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Summary of the PXIE Ion Source characterization measurements (11/20/2013-01/14/2014)
Lionel Prost, Bruce Hanna
Introduction
The PXIE Ion Source was granted operation on November 20th, 2013, marking the start of commissioning with beam (as opposed to verifying the working of its sub-systems). Following filament conditioning (and some expected miscellaneous fixes), first beam was extracted on November 26th, 2013. A short report of the first week activities can be found in the Project X database (Project X Document 1246).
During the first week of running, two main issues were identified: improper configuration of the H2 gas distribution line and unexplained trips of the filament power supply with beam.
The gas distribution system problem comes from placing the mass flow ‘controller’ at the ground potential and far from the source, leading to gas discharges in the insulator preceding the ion source body. A temporary solution was adopted but the permanent fix – mounting the controller close to the ion source body at the elevated potential - will be implemented during the present shutdown.
On the other hand, the exact origin of the filament power supply trips is not understood. Nevertheless, several corrective actions were taken (e.g.: modification of the connection scheme from PS to IS/re-cabling, addition of protection diodes/’transorbs’, addition of induction cores). It lead to significantly decrease (eliminate?) the frequency of these trips, hence the overall reliability and availability of the beam (Figure 1).

Figure 1: Trip log. Left plot: Running time before a trip stopped operation; Right plot: Running time before a trip as a function of time (not operating time). For the latter, runs that did not end with a trip are not shown.
Note however that mere HV conditioning of the ion source proper (through running) certainly contributed to the reduction in the number of trips.
In the following, we present a summary of the measurements aimed at characterizing the source property once sufficient beam stability was achieved. Our data is also compared with those acquired when the source was run and its characteristics measured at TRIUMF (acceptance tests) and at LBNL.
Ion source configuration
For the measurements discussed in this document, the configuration of the ion source is simple. It only consists of the ion source (with its vacuum chamber) followed by a deep Faraday cup isolated from the beam tube by a ceramic break in order to measure the beam current. This setup is displayed on Figure 2, although the emittance scanners shown on the 3D model are actually not yet available, hence are not part of the current configuration.
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Figure 2: 3D model rendering of the ion source’s first configuration, with the exception of the emittance scanners, which have not been delivered yet.
In addition to the beam current, temperatures of the Faraday cup bottom collector and outside surface of the ceramic break can be measured. In fact, the Faraday cup temperature is data logged. Radiation levels (counts per minute) taken with counter E140N #6 were also manually recorded at times near the ceramic break, the only location where some radiation was measurable (at nominal conditions).
For the measurements that are presented here, the beam energy was 30 keV, unless noted otherwise. Up to 10 mA of beam has been produced during the measurements, the present administrative limit.
Measurements and plots
Various sets of measurements have been carried out under various conditions in a somewhat systematic way. In the following, we primarily summarize these. The measurements discussed below are:
1. Beam current as a function of the extraction electrode voltage
2. Beam production efficiency i.e. beam current as a function of the arc power
3. Beam current as a function of the Plasma electrode voltage
4. Arc voltage and current, and plasma current as a function of the filament current
a. Without extraction (i.e. VBias = 0 kV)
b. With extraction (VBias = 15 kV)
5. Ratio of the Bias current to the beam current as a function of the beam current
6. Electron to H- ratio
7. Plasma electrode current as a function of the beam current
8. Beam current as a function of the H2 gas flow
In addition, some qualitative observations are also brought forward despite the lack of systematic data.
General remarks regarding the ion source operation and tuning
Operation and tuning of the ion source is described in detail in the “Ion Source Manual” provided by D‑Pace, Inc. when purchasing the source. A few points are discussed here for overall understanding of the tuning ‘knobs’ available.
The beam energy is set by the bias voltage PS and is the potential at which the ion source body and electrodes ‘float’. To obtain a plasma (the source of the H- ions production), the ‘Arc’ power supply is set to a certain voltage (nominally ~120 V) and the ‘Filament’ current is increased steadily. When a plasma is formed, the ‘Arc’ power supply current, which was null initially, starts to increase. This power supply is used in a ‘current limited’ mode, which the user chooses. This arc current limit is, to first approximation, what sets the maximum beam current achievable. Then, the remaining tuning parameters are the ‘Plasma’ electrode, the ‘Extraction’ electrode and the hydrogen gas flow. The relationships between these parameters are the basis of these ion source characterization measurements.
Beam current, IFC, vs. Extraction electrode voltage, VExt
Figure 3 shows IFC = f(VExt) for several beam tunes. As mentioned previously, to first order, the Arc current, IArc (or rather the Arc power, but the Arc voltage is maintained at ~120 V at all times) determines the maximum beam current achievable; the plot shows curves for IArc = 5.5, 9.5 and 12.5 A. Given the Arc voltage of ~120 V, in term of the power dissipated into the plasma, the curves are for 660, 1140 and 1500 W, respectively. Curves for IArc = 12.5 A were repeated to check reproducibility. There are 3 curves for IArc = 9.5 A. Two of them are the reproducibility check equivalent to the one done for IArc = 12.5 A. For each curve, the Plasma electrode voltage was adjusted to maximize the beam current when reaching the (short) ‘plateau’ except when indicated. Note that these adjustments of the Plasma electrode voltage are quite small, ≲0.1 V.

Figure 3: Beam current as a function of the extraction electrode voltage for several tunes. Plasma electrode voltage adjusted to obtain the maximum current at a given Arc current, except for the curve labeled ‘Lowe extractor current’, which indicates that the Plasma electrode was set such as to minimize the Extraction electrode PS current at the maximum of the curve.
The curve labeled ‘low extractor current’ indicates that the plasma electrode PS voltage, VPl, has been set such that the extraction electrode PS current, IExt, is minimal while keeping constant all other parameters. Note that by doing so, the maximum beam current achievable decreases. However, it may have been a better comparison to adjust the Filament current such that the maximum beam current of the ‘low extractor current’ case matches the nominal for otherwise the same settings.
Beam production ‘efficiency’: Beam current, IFC, vs. Arc power, IArc  VArc
One figure of merit to characterize the ion source efficiency is the measure of the beam current as a function of the Arc power, IArc  VArc. Several data sets are shown on Figure 4. The red squares, black crosses and pink stars are data taken during this commissioning run. In addition, there are the data taken during the acceptance tests at TRIUMF and from Qing Ji at LBNL. The overall trend are similar for all curves, however there are also significant differences.

