 

Figure 7 shows a plot of the Full-Width-at-Half-Maximum (FWHM) energy 

spread of the parallel ion energy distribution as a function of electron temperature for 

a hydrogen plasma, a helium plasma, and a deuterium plasma. In a hydrogen 

plasma the ion energy spread seems to be linearly dependent on electron temperature 

as measured by a Langmuir probe. For an analyzer bias of 100 volts, the slope of 

the linear least squares fit is 0.6 and the predicted FWHM for cold electrons is 12 

volts. The available data suggest that deuterium behaves in a similar manner as 

hydrogen. In a helium plasma, the electron temperature dependence of the ion energy 

spread is much weaker, and the overall variation of parallel ion energy is much 

smaller than for hydrogen or deuterium plasmas. 

Figure, 8 shows the FWHM ion energy variation iz. a function of electron 

density. For the hydrogen and deuterium plasmas with the analyzer bias held at 100 

volts, the electron temperature was held constant to within a factor of two while the 

plasma density varied by more than an order of magnitude. For these variations in 

plasma parameters, the FWHM ion energy spread varied from 16 to 22 volts. This 

variation in FWHM energy spread seems to follow the electron temperature as was 

noted previously. He.ice, although independent control of the plasma density and 

electron temperature has not yet been achieved during a set of experimental runs, 
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from these order of magnitude considerations the FWHM ion energy spread is 

thought to be independent of the plasma density. However, additional work on this 

area is planned. 

Figure 9 shows the energy variation of deuterium and helium ions as a function 

of the bias applied to the analyzer. As can h<t seen from the figure, the energy spread 

of the helium ions seems to be sensitive to the magnitude of the bias that is applied to 

the analyzer, while the variation in energy spread of the deuterium ions with 

increasing analyzer bias is insignificant. Using a Langmuir probe located roughly 5 

cm upstream from the analyzer, no detectable change in the plasma parameters for 

helium were detected for various values of anai/zer bias. The observation that the 

plasma parameters did not change as the analyzer bias was varied tend to support the 

suggestion that the result may be due to the previously discussed effect of field 

penetration of the adjacent grids inside the analyzer. However, this suggestion does 

not explain why a deuterium plasma shows no dependence on the analyzer bias. 

Figure 10 shows the ercigy at which the peak in the ion energy distribution 

occurs as a function of the bias applied to the analyzer. As can be seen in this figure, 

the peak tends to follow the applied bias quite closely; however, a detailed 

examination reveals that the peak almost always is at a slighdy lower energy than the 

applied bias. This means that the most probab1*1 energy of the ions striking the 

analyzer surface is slighdy lower that the bias that was applied to the surface. 
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A plot of the peak offset energy (equal to the applied probe bias - plasma space 

potential - most probable ion energy at the analyzer surface) against the FWHM ion 

energy variation is shown in figure 11. The data shown are for a variety of 

discharge parameters. A strong correlation between these two quantities suggests that 

the peak offset energy is due mainly to the energy variation of the ions. The 

available data indicate that the peak offset vanishes when the FWHM ion energy 

spread is roughly 5 volts. 

Summary of Results: 

The ions have a significant variation in parallel energy, and that the most 

probable ion energy is found to be consistently lower than the applied analyzer bias. 

For hydrogen and deuterium plasmas, the FWHM parallel ion energy spread is equal 

to or larger than the electron temperature. In helii-m the variation in parallel ion 

energy is less than the electron temperature. 

Both hydrogen and deuterium plasmas are found to have similar behavior which 

implies that the observed parallel ion energy distribution is not explained by the 

difference in ion mass. The parallel ion energy distribution function has a full width 

at half maximum width that is linear in electron temperature for a hyd-ogen plasma. 

The observed distribution functions for helium plasmas have a much weaker 

dependence upon electron temperature and available data indicate that the behavior of 

a deuterium p'asma is similar to a hydrogen plasma. Other plasma parameters had a 

weaker effect upon tJe parallel ion energy distribution. The effect of analyzer bias 

or the measured data is inconclusive. The difference between Uie most probable ion 

energy and the applied bias is found to be proportional to the FWHM energy spread 
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of the ions. 

