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HIGH VOLTAGE SPT PERFORMANCE

David Manzella
University of Toledo
Toledo, Ohio 43606

David Jacobson and Robert Jankovsky
National Aeronautics and Space Administration
Glenn Research Center
Cleveland, Ohio 44135

SUMMARY

A 2.3 kW stationary plasma thruster designed to operate at high voltage was tested at discharge voltages
between 300 and 1250 V. Discharge specific impulses between 1600 and 3700 sec were demonstrated with thrust
between 40 and 145 mN. Test data indicated that discharge voltage can be optimized for maximum discharge effi-
ciency. The optimum discharge voltage was between 500 and 700 V for the various anode mass flow rates consid-
ered. The effect of operating voltage on optimal magnet field strength was investigated. The effect of cathode flow
rate on thruster efficiency was considered for an 800 V discharge.

INTRODUCTION

Over the last several decades research and development of Hall thruster propulsion has focused on a number of
technical objectives. These include: the qualification of Hall thruster systems for on-orbit station keeping with pow-
ers ranging from near 1 kW up to 5 kW (refs. 1 to 3), the development of Hall thrusters and systems that operate
efficiently at the specific impulses suitable for station-keeping and can also provide a high thrust-to-power ratio for
orbit insertion of low Earth orbit (LEO) and geosynchronous orbit (GEO) spacecraft (refs. 4 and 5), the investigation
of low power Hall thrusters for use on small, power limited spacecraft (ref. 6), and investigations into high power
Hall thrusters for a new class of missions including LEO to GEO space transportation, human exploration and
development of space (HEDS) (refs. 7 and 8), and space solar power. This investigation considers Hall thrusters
capable of operation at specific impulses above the current state-of-the-art (1500 to 1800 sec), but less than that pro-
vided by state-of-the-art gridded ion thruster systems (3000 sec and above).

The motivation for this investigation is that propulsion systems utilizing Hall thrusters with specific impulses
between 1800 and 3000 sec may offer substantial spacecraft mission benefits (ref. 9). These may include either a
reduction in spacecraft wet mass (often times permitting a reduction in launch vehicle class) or an increase in space-
craft lifetime (at the expense of longer trip time or firing duration for power limited applications). However, meas-
urements of the operational characteristics of Hall thrusters operating in this range of specific impulse are required
to more accurately estimate these potential benefits.

To that end, NASA Glenn Research Center (GRC) solicited proposals for thrusters with performance charac-
teristics approaching those of the state-of-art NSTAR gridded ion thruster. The specific goal was to obtain 2.3 kW
laboratory model thrusters that could operate using xenon as the propellant at 3200 sec while providing 100 mN of
thrust. Two suppliers were selected to build such thrusters. The first supplier was the Boeing Corporation that pro-
posed a two stage anode layer thruster (TAL). Jacobson, et al., (ref. 10) provides details regarding the characteristics
of this thruster in a companion paper. The second supplier selected was Atlantic Research Corporation (ARC). The
thruster they supplied, which was fabricated through subcontract to the Fakel Design Bureau in Russia, is a station-
ary plasma thruster (SPT) of hybrid design. This design utilized a conventional dielectric material for the discharge
chamber near the thruster exit plane and used metal construction as in TAL thrusters for the rear of the discharge
chamber. The following report will summarize the important characteristics of this thruster, indicate the test appa-
ratus used for and experimental evaluation of the thruster at GRC, and discuss the significance of these results.

APPARATUS AND PROCEDURE

The hybrid SPT thruster provided by ARC is a design derived from the flight model SPT—100 thruster. A pho-
tograph of this thruster, called the SPT-1, is shown in figure 1. The nominal outside diameter of the discharge
chamber was 100 mm. While it was possible to independently supply propellant at the rear or either side of the
annular anode, all testing was conducted with 100 percent of the xenon anode flow injected at the rear. The thruster
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Figure 1.—SPT-1 high voltage stationary plasma thruster.
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Figure 2.—Electrical schematic of test configuration.



was operated at total input powers between 1.0 and 3.2 kW. This was accomplished by providing anode xenon flow
rates ranging from 2.4 to 5.4 mg/sec at discharge voltages between 300 and 1250 V. A laboratory model cathode
was used for all testing. Neither cathode position nor cathode flow rate was optimized for operation with this engine.
The cathode shown on the thruster at the top of the photograph in figure 1 is a cold start cathode that was not used
during testing.

