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Abstract:  Upcoming experiments at Kansas State University require us to develop a continuous low-current beam of Th3+ ions from a PIG (Penning ionization gage) source.  The high boiling point of thorium precludes the convenient introduction of its vapor into the source, so sputtering the metal is necessary, but the discharge conditions that are favorable for sputtering are not favorable for the production of higher ion charge states such as 3+.  A satisfactory balance between these two requirements needed to be determined experimentally. 

Since thorium metal is expensive and radioactive, we used molybdenum metal for our tests, and configured a commercial PIG ion source to produce Mo3+ ion beams of up to 200 pA.  Due to the strong similarities in relevant physical properties of thorium and molybdenum, we believe the same source parameters should give similar results with thorium.  In addition, we report on our solutions to the problems of secondary electrons at the detector, of measuring the low carrier gas flow rate, and of “cleaning” the PIG to allow it to remain operational and under vacuum for the longest possible times.  We also describe an audiofrequency oscillation observed in the source discharge that has a large effect on its behavior.      

Background:  Atomic physics research demands the capability to generate ions ranging from protons to high charge states of the heavy elements.  Sources must be designed to create the specific ions from neutral solids, vapors or gases, and introduce the ions into experiments.  Our work revolves around developing an ion source to produce a continuous beam of triple-charged thorium ions for parity investigations.  As an introduction I will first describe the PIG ion source and its mechanism of producing ions.  Secondly I will discuss the phenomenon of sputtering, which is important in our source.  Finally, I will lay out the basic objectives we are striving for in creating the thorium beam. 
Like virtually all ion sources, the PIG, or Penning ionization gage, source relies on an electric discharge to create ions.  In a simple cold-cathode glow in low-pressure gas, a discharge is initiated between anode and cathode by a current of pre-existing ions to the cathode.  Electrons, emitted when these ions impinge upon it, are accelerated by the anode voltage and generate more ions by collision with gas.  Then these ions bombard the cathode, more electrons are emitted, and the process escalates until a continuous, self-sustaining discharge is established [1].  The PIG is a modified cold-cathode discharge tube that confines plasma electrons by means of a magnetic field coaxial with the anode and cathode.  Electrons are forced into circular orbits, increasing the probability of causing ionization en route to the anode, while the massive plasma ions remain essentially unperturbed [2].  The advantage is that a discharge can be maintained at very low gas pressures, which is favorable to the creation of highly charged ions.  A PIG source of the type we are using is shown schematically in Figure 1.   
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Figure 1.  PIG ion source.  A discharge is created between the anode and cathodes

which is sustained at low pressures due to the magnetic field B.

PIGs are readily used with gases and substances of high vapor pressure, which support the discharge directly.  In order to produce thorium or molybdenum vapor as feed for a PIG discharge, we would need to attain temperatures of thousands of degrees Celsius, but fortunately, sputtering affords a low-temperature means of vaporizing such materials.  Sputtering occurs in electric discharges when tiny particles of a target substance exposed to the discharge are ejected by ion bombardment.  The fine particles are then available to be ionized in the glow.  The theory of sputtering is outlined mathematically by Chapman [1].  Sputtering is largely proportional to ion flux at the target.  Also, the more massive the ion, the larger the sputtering yield.  In the PIG shown in Figure 1, the electrode to be sputtered is at cathode potential and is called the “anticathode”.  The geometry of this source is reported to conserve target material by encouraging the sputtered particles to recondense on the cathodes, where it can be sputtered again, rather than elsewhere in the PIG [3].

The essential problem we face in the quest to produce Th3+ or Mo3+ from a PIG is that the discharge has two jobs to do which demand opposite requirements: we must introduce the metal into the discharge by sputtering, which is favored by high ion flux (high discharge current and hence a high support gas pressure); and on the other hand, we must subject the ions in the discharge to successive electron ionizations, favored by high electron temperature and long ion retention time (low gas pressure, high voltage).  Since discharge V / I relationships depend on a myriad of factors, a purely experimental approach was deemed most likely to meet this goal.  

In addition, we want the source to operate with a minimum of wasted target material, since thorium cathodes cost thousands of dollars.  Sputtered deposits on PIG walls, anode, etc. are waste- radwaste in the case of thorium.  Deposits build up over time, to the point that the discharge gap becomes shorted.  This is an issue we wanted to address.