The Jifference in behavior between hydrogen (or deuterium) and helium may 

come from the different atomic physics processes of hydrogen (or deuterium) and 

helium. For example, hydrogen and deuterium ions are born with several electron 

volts of kinetic energy due to the molecular binding energy that is released upon 

molecular dissociation. Furthermore, the cross sections for charge exchange, 

ionization, and collisions between ions, neutrals and electrons are different for 

hydrogen (or deuterium), and helium. 
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Discussion 

The finding that the energy variation of the ions is of the order of the electron 

temperature was unexpected at first since the variation in ion energy in the PISCES 

plasma had previously been assumed to be on the order of a few eV or less. Because 

variations in parallel ion energy of the order of the electron temperature were being 

observed, the resolution of the analyzer was at first called into question. An 

investigation into the primary limits to energy analyzer resolution (space charge, 

Debye shielding of the grid wires, focussing effects, field penetration) demonstrated 

that a properly designed analyzer should be capable of resolving the energy variation 

of the ions in the PISCES plasma. This is demonstrated by the fact that the analyzer 

has resolved helium ion. energy variations of 7 volts in a plasma with an electron 

density of a few x lO'^/cc. It was therefore concluded that the variation in the ion 

energy seen by the analyzer was actually present in the plasma and was not due to 

instrumental effects. Once the measurements were believed the mechanism for 

producing these ion temperatures needed to be explained. 

The most obvious explaination for the observed ion temperatures is thermal 

equilibration between the electrons and the ions. There are two considerations which 

eliminate this explanation from further consideration. First, under certain plasma 

conditions, the observed spread in ion energy was found to be larger than the electron 

temperature. Secondly, a comparison of the thermal equilibration time for electrons 

and ions and the ion transit time in the PISCES device shows that the ions transit the 

machine and are lost on a time scale which is several orders of magnitude largei than 
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the thermal equilibration time. Hence, from these two considerations, we eliminate 

this explanation from further consideration. 

There are two mechanisms for producing these ion energies which are under 

consideration at this time. The first mechanism is that the ion energy distribution is 

created by having ions born within a region with an electric field (such as a 

presheath). Once an ion is created, it falls through the potential well existing along 

the field lines. The measured distribution function is not a thermal distribution but 

rather maps out the potential variation within the plasma. Figure 12 gives a schematic 

of the process. Since die electric potential drop in the presheath scales linearly with 

elecutm temperature^"10, it would follow that the FWHM variation in ion energy at 

the analyzer would be expected to scale linearly with electron temperature; however, a 

direct correlation between the observed energy distibutions and measurements of the 

axial variation in electric potential has not yet been made. Work is in progress to see 

whether or not an axial variation in the electric potential accounts for the the observed 

ion energy distributions. The second possible explanation of the ion energy 

distribution is that TII ion, after falling through the presheath and sheath regions in 

front of the analyzer surface, strikes the surface with an energy of the order of 100 

eV where it is neutralized. The resulting neutral particle is backscattered into the 

plasma at some fraction of the original kinetic energy. For the plasma parameters 

used in these experiments, the mean free path for reionization of these fast neutrals is 

of the order of 1 meter. The plasma column is approximately one meter long and is 

10 to 20 centimeters in diameter. Comparing the average path length for the fast 

neutrals to the mean free path for retonization shows that under certain conditions, a 

significant fraction of the fast neutrals can be reionized before thermalizing with the 

walls of the vacuum chamber. Figure 13 gives a schematic view of the endplatc and 
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plasma geometry. 

From the figure, we see that the average path length of the trajectory of a neutral 

particle in the plasma is not simply the plasma radius but is equal to .jme value 

greater than the plasma radius and less than the plasma column length. Since the 

mean free path for reionization at typical PISCES operating conditions is nearly equal 

to the length of the plasma column, we see that a significant fraction (10% to 50% 

roughly) of the fast neutrals will be reionized. This represents an energy source for 

the ions, resulting in an energetic ion population. 