The thrust produced by the SPT—1 was measured using an inverted pendulum design thrust stand which has
been used in previous evaluations of Hall effect thrusters (refs. 11 to 12). Data were taken in a large cryogenically
pumped vacuum chamber at NASA GRC. The cylindrical vacuum chamber was 20 m long and 8 m in diameter.
During testing the maximum background pressure was 3x107° torr at a total xenon flow of 5.8 mg/sec. This corre-
sponded to a xenon pumping speed of approximately 250,000 L/sec.

A schematic of the electrical configuration used is shown in figure 2. Commercially available power supplies
were used to run the discharge, cathode heater, magnets, and cathode ignitor/keeper. A nonoptimized output filter
consisting of a 100 UF capacitor was used between the thruster and the discharge power supply. Independent control
of the inner and outer magnet supplies was utilized. This permitted optimization of the magnetic field at each oper-
ating point. This was done by systematically adjusting the current to each so as to minimize the discharge current.
The effect of this magnet optimization is shown graphically in figure 3. In this case the thruster optimized at
approximately 4.5 A of outer magnet current and 7.5 A of inner magnet current. The entire electrical system was
allowed to float relative to ground. At no time was the cathode more than 20 V negative with respect to facility
ground. This was maintained by using back-to-back 20 V Zener diodes.

The thruster and cathode were operated on commercially available research grade xenon (purity better than
99.9995 percent). A feed system with commercially available mass flow controllers was used to provide the desired
flow rates. The flow controllers were calibrated both before and after testing using a constant volume technique.
Uncertainties in mass flow rate measurements were estimated to be +2 percent. The thrust stand was calibrated
in-situ using three weights with a mass of approximately 0.010 kg each. The uncertainty in the thrust measurements,
primarily due to zero drift, was estimated to be +1.5 percent. Thrust measurements were taken after operation of the
thruster for approximately 1 hr to allow for thruster to approach steady state operating temperatures. At each oper-
ating point the inner and outer magnet currents were adjusted to minimize the discharge current at a constant anode
flow and discharge voltage. This technique of determining optimal performance by minimizing discharge current
has been previously discussed (ref. 13).

RESULTS AND DISCUSSION

The thruster was operated at seven different anode flow rates and voltages ranging from 300 to 1250 V. The
maximum voltage tested for a given flow rate corresponded to 3200 W. Operation at powers above 3200 W was not
investigated due to thermal limitations of the thruster. The voltage current characteristics from these test data are
shown in figure 4. At each point the magnets were adjusted in an attempt to minimize the discharge current. For
each anode flow rate the discharge current increases slightly with voltage in a near linear fashion starting at 300 V.
At an intermediate voltage, e.g., 750 V for the 2.4 mg/sec anode flow rate case, the discharge current begins to in-
crease at a greater rate with increasing voltage. The increase in discharge current with increasing discharge voltage
is near linear above this intermediate voltage as well. The absolute value of the intermediate voltage, where the dis-
charge current versus discharge voltage relationship changed, decreased with increasing anode mass flow rate.

The increase in discharge current with increasing discharge voltage for a given anode mass flow rate can be attribut-
able to either an increase in ion current or electron current. It is thought that for 300 V operation the anode propel-
lant is very nearly all singly ionized. Therefore, if the increase in anode current is due to increased ion current, sig-
nificant number of multiply charged ions must be present. It is also possible that the increase in discharge current at
higher voltages was due to electron current. If the increase is due to additional electron current, there must be
enhanced axial electron transport across the radial magnetic field region at higher voltages. Additional measure-
ments will need to be made to answer this question definitively.

Figure 5 shows the functional relationship between discharge specific impulse (specific impulse determined
based on the anode flow only) and thrust for each of the anode flow rates investigated. For those flow rates that were
operated at voltages above 1000 V (2.4 and 2.9 mg/s) a greater than 2:1 spread in both specific impulse and thrust
was demonstrated. The lack of high specific impulse points for the higher flow rates was again due to thruster ther-
mal limitations. The rate of increase in discharge specific impulse with thrust is nearly linear in each case, however,
as the mass flow rate increases the rate at which the specific impulse increases with thrust is less. This was attributed
to an overall increase in discharge efficiency at higher mass flow rates which will be shown in a subsequent figure.