Equipment and Setup:  We conducted our experiments with a Model 2.21 PIG source manufactured by Physicon Corporation (Boston, Mass. 02138).  This is a low-power, air-cooled source with a tantalum cathode.  The molybdenum anticathodes to be sputtered were cut from a 20-mil Mo sheet.  The anode is an aluminum washer with an 8.0 mm hole.  Spacing between cathodes is adjusted to be approximately 8.0 mm.


The discharge power supply is a Physicon CC2000 Anode Supply.  This supply was configured for a 0-600 V, 0-100 mA output.  A saturable-core inductor is used for output power control in this model.  A low-voltage switchmode power supply and current regulating circuit (see Appendix A) were added to the anode supply box to provide up to 3 A. current for the PIG solenoid.  Since the source supplies have to float at an extraction voltage of 10 kV, we mounted them in an insulating safety enclosure and operate them from a 200 VA isolation transformer.


We assembled a test beamline for use with the source, shown in Figure 2.  This is made primarily of 4-inch stainless steel pipe.  Approximate dimensions are 0.6 m from source to magnet; and 1.5 m from magnet to detector.  The line is turbopumped to reach a base pressure of about 8.0 ( 10-7 torr.
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Figure 2.  Test beamline.  

Experimental Procedures and Results:  Molybdenum was used for tests because of its resemblance to thorium in a number of respects.  Table 1 below compares some relevant properties.

Table 1.  Comparison of Properties of Th and Mo

	Property
	Thorium
	Molybdenum

	Boiling Point (1 Atm) [4]
	4790 Celsius
	4610 Celsius

	Sputtering Yield [1]
	0.097
	0.130

	First Ionization Energy [4]
	6.20 eV
	7.10 eV

	Second Ionization Energy [4]
	11.5 eV
	16.2 eV

	Third Ionization Energy [4]
	20.0 eV
	27.1 eV



Preliminary experiments were conducted to establish the best values for lens voltages and slit settings.  We found that the second Einzel lens demonstrated the best focusing at 5800 V, as indicated by highest overall beam currents at the detector.  Upstream slits were set to provide a collimating aperture of 2.0 mm horizontal by 18.0 mm vertical; downstream slits were set at 3.0 mm horizontal by 6.0 mm vertical.  The slits were grounded to prevent charge buildup.

To find the optimum operating conditions for Mo3+, we varied discharge power, PIG solenoid current, and support gas flow.  For each run, a beam spectrum was produced in the following manner: current through the analyzing magnet was scanned, and plotted on a chart recorder versus the detected beam current at the final Faraday cup.  Problems were apparent in our first attempts.  First, strong negative beam currents were noted in the spectra.  Second, peaks appeared to be shifted from their expected positions in our plots.  Third, some species that could reasonably be expected in the beam, O2+ and Cu2+, can obscure the Mo3+ peak.

The problem of negative peaks is attributable to secondary electrons.  Negative peaks could not be attenuated by –50 V and even –1500 V on the Faraday cup suppressor.  Thus we concluded that the peaks resulted from secondaries emitted at the end of the beamline behind the cup.  The only way the beam could reach these areas was if it was circumventing the second collimating aperture due to clearance between the slit plates and the beamline wall.  A 25 mm permanent aperture was inserted after the slits to block the clearance on the sides, solving the problem [5].  –50 V on the cup suppressor was found to be sufficient after the improvement.

Peak shifting is likely due to persistence of a magnetic field in the sector magnet even after current is removed.  This problem was solved when analyzing the spectra by the following procedure: 

1. Locate the largest two peaks.  Assume the larger one to be the support gas 1+ peak, the smaller, support gas 2+ peak.  Find the peak separation. 

2. If the peak separation is a, then the distance to the 1+ peak from zero magnetic field, x, is 
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. All other peaks should turn up where expected with respect to this new zero.

It was helpful to use a transparency with the positions of expected peaks drawn on as a quick analysis template.  This is shown in Figure 5; it eliminates the hassle of applying the zeroing calculation to every scan.
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Figure 5.  Quick analysis template on transparency, showing expected

peak locations as well as distance from zero analyzing magnetic field.


To alleviate the difficulties of O2+ and Cu2+ obscuring the Mo3+ peak, the source should be operated for approximately an hour to remove oxides from the electrode surfaces after the beamline has been opened.  Copper appeared when a hole had been sputtered in the anticathode and a copper spacer behind it was exposed to the discharge.  The spacer was replaced with aluminum.  