One possible way to c?-eck this hypothesis would be to vary the potential of the 

cathode relative to the plasma. rhis would result in a changing kinetic energy for the 

fast neutrals being re-emitted from the cathode surface. If the energy of the fast 

neutrals influences the ion energy distribution by this proposed mechanism ther. the 

energy analyzer should be able to detect changes in the ion energy distribution. It is 

interesting to note that if this hypothesis is found to be true then the interaction 

between moderately dense nonthermal neutral particles and the plasma in devices such 

as divertor chambers and pumped limiter throats is nonnivial. If this is the case then 

the PISCES facility would provide a means by which experiments simulating such 

fusion reactor components could be conducted in a more controlled manner than in an 

actual confinement experiment 

The possible effect of plasma fluctuations on the resolution of the analyzer was 

pointed out to \u? author during the final preparation of this report 1 1. The 

magnitude of this effect is uncertain because the analyzer successfully measured 

FWHM ion energy spreads in helium of 6 eV which suggests '>?f the analyzer has 
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sufficient resolution to detect energy variations above this value. However, the level 

of plasma fluctuations was not directly monitored during this set of experiments and 

hence this effect cannot be ruled out at this time. 

Outstanding Questions and Recommended Future Work: 

Several outstanding questions regarding the foregoing observations and 

hypothesis remain to be answered- First of all, the observed dependence of the 

FWHM ion energy spread on electron temperature has roughly the expected value for 

hydrogen and deuterium plasmas, but the predicted parallel ion FWHM energy 

spreads for cold electrons ranges from 7 or 8 volts for a helium plasma to 15 volts for 

hydrogen and deuterium plasmas. The dependence of the helium ion FWHM energy 

spread on electron temperature was much weaker would be expected from the 

presheath model. The mechanism for the FWHM ion energy spread at low electron 

temperatures is unclear. The dependence of the FWHM energy spread upon analyzer 

bias for constant plasma conditions is unexplained by the present model and may be 

due to instrumental effects. 

As a means of testing the effect of fluctuations in plasma potential on the 

measured energy distribution, the fluctuation level of the plasma can be monitored as 

the plasma parameters are varied and parallel ion energy distribution measurements 

are made. If a significant correlation between fluctuation level and FWHM ion 

energy distribution, then the analyzer can be modified in order to correct for this 

effect' 1. Work is continuing on this question and this concern will be addressed in a 

future report. 
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As a means of testing the effect of fluctuations in plasma potential on the measured 

energy distribution, the fluctuation level of the plasma can be monitored as the plasma 

parameters are varied and parallel ion energy dstribution measurements are made. If 

a significant correlation between fluctuation level and FWHM ion energy distribution, 

men the analyzer can be modified in ordcr to correct for this effect* 1. Work is 

continuing on this question and this concern will be addressed in a future report. 

Several additional experiments could be done 'n order to test the hypothesis 

made in this report. The frrst would measure the ion energy distribution in the 

perpendicular direction under a variety of discharge conditions. If the ions have 

significant perpendicular energy then the presheath model would have a difficult time 

explaining this result Such a measurement could be made with a device similar in 

design to the parallel energy analyzer used in this experiment 

Secondly, the axial variation in electric potential needs to be directly measured. 

The energy distribution of an ion source which is accelerated by this measured electric 

potential distribution can then be calculated numerically and compared with the 

observed ion energy distribution. 

Thirdly, the sheath potential drop in front of the cathode could be varied in 

order to study the fast neutral mechanism discussed above. Since the fast neutrals 

scattered off of the c athode surface are directed toward the analyze- surface, varying 

the cathode bias relative to the plasma may provide an indication as to the validity of 

this model. As a related topic, work is currently in progress on the PISCES 

experiment, in cooperation with another group at UCLA, to measure the densities and 
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energies of any fast neutral particles present in the plasma using a laser flourescence 

technique. If these measurements indicate the presence of :h;-se ft it 

neutrals, this woui' tend to support the hypothesis of fast neutral re ionization as a 

means of producing the observed kin energy distributions. 

Finally, alternative methods of measuring the ion energy distribution should be 

attempted in order to verify (or refute) the measurements made with this instrument. 

For example, assuming a shifted maxwellian for the ion energy distribution, the linear 

Landau damping rate of the ion acoustic wave propagatinp along the magnetic field is 

sensitive upon the ratio of ion to electron temperature. In principle the temperature 

ratio could be determined by measuring how fast ion acoustic waves are damped in 

the PISCES plasma. Practical considerations of plasma noise due tc turbulence and 

colHsional damping effects may preclude this technique from being useful. 

However, other techniques of measuring the ion energy distribr";on function would 

be valuable. 