Figure 4: Beam current as a function of the Arc power i.e. IArc  VArc. There are two sets of data taken at Fermilab along with data taken during the acceptance test at TRIUMF and when LBNL first installed the source on their test stand.
For the measurements carried out during commissioning, generally speaking, at a given arc power, the plasma and extraction electrodes were set either to get the maximum current or to minimize the extraction electrode power supply current (‘low EE current’ data set and data points on Figure 4, and elsewhere in this document). Clearly, for the latter, the arc power consumed for a given beam current is much larger than for the case where the beam current is maximized. And comparing with the rest of the data, this does not appear to be the proper way to operate the source. Nevertheless, it would be interesting to measure the beam properties, and in particular the emittance, when the ion source is tuned to minimize the extraction electrode PS current and compare with the case when it is tuned to obtain the maximum current.
Another characteristic but not apparent on Figure 4, is the importance of the gas flow setting. To optimize the generation of beam, the gas flow needs to be adjusted properly. Too high or too low a flow for a given arc power typically reduces the maximum current that can be extracted from the source (a more detailed discussion of the relationship between the gas flow and the beam current is discussed later). In fact, for the data taken at TRIUMF, the gas flow was actively used as one of the tuning parameters; each data point was obtained with a different value of the hydrogen gas flow. While not done systematically so far, partly because of the lack of remote control on the gas flow during this first commissioning run, it was observed for a few data points. For instance, this is the reason for the different value of the beam current obtained on 1/8/14 (pink stars on Figure 4) for the arc power of ~400 W and ~1100 W. In turn, the ion source efficiency was much closer to what was measured at TRIUMF, and maybe better than what was measured at Berkeley, although it is not clear how much tuning of the gas flow was done there.
It should also be mentioned that calibration uncertainties on the current measuring devices may explain some of the discrepancy between the various measurements.
Beam current, IFC, vs. Plasma electrode voltage, VPl
For a given Arc power and once a beam has been established, the Extraction and Plasma electrodes determine the maximum beam current achievable in these conditions (also assuming that the hydrogen flow is optimum). Typically, VExt is the first voltage to adjust so that its value corresponds to the maximum of the curves presented on Figure 3. Then, VPl is adjusted. Figure 5 shows this final tuning of the beam current with VPl.
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Figure 5: Faraday cup current (green), Extraction electrode current (red) and Bias current (yellow) as a function of the Plasma electrode voltage. 
Then, one can plot the ‘optimized’ value of the beam current as a function of the Plasma electrode voltage, for various Arc power settings (Figure 6). Again, for each data point, VExt is adjusted to obtain a maximum current before Plasma voltage tuning. Along with the data taken during this commissioning run, Figure 6 includes the data from TRIUMF and LBNL. Trends are similar and follow an increase of the Arc power (i.e. the more power, the more current all other things being equal). However, it appears that the maximum current obtained on the FNAL beam line becomes significantly lower at higher beam current/Arc power. As for the data presented in the previous section (and elsewhere in this document for that matter), one explanation comes from the fact that for the TRIUMF data, at least, the hydrogen flow was also adjusted to maximize the beam current as the Arc power was changed. This was not the case during this commissioning run.

Figure 6: ‘Optimized’ beam current as a function of the Plasma electrode voltage. Note that, at least for the TRIUMF data points, the gas flow was also adjusted each time, which might explain the larger extracted current.

Arc ‘behavior’ as a function of the filament current
Several curves were taken for which the arc voltage was set from 50 V to 140 V (in steps) and the Arc current set to 45-50 A, a constant ‘large’ value in an attempt of keeping the PS in a voltage limited operation mode during the measurement. Then the filament current is increased until a plasma forms, first, and then to the point where the arc current (and plasma electrode current) ‘run away’ i.e. increase rapidly. Illustrations of these curves are shown on Figure 7. The first set of measurements was done without acceleration i.e. VBias = 0 kV. For a few values of the arc voltage, the curve was repeated with VBias = 15 kV. None of the other parameters were changed during data taking.
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Figure 7: Left: Arc current (red), Arc voltage (green) and Plasma electrode current (yellow) as a function of the filament current with VBias = 0 kV; VArc Set = 50 V; for this plot, the filament current was ramped up and down. Right: Same as left plot with VArc Set = 80V and VBias = 15 kV hence the beam current (cyan) was added to the list of parameters plotted here. Important note: On these plots, the value of the filament current is scaled improperly and the real value is obtained by multiplying the measured value by 33/50.
Qualitative remarks regarding the behavior of the source when making these plots:
· When the Arc and Plasma electrode currents increase rapidly/jump up, the Arc voltage drops to a value determined by the Arc current limit. Then, the Arc voltage increases back to the set value as the Filament current is slowly decreased. Finally, the plasma suddenly disappears when the Filament current is decreased a little bit more.
· This behavior is the same whether there is beam or not.
· For VArc Set = 140 V and no bias, the plasma remained ‘ignited’ (i.e. IArc pegged to the PS set limit) even with the filament current (gradually) set back to zero.
From the curves displayed on Figure 7, one can extract the filament current/power needed to ignite the plasma as a function of the Arc voltage. Plasma ‘ignition’ here is not very well defined. Nevertheless, the best indication of a plasma forming in the source body is to look at the current drawn from the Arc and Plasma electrode power supplies. Arbitrarily, the Arc and Plasma electrode current threshold for plasma ignition were chosen to be 0.6 and 0.3 A, respectively. The corresponding curves are shown on Figure 8. Note that the presence of a bias (VBias = 15 kV in this case) does not change the onset of a plasma forming.

