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MULTIDIPOLE PLASMA DENSITY

INTRODUCTION

Limpaecher and MacKenzie1,2 made a significant advance in the confinement of filament-produced plasmas by placing a surface magnetic field at the plasma boundary.  They showed that a permanent magnet produced multidipole field enhanced plasma density by as much as two orders of magnitude and equally important allowed operation at natural pressures that were several orders of magnitude lower than in previous devices.  Samec3  showed that the principal role played by the surface magnetic field was to confine the "primary" ionizing electrons which produced the plasma.  He found that the primary-electron leak width at each line cusp was of the order of the primary-electron gyroradius, which was significantly smaller than the line-cusp separation.  It was later demonstrated by Leung et al.4 that there was an optimum line-cusp spacing and configuration for such devices, and by Christensen et al.5 that ions were also confined at the line cusps.

Multidipole devices have usually been operated with primary ionizing electrons having energies of the order of 60 eV.  Such energies represents a good compromise between ionization cross section and primary-electron confinement at low neutral pressure.  Operation with such energies is not really necessary and may not even be advantageous at higher neutral pressures since as the primary ionizing electron energy is increased each primary electron can produce more electron-ion pairs.  In devices without surface magnetic fields this effect is offset by a decrease in the confinement time of the primary electrons (i.e., the time for the primary electron to go from the filament to the wall).  The surface magnetic field changes this and allows many primary electrons to bounce off of the "walls."  However, a reduction in ionization cross section and an increase in primary leak width also occurs with increasing primary energy (since the leak width is of the order of a primary-electron gyroradius).  This tends to reduce the plasma density associated with increased primary-electron energy.  Therefore, an optimum maximum primary-electron energy exists.  If a multidipole device is to be operated at high plasma density, it is worth knowing the optimum bias voltage of the primary-electron-producing filaments.  A description of the operation of a multidipole device for which primary-electron energies were restricted to be less than twice the ionization potential Vion has been given in Ref. 5.  In that experiment, multidipole electron-ion pairs could not be produced by a single primary electron.

In this paper we investigate the primary-electron energy dependence and the neutral-pressure dependence of an argon plasma in a multidipole soup-pot device similar to the one described in Ref. 5.  We expand the model given in Ref. 5 to take into account multiple ionization and neutral-pressure variations in electron losses to objects in the plasma (filament supports, probes, etc.).  We have been able to get good agreement between a simple model and experimental data and to identify the optimum operating condition.

MULTIDIPOLE DEVICE

Data were obtained using multidipole "soup-pot" device6 shown schematically in Fig. 1.  The magnets were arranged in a full line-cusp configuration.4  The ferrite "line magnets" produced an average maximum field B = 1 kG on the inside of the device.  Line cusps had a total length of 800 cm and were space 8 cm apart.  Plasma volume was approximately 22 1.

Figure 1.  Schematic of the multidipole "soup-pot" device.

The areas of objects within the plasma were approximately the following:  nonconducting area Aac  100 cm2 and conducting area Ac  25 cm2.  Plasma density was determined with a Ta disk (0.64 cm in diameter) Langmuir probe.  The electron temperature Te was 2-3 eV and a steady-state argon plasma density of 107 to 2  1012 cm-3 could be obtained in this device.  High-density operation was limited only by the capability of the blowers which air cool the walls of the device.  Data are presented here corresponding to argon neutral pressure 10-5 ≤ p ≤ 10-3 Torr and for primary-electron bias energies 30 < Vb < 260 V.

MODEL

Our objective is to determine how plasma density depends on primary-electron energy and on neutral pressure.  For a given discharge current from the filaments there is a steady-state distribution of ionizing electrons with energies (in eV) ranging from the filament bias voltage Vb down to the ionization potential Vion ( 16V for argon).  Our procedure will be to first calculate the energy distribution of primary electrons.  Then we calculate the ion-production rate of these ionizing electrons.  Next we determine the ion density by equating the ion production and loss rates.  Finally we invoke charge neutrality to determine the electron density and we compare predicted and experimental Langmuir-probe electron-saturation currents.