Another problem arises when the source has been operating for several hours.  Sputtering deposits on the anode begin to flake, and the flakes can short out the small gaps between electrodes.  To “clean” the PIG without disassembling it, we apply a burst of current from a 30-volt high-current supply through the PIG to “blow away” the shorts.  Gas flow should be turned off during this procedure.  Also, higher voltages should be avoided since they may cause internal arcs.  120-volt wall current can cause arc damage.

We also experimented with methods for measuring support gas throughput.  Physicon [6] recommends measuring flow by bubbling the gas flowing through the flow control valve into water and approximating the volume of the bubbles and the rate of bubbling.   Unfortunately, this has problems.  First of all, the gas flow into the source is going into a nearly perfect vacuum compared with the 5 PSIG (20 PSI) behind the valve, whereas when bubble measurements are made, the gas is escaping into water that is approximately at atmospheric pressure (15 PSI).  In my opinion there will be significant flow differences. Secondly, Physicon’s method calls for disassembly of the source fittings, a real nuisance when we would rather have experiments running.  Our solution calls for a single piece of narrow clear rubber hose, Figure 7, sealed to the mechanical pump exhaust port. A drop of water is placed in the end of the hose near the pump exhaust, where surface tension will cause it to seal across the tube.  After a measured time interval t, the water will have moved down the tube a measured distance, A.  The volume-per-length, V, of the hose is measured beforehand by filling a known length of hose with water and dumping this into a graduated cylinder.  The pressure in the tube is atmospheric, so flow Q is given by

Q = (760 torr ( A ( V) / t

We used tygon with a volume of 0.496 mL / inch length and obtained a flow of 7.1 ( 10-3 torr-liter per sec. at optimal parameters for Mo3+.  This method gives a measurement up to 10% in excess of actual support gas flow due to residual gas being pumped out also.  
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Figure 7.  Simple support gas flow measuring device, using tubing

of a known volume-per-length.


With the above issues under control, we were able to conduct measurements and find parameters of maximum Mo3+ ion current.  This point occurs when argon flow rate is adjusted to 7.1 ( 10-3 torr-liter per second (corresponding to beamline pressure at the first ion gage of 8.8 ( 10-6 torr); solenoid current is between 1.30 A and 1.40 A; and discharge current is around 35.0 mA with a corresponding voltage of 535 V (supply at full power).  Mo3+ beam currents of 315 pA were observed when the cathode was fresh, rapidly dropping to more steady values near 200 pA as the source operated.  Slightly detuned operation results in lower values, and periodic readjustment of discharge parameters are necessary to hold the peak.  Figure 8 shows a beam spectrum at conditions near optimal, with a Mo3+ peak of 140 pA.  In reality, some of this peak is due to O2+ ions.  Their presence is indicated by the size of the nearby atmospheric nitrogen peak.  
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Figure 8.  Beam spectrum near optimum Mo3+ tune.  Mo3+ peak is

140 pA.  Mo2+ is on the right side of the Ar+ peak, and Mo+ is at the

far right.  The bulk of this peak is outside the range of the recorder,

which is why it appears small and distorted.
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Figure 9 shows a plot of beam current versus pressure on the upstream ion guage, passing through optimum conditions at 8.8 ( 10-6 torr where the beam current was 210 pA.  The effect of the oscillation effect described below can be seen at 7.5 ( 10-6 torr as the beam current rises dramatically. 

Figure 9.  Mo3+ beam current versus support gas flow rate.  Oscillations 

In the discharge cause a large jump right before the peak.

We massed the molybdenum cathode before and after a timed run with similar conditions to find a rate of consumption of about 37 mg / hr.  (If this were thorium, this loss rate would correspond to a release of 4000 pCi per hour.)  For an output beam current of 200 pA, this indicates an Mo3+ efficiency of 6.5 ( 10-7 percent.  It is known that a significant amount of beam current is lost on the collimating slits.