Figure 8: Filament current for plasma ‘ignition’ and ‘run-away’ point as a function of the Arc voltage. The ignition of the plasma was either defined by observing a current on the Arc PS (blue diamond) or the Plasma electrode PS (red square). For the ‘run-away’ point, both currents increase rapidly.
Similarly and also shown on Figure 8, one can plot the filament current at which the Arc and Plasma electrode currents quickly reach a maximum (set by the Arc PS current limit) as a function of the Arc voltage. As for plasma ignition, applying VBias = 15 kV does not change the Filament current of this ‘run-away’ point.
Ratio of the Bias current to the beam current, IBias/IFC, as a function of the beam current
Figure 9 shows the ratio of the Bias PS current to the measured beam current as a function of the beam current. For all data sets, it remains nearly constant at 1.5-1.7. It may be a good indication that the measurements of the beam current with our Faraday cup are truthful.

Figure 9: Bias PS current/Beam current as a function of the beam current.
In the data of Figure 9, the current drawn by the Bias power supply without plasma, IBias0 (e.g.: measured during HV conditioning), was not subtracted from the readback value. To obtain the actual total current to ground, IBias0 needs to be subtracted, which is what is done for Figure 9bis. The plot thus obtained significantly differs from Figure 9. The ratio of the current-to-ground to the beam current first increases then appears to stay constant above IFC ~ 5 mA.

Figure 9bis: Current-to-ground/Beam current as a function of the beam current.
Electron, e-, to H- ratio
An estimate of the number of electrons co-extracted with the H- beam is given by the Extraction electrode PS current. Figure 10 shows e-/H- as a function of the beam current for the data from TRIUMF, LBNL and this commissioning run. The data from TRIUMF and LBNL are quite similar, both for the amplitude of the Extraction electrode current and e-/H-, although e-/H- in LBNL’s data is always a little bit higher than in TRIUMF’s data. More surprisingly, for this commissioning run, both the Extraction electrode current and the e-/H- ratio are significantly lower, for all values of the beam current.
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Figure 10: Extraction electrode current to beam current ratio as a function of the beam current (blue points) and Extraction electrode current as a function of the beam current (red points). (a) Data from TRIUMF; (b) Data from LBNL; (c) Data from this commissioning run (1/3/14). Vertical axes are the same for all 3 plots.
Note that the data points on Figure 10.c were recorded directly off of the power supply, hence eliminating a scaling factor error between the ‘true’ value and the one reported through ACNET (to keep in mind in case one looks at the data on that date with D44).
Plasma electrode current, IPl, vs. Beam current, IFC
Figure 11 shows the Plasma electrode PS current as a function of the beam current for this commissioning run, data from TRIUMF and data from Berkeley. Trends are similar for all data sets. Differences are likely due to the detail of the setup and/or tuning.

Figure 11: Plasma electrode PS current vs. Beam current.

Beam current, IFC, as a function of the hydrogen gas flow
While systematic measurements were not carried out, a few data points were recorded and shown on Figure 12. For this plot, we started from the highest gas flow, the initial ‘nominal’ for a 1 mA beam, and reduced the gas flow in steps. Other settings were left unchanged, unless the Arc power supply would go into a voltage limited mode, in which case the Filament current would be slightly adjusted. As a result of the lower gas flow, the beam current increased by a factor of 2 for these settings. Clearly, for these particular settings, the initial choice for the gas flow was far off. It is also obvious that at some point, the beam current will decrease as the gas flow is decreased further. Data taking was not pursued to this point on Figure 12.