In this experiment the maximum primary-electron energy (in Ev) is approximately equal to the filament bias voltage since the plasma potential is ionization potential, multiple single ionizations are possible, i.e., more than one electron-ion pair can be produced by a single primary electron.  Primary electrons initially having an energy E lose eVion for each ionization.  This gives rise to electrons with energies E, E - eVion, E - 2eVion, etc.  The maximum possible number of ionizations is given by the largest integer contained in Vb/Vion ∫ N.

In order to simplify the problem we treat the steady-state system as containing N source particle currents with ionizing electrons having energies Vion, 2Vion, . . ., NVion.  These source electrons are assumed to make the following interactions:  (1) ionization of the outermost electrons to produce Ar+ ions (the cross section for production of Ar++ ions is assumed to be sufficiently small to disregard their presence); (2) losses through the magnetic line cusps; (3) losses to objects in the plasma; (4) inelastic (nonionizing) collisions with argon neutrals.  For simplicity, it is assumed that the energy decrement in such collisions approximately equals the ionization potential.

We define IdK/e to be the source particle current at energy EK, np to be the primary-electron density, and V to be the plasma volume.  The mean free times associated with the four interactions are i for ionization, w for losses through and between the cusps, loss for losses to objects in the plasma, and in for inelastic nonionizing excitations.  Balancing sources and losses,
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where IK means evaluate the preceding quantity at energy EK.

The first term on the right-hand side is the rate of ion production by primary electrons with energy EK.  It can be written
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(2)

where 1/eff = 1/loss + 1/w and a in.  We have two reasons for introducing a single parameter .  First, total cross sections for inelastic processes are unknown to us.  Second, explicit inclusion of the energy dependence of in complicates the algebra to a prohibitive degree and the results do not depend on  in a sensitive way.

The rate of ion production by primary electrons with energy EK - eVion is
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Since primary electrons which ionize and those which scatter inelastically become the source particle currents at the next energy decrement EK-1 = EK - eVion, we can express IdK-1 as
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With substitution into Eq. (3) and using Eq. (2):
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Ions are lost to the magnetic cusps and to objects in the plasma.  The balance of ion production and loss becomes





The  takes into account ionization by the N source currents at different electron energies.  The product niviWLc represents ion losses through and between the cusps, Lc is the line-cusp length and W is the ion loss half-width.  The product niviAi represents the ion loss to objects in the plasma with an effective area Ai.  The ion density is ni and we take the ion acoustic speed (kTe/mi)1/2 = vi.

ln general, the ion-production rate is





(5)

Note that only the Id at the bias potential (Vb) appears, i.e., the discharge or injection current.  By definition,





If we assume that primary electrons are lost to a leak area equal to the product of the line-cusp length Lc and e, where  is a number of the order of 1 and e is the primary electron gyroradius, it is easy to show that 1/w |j=EjcLc/2eBV.  In Ref. 5 such an expression was assumed and  was found to be 0.69 ± 0.10.  The ionization time i |j = (jnovj)-1 = [jno(2Ej/me)1/2]-1, where no is the neutral density.  Combining these expressions, it can be shown5 that
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Ej is the primary-electron energy in eV, j is the ionization cross section at Ej in units of a20, and p is the neutral pressure in Torr.

The rate of primary-electron loss to objects in the plasma can be expressed





or
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where Aej is the primary-electron-loss area at energy Ej.  Aej consists of two parts, nonconducting Aac and conducting Ac loss areas.  Since insulators in the plasma are at the floating potential Vj (which can be quite negative in such plasma, e.g., see later data), primary electrons which have lost some energy through ionization, etc., i.e., Ej < eVf ∫ Ef, are not lost to insulators.  Therefore,

where



(7)





Then,



(8)

It is convenient to make comparisons with experimental data consisting of Langmuir-probe electron-saturation current Ie* rather than ni.  Since the electron density approximately equals the ion density, the saturation current Ie* can be written





(9)

where Ap is the probe area.

Combining Eqs. (5)–(9) gives









(10)

A comparison of Eq. (10) with experimental data is given in Sec. IV.