In addition to these planned experiments, a zero dimension, 'lumped plasma' 

energy bd'ance model is being developed in order to study the various paths by which 

energy is dissipated in the plasma. Such a model must include a realistic treatment of 

the atomic physics processes that occur within the plasma in order to make accurate 

predictions. Several energy loss channels included in the mode! can be measured in 

order to check on the accuracy of the model. The model can then be used to estimate 

whether the observed ion energies are reasonable from an energetics viewpoint. 
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Impact of Observations on Plasma-Material Interaction Experiments: 

All of the foregoing observations and measurements have an impact on the 

primary objective of the PISCES experiment; i.e. plasma-material interactions. One 

of the most common measurements made in a PISCES experimental run is the 

sputtering yield for a specific ion type impinging upon a material surface. Normally 

the physical sputtering yield (defined as the number of sputtered material atoms per 

incident ion) is a function predominantly of the incident ion energy. If the incident 

ions have a distribution of kinetic energy rather than being a monoenergetic ion beam, 

then when comparing PISCES sputtering yield data with data from other facilities 

that have a more monoenergetic ion energy distribution one should really quote a 

sputtering yield that is averaged over the ion energy distribution. The observation 

that the peak in the ion energy distribution is offset from the applied analyzer (or 

material sample) bias implies that the mean ion energy is lower than the applied 

potential; this factor should be considered when conducting plasma-materials 

experiments in the PISCES facility. 
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Conclusions 

Measurements of parallel ion energy variations in PISCES were made using an 

electrostatic gridded energy analyzer. The full-width-at-half-max energy variation 

was found vary linearly with electron temperature and was independent of electron 

density and plasma current density. Energy variations of hydrogen ions were 

measured from 15 V to 35 V, for electron temperatures varying from 5 e V to 25 eV. 

Deuterium plasma gave a similar result, while helium plasmas were found to have a 

much lower energy spread (6 to 10 eV). The difference between the most probable 

ion energy and the applied analyzer bias was found to be proportional to the FWHM 

ion energy variation. Two possible physical mechanisms for generating warm 

ions were proposed. The first involved the ions being generated within the presheath 

electric field existing in front of a material surface and acquiring a distribution of 

energies from this electric field. Secondly, the fast neutrals rebounding from the 

endplates of the experimental device can be reionized by the plasma before 

thermalizing with the walls of the vacuum chamber and may provide a source of 

energy for the ions. Further work designed to test the two proposed mechnisms were 

discussed. 

The impact of these observations on the plasma-material interaction experiments 

performed in the PISCES facility was briefly discussed. The work also has 

implications for the study of the interaction of edge plasmas with limiters and 

divertor plates in fusion confinement experiments, as well as in verifying the 
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formation of a presheath in a collisional plasma. 
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Figure Captions 

Figure 1: Schematic of PISCES Experimental Facility 

Figure 2: Schematic View of Energy Analyzer 

Figure 3: Electric Potential Distribution within Analyzer 

Figure 4: Schematic of Signal from Energy Analyzer 

Figure 5: Actual Signal from Energy Analyzer 

Figure 6: Measured Parallel Ion Energy Distribution 

Figure 7: Energy Spread as a Function of Electron Temperature 

Figure S: Energy Spread as a Function of Plasma Density 

Figure 9: Energy Spread as a Function of Applied Bias 

Figure 10: Most Probable Energy as a Function of Applied Bias 

Figure 11: Peak Offset v. FWHM Parallel Ion Energy Spread 

Figure 12: Schematic of Sheath and Presheath in Plasma 

Figure 13: Geometry for Neutral Particle Transport Within PISCES 
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FWHr-d Energy Spread v. Plasma Density 

FWHM Ion 
Energy Spread 

(volts) 

, 1 

1 
1 
1 

• • : _. 
• 

* • < • • sP 

p 

Si 
' a , 

03 a 
i a 

H 

1 
2. 2S0v 

J DZ 
• 

*?n 3 J H2. 100v H2. 100v m H2. 100v 
D a 

1.00E .•11 

Fi 
P! 

gure 

1 
asmaDe 
8:FWH 

Pla 

.00E + 12 
nsity (partii 
M Ion Ene 
sma Densit 

;les/ 

rgy 

cc) 
Spr 

1 

ead v 

00E+13 



FWHM v. Analyzer Bias 
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Peak Offset v. Full Width Half Max Parallel Ion Energy Spread 
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Figure 13: Geometry for Neutral Particle Transport 
within the PISCES Plasma 