Figure 12: Beam current as a function of the hydrogen gas flow. The light green curve is mainly to guide the eye.
As mentioned previously, no other systematic measurements were carried out. Nevertheless, a couple of other data points at 5 mA show a quite significant dependence on the gas flow over the 10‑15 sccm range. In other words, like other parameters, the gas flow should be adjusted in the tuning process. In fact, for the data taken at TRIUMF and LBNL, the gas flow is different for each beam current settings in the range ~10-20 sccm with the lower end of the interval being for low beam current and the higher end for large beam current. The relationship between the gas flow and the beam current in this case is nearly linear.
Steering and beam size estimations
Immediately downstream of the ground electrode, there is a pair for dipole correctors, which original purpose is to steer the beam back on-axis after it is slightly deflected by the filter magnets (located within the Extraction electrode). The Faraday cup (Figure 13) was designed with a restrictive aperture at the entrance of the cup, just downstream of the ceramic break. Thus, in principle, the beam size could beam estimated by steering the beam in various directions until the current drops in the Faraday cup, indicating that the beam edge touches the aperture. In turn, assuming that the beam remains cylindrical and knowing the dipoles strength, a size can be determined. However, electrons are co-extracted with the beam, which makes the picture more complicated and severely limit the interpretation of the results.
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Figure 13: Faraday cup assembly drawing.
Several ‘scans’ were done under different tunes. An example of such scan is shown on Figure 14. Given that the Faraday cup entrance aperture is not electrically isolated, the beam current drop may be interpreted as resulting from secondary electrons generated when the primary beam touches the aperture scattering away from the cup collector.
Within the range of the corrector power supplies and the corresponding measurement sensitivity of the Faraday cup, the curves on Figure 14 for IFC ≃ 1.5 mA present unexpected asymmetries, in particular in the diagonal directions (note the different scales). In principle, this may indicate that the beam is off-center with respect to the Faraday cup aperture. Note that there is no data about how well the aperture is centered with respect to the Faraday cup mounting flange.
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Figure 14: Steering ‘scans’. Left: Horizontal (X) and vertical (Y) directions; Right: ‘Diagonal’ directions. The corrector power supplies voltage ranges from -4 A to 4 A.
Figure 15 shows the corrector current when the beam current has dropped by 2% for each curve of Figure 14, both on the positive and negative sides (blue diamonds). Note that, for some directions, the beam current never drops below 2%, hence reducing the number of data points. Then, the data is fitted to a circle (green squares). The corresponding ‘radius’ is 3.67 A and the offset (-0.07 A, -0.39 A).
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Figure 15: The blue diamond points indicate the corrector current values at which the beam current dropped by 2%. The green square are a fit to the data using the equation of an off-center circle. The black dotted line is the circle corresponding to the fit. The red dotted circle is a ‘manual’ fit to the data.
The dipole correctors strengths were measured at the factory and the conversion coefficients are: 14.60 G/A for the X-corrector and 14.67 G/A for the Y-corrector. The distance from the correctors to the Faraday cup aperture is ~41 cm and the aperture diameter is 3.81 cm. In turn, this gives a beam size (diameter) of ~1.5 cm. This is significantly different from the simulations where the beam diameter at ±2 is ~3.7 cm. Additional aperture scans for IFC ~ 5 mA were carried out for two tunes (using the extraction and plasma electrodes are tuning parameters): one where the extraction electrode current is kept low and one where the beam current is maximized. First to note is that the behavior for the low extraction current tune and the maximized beam current tune are basically the same, except may be in the total current drop (in percentage) in the positive X-direction which is slightly more for the latter. Then, the scans show the same asymmetry as for IFC ≃ 1.5 mA. However, the somewhat ‘flat top’ of the curves shown on Figure 14 is much narrower (~2) than for the 5 mA case.
Another qualitative observation that can be brought forward during these measurements is that the radiation counts decrease dramatically, typically by a factor of ~10, at the maximum corrector currents. In this case, at the poor level of accuracy of these measurements, and as opposed to the beam current, the data is much more symmetric. This behavior may fit better the interpretation of electrons being steered away from the Faraday cup rather than a true drop of the beam current.
Effect of a magnetic field on the beam current as measured by the Faraday cup
Another qualitative measurement was done to see the effect of applying a transverse magnetic field in the vicinity of the Faraday up assembly, i.e. outside the ion source vacuum chamber. Starting with a beam current of 6 mA, a magnet was placed at various locations along the Faraday cup assembly (below it) and the beam current and radiation counts recorded. This is illustrated on Figure 16 where the beam current is plotted as a function of time, while the magnet was being moved along the Faraday cup assembly from the ion source chamber to the bottom of the Faraday cup.
The beam current measured by the Faraday cup varied from the maximum intensity of 6.3 mA to the minimum intensity of 5.8 mA, a ~8% change. The maximum intensity were recorded with the magnet just before and just after the ceramic break; the minimum intensity at the cup collector/bottom. Interestingly, the radiation does not quite follow the same pattern with a minimum count just upstream of the ceramic break and a maximum just downstream of the ceramic break. This difference may be due to the fact that ‘shielding’ efficiency is much better for the stainless steel than for the ceramic, rather than a true indication of where the beam and/or electrons might impinge onto the beam tube. One additional remark, though not totally obvious on the live plots running while taking data, is that it looks like the Faraday cup temperature (bottom) goes down when the beam current increases (due to the presence of the magnet), as opposed to operation without the magnet where the measured beam current and Faraday cup temperature vary in the same direction, as one would expect.
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Figure 16: Fast Time Plot showing the beam current evolution while moving the magnet below the Faraday cup assembly. Green: Gas flow in sccm (note here % ≡ sccm); Red: Filament voltage in V; Yellow: Downstream vacuum pressure in Torr; Blue: Faraday cup current in mA.
Ion source vacuum as a function of the gas flow
The ion source vacuum chamber is such that one can define two pumping regions: upstream of the ground electrode, the ‘high pressure’ region, and downstream of the ground electrode, the low pressure region. Upstream there is one vacuum port with a 1000 l/s turbo pump. Downstream, there are two vacuum ports, each with a 1000 l/s turbo pump. The pressure is measured with 2 ion gauges located in the upstream and downstream region, respectively. The base pressure, i.e. without gas flowing into the chamber, is ~910-8 torr upstream and ~510-8 torr downstream. Then, the gas flow was increased and both pressures recorded once the gas flow had reached equilibrium. Typically, it would take ~10 minutes for it to settle. The measurement was first done with the ion source completely off, then with a plasma, but no extraction (i.e. Bias power supply off). These 2 data sets are shown on Figure 17.
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Figure 17: Vacuum pressure as a function for the Hydrogen gas flow without a plasma (blue diamonds) and with a plasma but no extraction (red squares). Left: Upstream; Right Downstream.
The first observation is that the upstream pressure is only ~one order of magnitude or more higher than the downstream pressure. Also, it should be noted that the downstream pressure with beam being extracted is very similar. Because the ion gauge upstream was added later, there is little data for the vacuum pressure with extracted beam but it should be expected to be very similar than without extraction too. In addition, it is interesting to note that the upstream pressure when taking data at TRIUMF is nearly the same as for our setup while the ion source vacuum chamber was radically different.
Then, plots on Figure 17 show that the behaviors/trends of the upstream and downstream pressure both as the gas flow increases and when a plasma is present or not. In the downstream case, the vacuum pressure appears to be linear with respect to the gas flow and the presence of a plasma increases the slope. The pressure is also slightly offset (higher) in the latter case. For the upstream case, the vacuum pressure appears to be following a ‘slow’ exponential growth as a function of the gas flow and the presence of a plasma does not change the absolute values of the vacuum pressure.