RESULTS AND DISCUSSION

The first step in a comparison of experimental data with Eq. (10) is to determine Ae.  Figure 2 shows how the floating potential varies with primary-electron bias energy and neutral pressure.  At pressures greater than 2.5  10-4 Torr, the floating potential is less than the ionization potential so Ae = Ac + Aac.  At low pressures, the situation is very different.  At 10-5 Torr, the effective electron-loss area drops substantially for primary electrons which have lost some of their initial energy.

Figure 2.  Experimental values of floating potential versus bias potential for neutral pressures from 10-5 to 10-3 Torr.  At high neutral pressure the floating potential is approximately constant and close to the plasma potential, while at low pressure it is close to the bias potential.

Experimental measurements of the ratio of electron-saturation current to the discharge current Ie*/lg are graphed in Fig. 3 versus bias voltage.  Data shown was for Id = 0.5 A but data for 0.25 A were found to be essentially the same.  The voltage drop across the filaments (20 V) was added to the applied voltage and the plasma potential to determine the maximum energy of the primary electrons (i.e., the actual bias energy).  Equation (10) was fit to the data by calculating Ie*/Id at energy increments of eVion with  treated as a free parameter.  Data for  were taken from those given by Rapp and Englander-Golden.7  For W we use the value W = 0.29 ± 0.02, which was found for argon in Ref. 5.  Ac and Aac were chosen to be equal to estimated values and varied slightly.  Ai was set equal to Ac + Aac.  Good fit could be obtained with =0.68 ± 0.02 and Ac = 30 ± 5 cm2, Aac = 60 ± 5 cm2.  These loss-area values are consistent with our estimates.  The curves drawn through the data shown in Fig. 3 are for Ac = 30 cm2 and Aac = 60 cm2, and  = 0.68.

Figure 3.1.  Langmuir-probe electron saturation current I* divided by plasma discharge current Id versus bias voltage as a function of neutral pressure.  Smooth curves are calculated from Eq. (10).  The peak current at each pressure is indicated by arrows.

The restriction that Ai = Ac + Aac is included because we expect Ai to equal Ac at high neutral pressures.  However, Ai only appears in Eq. (10) as 1/2Ai + 2WLc.  The ion-loss area 2WLc has been taken to be 464 ± 32 cm2 in this experiment.  The uncertainty in this loss area is comparable to the value of 1/2Ai = 45 cm2 which was used to fit the data.  If we remove the restriction on Ai, it is possible to obtain a good fit with 1/2Ai = 20 cm2, Ac = 20 cm2, and Aac = 75 cm2, and with  = 0.7.

Both the experimental data and Eq. (10) show that the peak current occurs for increasingly higher bias voltage as the neutral pressure is increased.  At very low pressure very few multiple ionizations occur and ti/teff becomes >> 1 + , so Eq. (10) predicts that Ie*/Id is proportional to /(E)1/2.  This ratio has a maximum at 40 eV.  As pressure is increased the role of multiple ionization is evident.
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Procedures
Preliminaries:

Review Langmuir probe lab and Vacuum lab before starting this experiment!!
Tungsten elements are fragile!  Use care!

1.
Open the chamber by carefully lifting it up and clean all inside surfaces with Methanol or Acetone.

2.
Check tungsten filaments for continuity; replace if necessary.

3.
Carefully check and clean o-ring and o-ring seat.

4.
Lightly grease o-ring and seat it.

5.
Carefully re-seat chamber.

First Lab Day:  Pump-down procedure (see Figure 1)
1.
Close all valves.
Needle valves are VERY delicate.  Turn only until lightly closed!

2.
Check mechanical pump oil level.  Ask the instructor if oil is needed.

3.
Turn on mechanical pump.

4.
Once the pump has stabilized, open roughing valve (V1) slowly.  The sound of the pump should change only a little bit.  Do not overwork the pump!  Slowly open the valve as your system pumps down to increase pumping speed.

5.
Monitor pressure at High Pressure Guage (HPG).

6.
When pressure drops off scale:


a.  Close roughing valve (V1).


b.  Open foreline valve (V2) using the same procedure as in step 4!.


c.  Monitor pressure at the Thermocouple Guage (TCG).