Figure 6 shows the discharge specific impulse plotted versus the discharge voltage. The curve fit is based on the
square root of the discharge voltage assuming a simple relationship between the applied voltage and the average
exhaust velocity. The curve fit was a best fit to all the data independent of flow rate. The trend at the lower mass
flow rates exhibited a slightly lower discharge specific impulse for a given discharge voltage was again attributed to
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Contour plot of the SPT-1 discharge current vs. inner and outer

coil currents.

. AN ¢4
7 g 7
°r g0 !
< §§ 8" - - S
s | Ian b EE IR
Esp
R E R R g
8 B
g0, ¢
3 - = N @ 2 & b
© -7 o1 B g 3 ’ 2, 3
3 — % 3 @ o o T”&)S i
- LOERL R Tl
2 g
1 L | ILT | I L L L \\ I | | I L I | | | L I
5 6 7 8 9 10
Inner coil current, A
Figure 3.—Effect of magnet current on discharge current.
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an overall increase in discharge efficiency at higher mass flow rates. This also shows that the initial design goal for
this engine of 3200 sec of specific impulse was obtained at a discharge voltage near 1000 V.

The suitability of operating the SPT-1 thruster at this high of a voltage is shown in figure 7 where discharge
efficiency (efficiency determined based on the anode flow only and discharge power only) is plotted versus dis-
charge voltage. As previously intimated, it can be seen that there was a significant increase in discharge efficiency
with increasing anode mass flow rate. It can also be seen that the maximum discharge efficiency for a given anode
flow rate occurred at some intermediate discharge voltage. Furthermore, the value of the discharge voltage corre-
sponding to maximum discharge efficiency approximately corresponds to the intermediate voltage mentioned during
the discussion of the voltage current characteristics shown in figure 4. Above the optimal discharge voltage the de-
crease in discharge efficiency is accompanied by an increase in the relative rate of change of discharge current with
discharge voltage. This seems to suggest an increase in electron current at elevated voltages rather than multiply
charged ions. It is also likely that this relationship between efficiency, voltage, and mass flow rates occurs at channel
densities that best optimize the processes of ionization and acceleration with respect to the various thruster loss
mechanisms. These data, and similar data obtained by Jacobson et al., (ref. 10) generated using an anode layer
thruster do suggest, however, that while ion-thruster-like specific impulses are obtainable with Hall thrusters, effi-
cient operation is obtained at discharge voltages in the 500 to 800 V range which correspond to 2000 to 3000 sec of
specific impulse. Based on the variability of the peak efficiency with flow rate and discharge voltage it is clear that a
more thorough understanding of these phenomena are needed for optimal design of high voltage stationary plasma
thrusters.

To that end the effect of varying the discharge voltage on the optimal magnet settings was considered. In
figure 8 the sum of the inner and outer magnet currents are plotted versus discharge voltage. While the sum of the
magnet currents is not a precise indicator of the magnetic field strength it is a good indicator of what the radial mag-
netic field strength is within the channel. It has been suggested that the peak magnetic field strength should scale as
the square root of the discharge voltage (ref. 14). In general, these data support this supposition based on the V°?
curve fits shown in the figure. Interestingly, for anode flow rates up to 3.9 mg/s, the curves seem to share the same
functional dependency with their slope increasing with anode flow. At anode flow rates of 4.4 mg/s and higher the
slope no longer increases with increasing anode flow rate. No clear explanation for this behavior was suggested by
the data and it should be reiterated that the sum of the inner and outer magnet currents is only an indicator of the
magnetic field strength.