Conclusion
Ion source characterization data were collected and, for most, compared to equivalent data taken at TRIUMF during the acceptance run and at LBNL on Qing Ji’s test stand. The data agree well and there is no indication of the ion source not performing to expectations. The main discrepancy (and maybe only discrepancy given the measurements uncertainties and the conditions in which the data was recorded) is the magnitude of the Extraction electrode current. For all data points, not taking into account when tuning was set such as to minimize the Extraction electrode power supplies current, the Extraction electrode current is low by a factor of several (not constant for all beam current settings).
Unfortunately, phase-space measurements of the beam could not be carried out since there was no emittance scanner. Therefore, the beam proper could not be characterized and checked against measurements collected at TRIUMF and LBNL.
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IArc = 9.5 A - Low extractor current	2.5105590820313002	2.4402465820311998	2.3682861328125	2.2952270507812012	2.219970703125	2.1474609375	2.0756835937499987	2.0031738281250022	1.9255371093750011	1.8559570312500011	1.7839965820311989	1.7083740234375	1.634033203125	1.5633544921874984	1.4886474609375011	1.4155883789063	1.3419799804687	1.2709350585938	1.1971435546875011	1.1229858398437025	1.046630859375	0.97778320312500056	0.90344238281249956	0.83129882812500056	0.75402832031250056	0.68371582031250056	0.61138916015624956	0.53887939453125	0.46252441406250028	0.39184570312500056	0.31896972656250028	0.24298095703125014	0.17248535156250031	9.9792480468750028E-2	2.581787109375001E-2	4.5283342702313938	4.57136649487071	4.6211609262390949	4.6371443239622954	4.6580456902156975	4.6488244992215	4.5406291915569046	4.2725999066606004	3.8502693591289976	3.4193323666695998	3.0258948842528999	2.6472113074269039	2.3146336855715997	1.9795970794512014	1.6390277587342998	1.3003026762162011	1.0082982947350998	0.80235836253268999	0.62531149544520004	0.48637888446683042	0.37388035433833028	0.29457811178872034	0.23064452089602014	0.17839110526256013	0.13781786488834999	0.10892479977338014	8.5564449254890235E-2	6.6507321200329997E-2	5.0523923477159956E-2	3.6999510019090034E-2	2.7778319024950045E-2	1.9171874097080027E-2	1.1794921301770001E-2	9.950683102940009E-3	3.4540525753979999E-2	IArc = 9.5 A	2.4964599609374987	2.4327392578125022	2.3572998046875	2.2847900390625022	2.2113647460937012	2.1399536132811976	2.0630493164061998	1.9918212890624984	1.9182128906250011	1.8475341796875	1.7708129882813011	1.6984863281250011	1.62744140625	1.5527343749999998	1.478759765625	1.4086303710937	1.333740234375	1.2586669921874984	1.1872558593750011	1.1136474609375011	1.0416870117187012	0.96899414062500056	0.89392089843750056	0.8199462890625	0.74871826171875	0.67584228515625	0.60260009765625056	0.52752685546875	0.45538330078125028	0.38287353515625056	0.30871582031250028	0.23400878906250014	0.16314697265625	9.1735839843750028E-2	6.3171386718749986E-2	8.4594726562500111E-2	5.5100837380741998	5.5033215313451	5.4775021965614998	5.4639777831035046	5.4443059089826003	5.2051696892013046	4.7385774248977999	4.2609197314013985	3.7869505143026001	3.3418743623187988	2.8617576845571997	2.3890179595909999	1.9187372188898999	1.4896444646292	1.1761239708285014	0.92838130611925951	0.72797408851329082	0.57367282587802004	0.45994480361696027	0.36896238580812041	0.29765184212009999	0.24109520402271017	0.19191551872063001	0.15441600867780031	0.12552294356283014	9.8474116646680043E-2	7.8187496459579994E-2	5.790087627246996E-2	4.7450193145780022E-2	3.5770017886530038E-2	2.5319334759839999E-2	1.6712889831980021E-2	1.1794921301770001E-2	1.302441343432E-2	1.3639159500600007E-2	1.302441343432E-2	IArc = 9.5 A	0.11737060546875007	0.18951416015625031	0.2611083984375	0.33508300781250056	0.41033935546875	0.48175048828125028	0.55462646484375	0.62969970703125056	0.702392578125	0.77325439453125	0.85034179687500056	0.9217529296875	0.99664306640625	1.0664062499999998	1.1401977539062012	1.2130737304687	1.2903442382812	1.3601074218750024	1.4333496093749984	1.5067749023437	1.5809326171874984	1.6543579101562025	1.7252197265625	1.7977294921874973	1.8746337890625	1.9471435546875011	2.0191040039061998	2.0927124023436976	2.1688842773437012	2.239013671875	2.3140869140624987	2.3871459960936976	2.4580078125	2.5043334960937997	2.5019531249999987	2.4526977539061998	1.4868651633150012E-2	1.7327635898250003E-2	2.1016112295910012E-2	2.8393065091220002E-2	4.0687986416739999E-2	5.1138669543430014E-2	6.5892575134059994E-2	8.5564449254890235E-2	0.10646581550827007	0.13351464242441999	0.16794042213587024	0.20728417037753014	0.25584910961334001	0.31670897017466076	0.39539646665798062	0.48760837659938028	0.61916403478243998	0.77715377381536999	0.98555269028292924	1.2455902763176987	1.5929218037635999	2.045989654609	2.5273358245030999	2.9957723270053997	3.4678973059054012	3.9203504106844997	4.3838689446565997	4.8867312268702952	5.3379548395168896	5.5248376436647959	5.5254523897311003	5.5438947717193985	5.5703288525692001	5.5856975042260997	5.5856975042260997	5.5697141065028966	IArc = 12.6 A	2.9769287109375	2.9055175781250022	2.8341064453125	2.7601318359375049	2.6885375976562038	2.6119995117186998	2.539855957031298	2.4669799804687975	2.3948364257811976	2.3215942382812012	2.2474365234375022	2.1762084960936958	2.1016845703125022	2.0277099609375022	1.9544677734375011	1.8839721679687012	1.8072509765625011	1.7352905273437	1.6622314453125	1.5900878906250011	1.5139160156249984	1.441406249999998	1.3685302734375	1.2962036132812	1.2244262695312	1.1495361328125	1.0755615234375	1.0036010742187	0.92999267578124956	0.85803222656250056	0.78204345703125	0.70989990234375111	0.63922119140625	0.5628662109375	0.49053955078125	0.416748046875	0.34442138671875028	0.26953124999999994	0.19976806640625014	0.12615966796874969	6.7604772368794919	6.8035094615188001	6.8194928592419952	6.8194928592419952	6.7850670795305996	6.708838567312295	6.620929879834895	6.5410128912190002	6.4463419970125058	6.2102795075625004	5.7092614635476089	5.1602932263631001	4.6014890521182954	4.0451438621384952	3.5072410541470012	2.9656497697579001	2.3816410067956997	1.9058275514981	1.537594657798798	1.2345248471246975	0.98678218241547999	0.7949814097373693	0.65174557629507168	0.53617331583519001	0.44027292949612973	0.36220017907908042	0.29826658818638002	0.24539842648664018	0.20113670971476988	0.16732567606958978	0.13412938849069017	0.105851069442	8.7408687453719866E-2	6.7122067266610019E-2	5.1753415609710002E-2	4.0687986416739999E-2	3.085204935633E-2	2.0401366229630024E-2	1.6712889831980021E-2	1.3639159500600007E-2	IArc = 12.5 A	8.9538574218750028E-2	0.1640625	0.23547363281250014	0.30908203125000056	0.38140869140625056	0.45721435546875	0.52752685546875	0.60168457031250056	0.67437744140625	0.74798583984375056	0.82086181640625056	0.89630126953124956	0.96954345703125	1.0400390625	1.1136474609375011	1.1854248046875	1.2626953124999984	1.3341064453125	1.4049682617187	1.4785766601562	1.55126953125	1.6248779296875024	1.7008666992186989	1.7711791992187	1.8475341796875	1.9189453125	1.9921875000000024	2.0652465820311998	2.1412353515625022	2.2120971679687997	2.2849731445312012	2.3589477539063002	2.432373046875	2.501220703125	2.5233764648437997	2.5264892578125022	2.5263061523437997	2.5264892578125022	2.5259399414062012	1.7942381964530001E-2	1.4868651633150012E-2	1.9171874097080027E-2	2.4089842627290043E-2	3.4540525753979999E-2	4.8064939212050004E-2	5.9745114471300001E-2	7.3269527929369999E-2	9.5400386315300012E-2	0.11937548290007002	0.14703905588249044	0.17962059739510997	0.21957909170305001	0.26629979274002979	0.32470066903625056	0.38986375206149998	0.47838718560524068	0.58350876293843956	0.71322018292266931	0.87243941408815084	1.0845268069534	1.3568593143136001	1.6980433810968016	2.0951693399110987	2.6490555456256999	3.2121629423344999	3.75436897279	4.2898127965163004	4.8455432404297953	5.4037326686083995	5.9545451439916999	6.3319992286851985	6.4580221722717024	6.5311769541585996	6.5576110350083985	6.5576110350083985	6.553922558610795	6.5557667968095998	6.5545373046770949	IArc = 5.5 A	0.12213134765625014	0.19720458984375	0.26806640625000028	0.34130859375000056	0.41693115234375	0.49072265625000028	0.56396484375	0.63629150390625	0.70788574218750056	0.78076171875	0.85784912109375056	0.92852783203125	1.0012207031249984	1.0750122070312	1.1511840820312	1.22314453125	1.2940063476562	1.3677978515625	1.441406249999998	1.5128173828125	1.5860595703125011	1.66259765625	1.7321777343750011	1.7682495117187012	1.7759399414062	1.792236328125	1.8054199218750011	1.8182373046875011	1.8312377929688	6.2622067052900089E-3	1.1180175235490029E-2	1.8557128030810017E-2	2.5934080826120011E-2	4.0073240350470003E-2	5.4212399874810052E-2	7.4499020061920065E-2	9.970360877924013E-2	0.13904735702090018	0.18822704232298018	0.26261131634237	0.35482322628377028	0.47961667773779043	0.63514743250562111	0.85399703209987154	1.1115756338695	1.3789901726995999	1.6685355699155024	1.9839003019151	2.3158631777041969	2.6834813253372012	3.0308128527830998	3.1765076704905	3.2017122592079024	3.2121629423344999	3.2146219265995999	3.2183104029973029	3.2183104029973029	3.2219988793950001	Extraction Electrode Voltage, kV