A squealing sound (no pun intended) is emitted by the PIG at the optimum operating point and with other settings too, and we examined the pickup on an oscilloscope with the probe near the PIG anode cable to gain insight about this noise.  A non-sinusoidal oscillation is taking place in the discharge in the 0.8 – 10 kHz range, with a rise / fall pattern reminiscent of an RC oscillator.  Furthermore, the frequency of the oscillation rises as gas flow is increased, which seems to support the idea that the gas is the R and the supply filter capacitor is the C in this oscillator.  In this model, the capacitor charges until the gas breaks down, then the discharge occurs through the gas and loads the supply to the point that its voltage cannot sustain the discharge and it is extinguished, the caps are charged again…etc.  The discharge is most conductive when pressure is higher, accounting for a higher frequency in this model.  We tried to damp out this oscillation by introducing a 1.2 M( parallel resistor load across the PIG and also by placing a tunable 6 kHz series-LC trap across it.  The trap will extinguish the oscillation, supposedly when it is tuned to resonance, but the oscillations resume at different frequency when the discharge parameters are changed.  Oscillations were taking place at approximately 1.3 kHz when optimal beam currents were seen.  The most interesting result of the oscillation is that without it, arc current is much lower, sputtering is decreased, and hence Mo peaks are lower.  Also interesting is the fact that the detected beam shows no signs of strong modulation by this oscillation.  

Finally, we attempted to measure the Mo3+ beam profile at the detector.  The downstream slits were closed completely and the horizontal plates moved out as beam current was recorded.  An Excel graph of the results is shown in Figure 10.  Our measurements do not indicate beam focusing, since beam current maintains an almost linear rise as each horizontal plate is moved out from center.  However, this peak is not the best choice for this experiment since it is flanked closely by Ar+.  More definitive results may be obtained by examining the Ar3+ profile.
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Figure 10.  Beam profile measurements.  This graph shows 

beam currents that would result if a small aperture were scanned 

across the beam from left to right.  (Data obtained by widening

the slits on each side and taking differences between successive

current readings.)  

Conclusions:  We succeeded in producing a Mo3+ beam of roughly 200 pA from sputtered molybdenum metal, using a PIG ion source.  These results are repeatable when gas flow rate, discharge power, and solenoid current are optimally configured. 


I do not think that we have yet fulfilled all the objectives for this project.  For example, the observed molybdenum efficiency of 6.5 ( 10-7 percent does not compare favorably with the numbers obtained by other workers for other ions, such as 2.2 ( 10-2 percent for Ni3+ ions [2].  But there are differences in the size and configuration of other sources, and other metals behave differently than molybdenum, so the comparison cannot be taken too far. 


Although our beam is well focused at the upstream slits, it shows little sign of being focused at the final detector.  A sharper beam can likely be effected by placing a focusing element like a quadrupole or another Einzel lens after the magnet, as did Baumann et al. [7].


Another issue is that our sputtering cathodes require frequent changes.  Almost all the sputtering is confined to a small circle in the very center.  While the metal outside this area is hardly touched by sputtering, a crater is quickly dug through the metal in the middle.  An anticathode of smaller radius and greater depth would be more appropriate.


Unfortunately, thorium targets did not arrive prior to my leaving, so the real value of the molybdenum evaluations remains unknown for now.  It may be mentioned for the sake of more enterprising experimenters that thorium dioxide is a major constituent of certain lantern mantles.   The only make known to us that still uses thorium is the Century Model 2295, made in India and sold at Sears for $1 per 2.  Of course the problem of generating beam from this non-conductive refractory is completely different from that of using metal.  We sandwiched a layer of thoria ash from a mantle between two 20-mil copper sheets and fused the copper, and a layer of  hard crust was produced on the surface of the copper.   A target cut from this sample produced several pA of Th+.  Higher charge states could not be resolved.  However, if a more satisfactory way of sputtering thoria into the discharge is found, cheap mantles could be a viable alternative to expensive metal.


As a final word- while the project of creating a Mo3+ beam is not solved completely to our satisfaction yet, a great deal of unanticipated problems were successfully solved.  For example, we got around the problems of lingering magnetic field in the analyzing magnet and we found a simple and effective means of measuring gas throughput on our system.  I learned a great deal about ion sources, beamline optics, and atomic physics in general, and a great deal about the peculiarities of our PIG in particular.  For example, an unexpected oscillation in the discharge was found to be responsible for high beam currents at low flow rates.  


I would enjoy pursuing this project further in the future.  It has been a great experience.
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Appendix A:  Current Control with 15-V Switching Power Supply For PIG solenoid


Provides 0 – 2.90 A into 5 ohms


TIP41C should be heatsinked


The ground symbol indicates the chassis ground of the arc H. V. supply, which 
may be floating at 10 kV with respect to earth.  The numbered leads go to the 
corresponding pins on a 250 mV digital panel voltmeter.  Pins 9 and 10 are also 
tied together on this meter.
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