7.
When pressure drops below 50 mTorr (microns) turn on cooling fan and diffusion 
pump and slowly open the Gate Valve.
NOTE:  Do not turn the diffusion pump on unless the cooling fan is running!

NOTE:  These pumps operate by boiling an extremely expensive silicon based oil.  
If you turn it on when it is at too high a pressure, you will destroy it!

8.
Monitor pressure; if it rises above 100 mTorr, quickly turn off diffusion 
pump and repeat step 7.

9.
When TCG reads below 10 mTorr for 10 minutes, turn on Ion Guage (IG).



IG can only be used at pressures less than 1 mTorr!!
10.
It is necessary to obtain a base pressure of ~10-6 Torr.  If IG reads ~10-4 Torr and 
falling, turn off IG.  System will take up to 2 days to reach minimum pressure.
Don’t ever leave ion guage on unattended!
First Lab Day:  Electrical connections (see Figure 2):

1.
Identify Filament Power Supply (FPS, bigger) and Bias Power Supply (BPS, 
smaller Sorensen).

2.
Filament Power Supply:


a.  Connect the ground terminal to chamber.


b.  Connect the positive (red) to one filament feed-through.


c.  Connect the negative (black) to the other filament feed-through.

3.
Bias power supply:


a.  Connect the positive terminal to the chamber through a known resistor (0.1Ω ).


b.  Connect the negative terminal to one of the filament feed-throughs.

Note:  Thermal electrons from the filament will be accelerated toward the positively biased 
   chamber walls.  These are the ionizing (primary) electrons.

4.
Monitor the Bias voltage (Vb) with a digital multi-meter across BPS terminals.

5.
Monitor the Bias (Discharge) current  (Id) by measuring the voltage across the known 
resistor with the digital multi-meter.

Note:  Resistor should be 0.1 Ohm +/- 1% (minimal power dissipation).

Second Lab Day:  Creating a plasma
1.
Check all electrical connections carefully (see above).

2.
Make sure that:


a.  The system is pumped down (see above).


b.  Both needle valves are gently but fully closed.

NOTE:  Needle valves are VERY delicate.  Turn only until just closed!


c.  The Regulator on Argon cylinder is turned counter-clock-wise until loose (closed).


d.  The ion gauge is on and reading ~10-6 Torr.

e.  The Bias and Filament PS’s current and voltage settings at minimum, then turn on the power supplies.

3.
Open the Argon cylinder main valve 1-2 turns (counter clockwise).

4.
Set the regulator to ~10 psi by turning its valve stem clockwise.

5.
Very carefully open the needle valves while watching the IG pressure reading.

6.
Adjust the needle valves in tandem to obtain a pressure of ~1x10-4 Torr.

7.
Set the bias voltage at 100-150V.

8.
Slowly turn up the filament current from 0 to a max of about 10 amp. This should take a few minutes.  Plasma should ignite in this range, as indicated by a purplish glow in the chamber and a sudden jump in bias current from 0 to ~0.5 A (or less).

Note:  During this first operation of the plasma, especially with new filaments, arcing will frequently occur, which will cause the breaker in the Bias PS to trip.  Simply turn the Filament current back to 0, reset the breaker on Bias PS and try again.  After obtaining a sustainable plasma, let it run for 10 minutes to let impurities cook out of the filaments.  (This also tends to “bake-out” the chamber, releasing water vapor from the walls).

Second Lab Day:  Diagnostics
Overview:


A TEKtronics 575 Transistor Curve Tracer (TCT) will be used to sweep a voltage across a Langmuir probe in the plasma.  The scope trace shows probe (collector) voltage on the horizontal axis and probe (collector) current on the vertical axis.  This is the current-voltage charatistic curve for the Langmuir probe from which can be obtained the electron saturation current and the floating potential.  (Review the Langmuir probe lab for the details of this technique.)

Setup and Measurement:

1.
Connect the probe BNC across the terminals C and B of the TCT.

2.
Set  the PEAK VOLTS knob to 0-200 (1 Amp).

3.
The polarity (npn or pnp) allows one to measure the electron saturation in one direction and the floating potential in the other by sweeping the probe voltage (positive or negative).