Beam current (FC), mA


01/03/14 data	243.81	348.33500000000004	404.59999999999968	581	697.11599999999999	929.87399999999991	1159	1621.2	1857.9400000000003	2289.14	2730.7000000000003	3599.8500000000022	0.75000000000000056	1.2	1.8	2.9	3.2	4.4000000000000004	5	5.7	6.7	7.9	8.9	10.1	TRIUMF data	2580.84	2580.84	2320.65	1945.6	1594.27	1350.87	1131.81	925.68000000000052	718.62	560.28000000000054	401.94	207.06	10.974	10.974	10.475000000000009	9.4130000000000003	8.25	7.3360000000000003	6.3479999999999954	5.34	4.218	3.2850000000000001	2.2949999999999999	1.155	Berkeley data	1091.7	1104.3	1101.5999999999999	1101.5999999999999	1099.8	1094.4000000000001	1280.48	1275.1799999999998	1268.82	1359.3899999999999	1358.26	1356	1530.9	1529.6399999999999	1680.84	1679.46	1676.7	1675.32	1836.1599999999999	1834.6399999999999	1833.12	2027.3799999999999	2025.71	2024.04	2179.8000000000002	2375.52	2371.6	2369.64	968	862.4	763.83999999999946	635.43999999999949	557.52	378.82	4.5599999999999996	4.8899999999999997	4.9300000000000024	5	4.96	4.9700000000000024	5.6899999999999995	5.6899999999999995	5.6599999999999975	6	6.01	5.99	6.56	6.59	7.01	7.04	7.04	7	7.5	7.51	7.51	8.01	8.0400000000000009	8	8.42	9	9.02	8.9700000000000006	4.58	4.1199999999999966	4.1199999999999966	3.23	2.86	2.04	1/3/14 data - low EE current	928.8	2293.08	2737.6000000000004	3.9	5.9	6.7	1/8/14 data	357	472	354	271.39999999999969	1140	1755	1170	1.5	1.2	2	1.4	5.6	4.7	5.9	H- beam Total (mA)

Arc Power (W)


01/03/14 data	1.58	2.1	2.1	2.4	2.8	3	3.5	4.3	4.4000000000000004	4.8	5.0999999999999996	5.8	0.75000000000000056	1.2	1.8	2.9	3.2	4.4000000000000004	5	5.7	6.7	7.9	8.9	10.1	TRIUMF data	3.9	3.9	3.7	3.5	3.2	3.1	3	2.7	2.5	2.2999999999999998	2.2999999999999998	1.8	10.974	10.974	10.475000000000009	9.4130000000000003	8.25	7.3360000000000003	6.3479999999999954	5.34	4.218	3.2850000000000001	2.2949999999999999	1.155	Berkeley data	3.14	3.05	3.05	3.25	3.25	3.25	3.5	3.5	3.61	3.61	3.61	3.61	3.67	3.66	3.66	3.8699999999999997	3.8699999999999997	3.8099999999999987	3.8099999999999987	3.8099999999999987	3.8099999999999987	3.8099999999999987	3.8099999999999987	3.8699999999999997	3.8699999999999997	3.8699999999999997	3.9099999999999997	3.9099999999999997	3.9099999999999997	3.8699999999999997	3.8699999999999997	3.8699999999999997	3.8699999999999997	3.3699999999999997	3.3699999999999997	3.12	3.12	3.23	3.23	3.13	3.13	2.9099999999999997	2.9099999999999997	2.66	2.66	4.5599999999999996	4.8899999999999997	4.9300000000000024	5	4.96	4.9700000000000024	5.6899999999999995	5.6899999999999995	6	6.01	6.01	5.99	6.56	6.59	6.59	7.01	7.04	7.04	7	7.5	7.51	7.51	7.51	8.01	8.0400000000000009	8.0400000000000009	8	8.42	8.42	8.42	9	9.02	9.02	8.9700000000000006	4.58	4.58	4.1199999999999966	4.1199999999999966	4.1199999999999966	4.1199999999999966	3.23	3.23	2.86	2.86	2.04	2.04	Plasma Electrode voltage [V]
Beam current [mA]
Arc current	50	65	80	95	110	125	140	237.3	233	230.9	229.4	228	226.5	225.2	Plasma current	50	65	80	95	110	125	140	255.2	245.8	238.1	232.6	228	224.9	222.1	'Run away' point	50	65	80	95	110	125	140	285.12	271.91999999999973	260.7	253.44	249.48000000000016	242.88000000000017	238.92000000000004	Arc voltage, V

Filament current, A


1/3/14 data	0.75000000000000056	1.2	1.8	2.9	3.2	4.4000000000000004	5	5.7	6.7	7.9	8.9	10.1	1.8666666666666665	1.6666666666666667	1.6111111111111109	1.4827586206896552	1.499999999999998	1.5227272727272718	1.56	1.5438596491228072	1.5970149253731343	1.556962025316456	1.539325842696629	1.5148514851485149	1/3/14 data - Low EE	3.9	5.9	1.5384615384615385	1.5593220338983049	1/8/14 data	1.2	1.5	1.2	2	1.4	1	4.7	5.6	4.7	5.9	1.7500000000000002	1.6666666666666667	1.7500000000000002	1.5	1.5714285714285721	1.7	1.553191489361702	1.625	1.6170212765957446	1.491525423728814	TRIUMF data	10.974	10.974	10.475000000000009	9.4130000000000003	8.25	7.3360000000000003	6.3479999999999954	5.34	4.218	3.2850000000000001	2.2949999999999999	1.155	1.6584654638235847	1.6584654638235847	1.6420047732696896	1.6785296929777958	1.6727272727272728	1.6630316248636861	1.7170762444864518	1.6853932584269653	1.683262209577999	1.7656012176560107	1.6993464052287581	1.5584415584415585	Berkeley data	4.5599999999999996	4.8899999999999997	4.9300000000000024	5	4.96	4.9700000000000024	5.6899999999999995	6	6.01	5.99	6.56	6.59	7.01	7.04	7	7.5	7.51	7.51	8.01	8.0400000000000009	8	8.42	8.42	9	9.02	8.9700000000000006	4.58	4.1199999999999966	4.1199999999999966	3.23	2.86	2.04	1.8201754385964921	1.6973415132924339	1.7038539553752536	1.7	1.6733870967741937	1.6700201207243475	1.7047451669595781	1.6333333333333335	1.6638935108153079	1.652754590984975	1.6463414634146343	1.6691957511380882	1.6262482168330961	1.6477272727272718	1.6428571428571439	1.6266666666666665	1.6378162450066578	1.6111850865512665	1.5980024968789026	1.6417910447761195	1.6500000000000001	1.6152019002375297	1.6270783847981001	1.6222222222222222	1.6518847006651878	1.638795986622074	1.6593886462882101	1.7233009708737863	1.5291262135922317	1.671826625386996	1.643356643356644	1.6176470588235301	Beam current, mA

IBias/IFC


1/3/14 data	0.75	1.2	1.8	2.9	3.2	4.4000000000000004	5	5.7	6.7	7.9	8.9	10.1	0.79999999999999982	1	1.1666666666666665	1.2068965517241379	1.25	1.3409090909090908	1.4	1.4035087719298245	1.4776119402985073	1.4556962025316456	1.4494382022471908	1.4356435643564356	1/3/14 data - Low EE	3.9	5.9	6.7	1.3333333333333335	1.4237288135593218	1.5074626865671641	1/8/14 data	1.2	1.5	1.2	2	1.4	1	4.7	5.6	4.7	5.9	1.0833333333333335	1.1333333333333333	1.0833333333333335	1.1000000000000001	1.0000000000000002	0.89999999999999991	1.3829787234042552	1.482142857142857	1.4468085106382977	1.3559322033898304	Beam current, mA