4.
Find the beam and ZERO the Vertical scale (current) to a graticule near the bottom.

5.
ZERO the Horizontal scale (voltage) on the center graticule for the electron saturation measurements and at the far right for the floating potential measurements.

6.
Adjust the Percent Volts knob in the range of 0-50 while adjusting the horizontal and vertical scales for best saturation curve.


Familiarize yourself with the use of this instrument before taking actual data!
7.
Take several trial runs of data at various pressures from 10-5 to 10-3 Torr

Third Lab Day:  Guidelines for Experiment
1.
Turn on the TC control.  If pressure reads <10 mTorr then turn on the IG.  Open the needle valves to obtain the desired operating pressure.

2.
Data should be taken at a minimum of 5 operating pressures from ~10-5 to ~10-3 Torr.

3.
A minimum of 10 data points at bias voltages from 50-300V should be taken at each pressure.

4.
Data recorded should include the Electron Saturation Current (Ies), Floating Potential (Vp), Discharge (Bias) current (Id), Bias Voltage (Vb), and Filament Current and Voltage (If and Vf).

Shut Down Procedures:

Emergency Shut-down:

Emergency shut-down is necessary if system pressure begins to rise uncontrollably near or above 1 mTorr.  If the pressure ever approaches atmosphere at the diffusion pump while its hot, the oil will crack and you will have at least one day of down time while you repair the pump.  Continuously monitor the IG.  Frequently check the TC.  If pressure begins to rise rapidly above 1 mTorr perform the following procedure:

1.
Gently close both needle valves.

2.
Monitor pressure closely at the TC.

3.
If pressure continues to rise rapidly above 50 mTorr:


a.
Shut gate valve.


b.
If pressure doesn’t immediately start to drop, unplug diffusion pump.

Do NOT unplug mechanical pump!


c.
Leave the cooling fan on until diffusion pump is cool to touch (20+ minutes).


d.
The mechanical pump can be shut off after the diffusion pump has cooled.


e.
Contact the instructor to determine the cause of the emergency before restarting.

Normal Shut-down:

Daily shut-down procedures 
1.
Set  the PS voltages and currents to minimum and turn off the power supplies.

2.
Gently close both needle valves.

3.
Verify that the pressure is dropping steadily, then turn off the IG.

Final shut-down (end of lab)

1.
Set  the PS voltages and currents to minimum and turn off the power supplies.

2.
Close Argon cylinder main valve.
3.
Unplug the diffusion pump.  Leave the cooling fan and mechanical pump on!

4.
Wait until diffusion pump is cool to touch (20+ minutes).

5.
If needle valves are closed, open them slowly to bleed of excess Argon.

6.
Gently close both needle valves.

7.
Close V1, V2 and gate valve.

8.
Turn off mechanical pump.

Note for Newsom:  The above leaves the chamber at low pressure which seems optimum, but it would be good to have the line to the mechanical pump at atmosphere (perhaps).  Perhaps a valve to air could be added to the pump-out system at the foreline-roughing line T.

Guidelines for Analysis and Write-up:
1.
Plot Ies normalized by Id versus Vb+Vf for each pressure.  Plot all pressures on the same graph.  This is essentially the same as plotting plasma electron density versus primary (ionizing) electron energy.  Comparison should be made to the Multi-dipole paper attached to this lab and an explanation sought for the particular shape of the curves at different pressures.

2.
Plot Vf versus bias voltage for each pressure.  Plot all pressures on the same graph.  Compare this plot to the results presented in the Multi-dipole paper.  Attempt to explain the behavior of these curves at any given pressure as well as why they are different for different pressures.  Some information that might be useful to keep in mind:  Vf is directly proportional to the electron temperature; all non-conducting surfaces in the chamber charge up to Vf; higher pressure means higher density.  Try to figure out what happens when a beam of electrons is shot into a plasma (see references).

Suggestions for Extensions of this Lab:
1.
Attempt a fit of your experimental results to the equation given in the Multi-Dipole paper.  This will entail computing a chi-squared and doing a (non-linear) minimization with, for instance, the Excel spreadsheet.

2.
Computerize data acquisition for Electron Saturation Current and Floating Potential measurements.
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