(IBias-IBias0)/IFC


01/03/14 data	0.75000000000000044	1.2	1.8	2.9	3.2	4.4000000000000004	5	5.7	6.7	7.9	8.9	10.1	0.9	1.4	1.6	2.2999999999999998	2.9	3.92	5.0999999999999996	7.9	9	11.4	14	19.399999999999999	TRIUMF data	10.974	10.974	10.475000000000007	9.4130000000000003	8.25	7.3360000000000003	6.3479999999999963	5.34	4.218	3.2850000000000001	2.2949999999999999	1.155	11.8	11.8	10.200000000000001	8.6	6.8	5.8	4.9000000000000004	3.9	3	2.4	1.8	1	Berkeley data	4.5599999999999996	4.8899999999999997	4.9300000000000024	5	4.96	4.9700000000000024	5.6899999999999995	5.6899999999999995	6	6.01	6.01	5.99	6.56	6.59	6.59	7.01	7.04	7.04	7	7.5	7.51	7.51	7.51	8.01	8.0400000000000009	8.0400000000000009	8.42	8.42	8.42	9	9.02	9.02	8.9700000000000006	4.58	4.58	4.1199999999999966	4.1199999999999966	4.1199999999999966	4.1199999999999966	3.23	3.23	2.86	2.86	2.04	2.04	5.3	5.0999999999999996	5.0999999999999996	5.3	5.3	5.3	6.3	6.3	6.7	6.7	6.7	6.7	7.4	7.4	7.4	8.3000000000000007	8.3000000000000007	8.3000000000000007	8.3000000000000007	8.9	8.9	8.9	8.9	9.8000000000000007	9.8000000000000007	9.8000000000000007	10.5	10.5	10.5	11.2	11.2	11.2	11.2	4.8	4.8	4.0999999999999996	4.0999999999999996	3.8	3.8	3.2	3.2	2.8	2.8	2	2	Beam current, mA

Plasma electrode PS current, A


1/8/14 data	10.06	10.130000000000001	10.3	15.26	2.04	1.84	1.5	1.01	10	10.050000000000002	10.1	10.15	10.200000000000001	10.25	10.3	10.350000000000007	10.4	10.450000000000006	10.5	10.55	10.6	10.65	10.7	10.75	10.8	10.850000000000007	10.9	10.950000000000006	11	11.05	11.1	11.15	11.2	11.25	11.3	11.350000000000007	11.4	11.450000000000006	11.5	11.55	11.6	11.65	11.7	11.75	11.8	11.850000000000007	11.9	11.950000000000006	12	12.05	12.1	12.15	12.2	12.25	12.3	12.350000000000007	12.4	12.450000000000006	12.5	12.55	12.6	12.65	12.7	12.75	12.8	12.850000000000007	12.9	12.950000000000006	13	13.05	13.1	13.15	13.2	13.25	13.3	13.350000000000007	13.4	13.450000000000006	13.5	13.55	13.6	13.65	13.7	13.75	13.8	13.850000000000007	13.9	13.950000000000006	14	14.05	14.100000000000001	14.15	14.2	14.25	14.3	14.350000000000009	14.4	14.450000000000006	14.5	14.55	14.600000000000001	14.65	14.7	14.75	14.8	14.850000000000009	14.9	14.950000000000006	15	15.05	15.100000000000001	15.15	15.2	15.25	15.3	15.350000000000009	15.4	15.450000000000006	15.5	15.55	15.600000000000001	15.65	15.7	15.75	15.8	15.850000000000009	15.9	15.950000000000006	16	2.4239591642385392	2.1018804781511014	1.8985422551570408	1.7585010826760399	1.6561822350038018	1.5781533545941775	1.5166828465626079	1.4670056881023916	1.4260251423537291	1.3916414135289179	1.3623803454494157	1.3371765613830755	1.3152409581625515	1.2959766044118908	1.2789235978519398	1.2637218795652654	1.2500855342291388	1.2377846398683718	1.2266322005352479	1.2164745752694102	1.2071843585562338	1.1986550097034587	1.1907967496238201	1.1835333892864388	1.1767998520359313	1.1705402189057077	1.1647061725085921	1.1592557478024059	1.1541523213731999	1.1493637877441956	1.1448618835427522	1.1406216294596818	1.1366208667251607	1.1328398699373263	1.1292610219625439	1.1258685395994992	1.1226482409939125	1.1195873475742757	1.1166743146752827	1.1138986861155362	1.1112509688681746	1.1087225246583705	1.1063054758793065	1.1039926236676358	1.10177737634368	1.0996536867181095	1.0976159970093593	1.0956591903152462	1.0937785477466206	1.0919697104670616	1.0902286459957746	1.0885516182253658	1.0869351606853541	1.0853760526487044	1.0838712977348746	1.0824181047102357	1.081013870227002	1.0796561632761859	1.0783427111591339	1.0770713868074531	1.0758401973024534	1.0746472734638042	1.0734908603929794	1.0723693088709199	1.0712810675211719	1.0702246756602256	1.0691987567657699	1.068202012501422	1.0672332172434056	1.0662912130606752	1.0653749051052273	1.064483257374047	1.0636152888081978	1.0627700696981441	1.0619467183676574	1.0611443981114281	1.0603623143640009	1.0595997120799328	1.0588558733070101	1.0581301149360869	1.0574217866127917	1.0567302687976392	1.0560549709623734	1.0553953299115542	1.0547508082193244	1.0541208927722479	1.0535050934099184	1.0529029416557687	1.0523139895311653	1.0517378084465137	1.0511739881635505	1.0506221358235961	1.0500818750368921	1.049552845028618	1.0490346998374918	1.0485271075632341	1.0480297496594244	1.047542320268642	1.0470645255968973	1.0465960833247459	1.0461367220525408	1.0456861807775666	1.0452442084009366	1.0448105632622873	1.0443850127004495	1.0439673326384578	1.043557307191288	1.0431547282949218	1.0427593953553878	1.0423711149165245	1.0419897003453176	1.0416149715337577	1.0412467546161617	1.0408848817010961	1.0405291906169714	1.0401795246705472	1.0398357324175496	1.0394976674447418	1.0391651881627424	1.0388381576090018	1.0385164432603693	H2 flow, sccm
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