Lastly, the effect of cathode flow rate on high voltage SPT operation was briefly investigated. This was accom-
plished by varying the cathode flow rate from 0.2 to 1.2 mg/s while the engine was operated at a constant anode
flow rate of 3.1 mg/s and a discharge voltage of 800 V. Magnet currents were held constant. The variation in thrust,
discharge efficiency, and thruster efficiency versus cathode flow rate are plotted in figure 9. These data show that
the cathode flow had a direct effect on thrust. This was thought to be the result of neutral gas from the cathode being
ingested into the channel where it is subsequently ionized and accelerated. For cathode flow rates of 0.5 mg/s and
above the discharge efficiency remained essentially constant as did the cathode to ground voltage. The lack of
change in discharge efficiency with changes in thrust was due to equivalent changes in discharge current which were
consistent with the ingestion theory. For cathode flow rates below 0.5 mg/s the discharge efficiency dropped as the
cathode-to-ground voltage became more negative. The drop in discharge efficiency could be attributable to a reduc-
tion in acceleration voltage since the applied discharge voltage was constant and the cathode-to-ground voltage
became more negative. This assumes the plasma beam exiting the thruster is close to facility ground. At these lower
cathode flow rates the overall thruster efficiency reached a maximum of 46 percent. Additional tests were not con-
ducted to determine the optimal cathode flow rate at other operating conditions. The cathode flow rate for all the
previously reported data was 0.4 mg/s.
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CONCLUSIONS

Operation of the SPT-1 high voltage stationary plasma thruster demonstrated that it is possible to expand the
operational envelope of Hall thrusters from the 300 V, 1500 sec specific impulse range to voltages in excess of
1000 V and specific impulses approaching that of state-of-the-art gridded ion thrusters. Discharge specific impulses
in excess of 3500 sec were measured at discharge voltages above 1200 V. For a given anode mass flow rate that did
not result in thermal limitations the thruster could roughly be throttled over a 2:1 range in both thrust and therefore
specific impulse. These data also demonstrated that discharge specific impulse is primarily dependant on discharge
voltage, with a secondary anode mass flow rate effect due to more efficient operation at increased anode mass flow
rates.

The performance data taken during this investigation indicated that discharge voltage can be optimized for
maximum discharge efficiency. Generally this optimal discharge voltage was in the 500 to 700 V range although the
optimal value varied with anode flow rate. These data in conjunction with measured voltage current characteristics
suggest that there is a loss mechanism at high voltages that results in a higher than anticipated discharge current for
a given anode flow rate. A possible cause of this is increased electron transport across the magnetic field region.
Additional tests would be needed to verify this theory. The variation in optimum magnetic field strength with dis-
charge voltage was shown to follow a V*° dependence as expected. Finally the effect of cathode flow fraction on
thruster efficiency was investigated while operating with an 800 V discharge voltage. These data show there is an
optimal cathode flow rate with respect to thruster efficiency that does not necessarily correspond with maximum
thrust or discharge efficiency.
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APPENDIX

Discharge| Discharge | Discharge| Anode |Cathode| V mag| I mag| V mag | I mag | Magnet | Total [ Thrust, | Isp, | Isp* [ Eff | Eff* | Cathode
voltage, | current, power, flow, flow, | inner, | inner, | outer, | outer, | power, [ power, | MmN sec ground,
A mg/s mg/s \4 A \4 A
300 2.07 621 2.42 043 [ 259 | 406 | 325 | 3.05 20.4 642 39.9 [ 1424 | 1679 039 0.53 | -14.8
350 2.10 736 2.42 043 | 2.68 | 421 | 335 | 344 | 228 758 438 | 1563 | 1843 [ 0.40 | 0.54 [ -14.4
401 2.11 845 2.42 0.43 27 | 434 | 337 | 3.17 22.4 868 474 | 1692 | 1994 [ 0.41| 0.55 | -14.3
451 2.12 955 242 043 | 2.83 | 458 | 354 | 344 | 251 980 50.8 [ 1813 | 2138 | 0.42 | 0.56 | -14.3
500 2.12 1061 2.42 043 | 258 | 418 | 321 | 3.35 21.5 1082 53.6 [ 1913 | 2255 0.42| 0.56 | —13.8
550 2.12 1167 2.42 0.43 26 | 421 | 322 | 3.55 22.4 1189 56.2 [ 2006 [ 2365 | 0.42 | 0.56 | -13.6
600 2.12 1273 2.42 043 | 264 | 43 327 | 3.67 23.4 1296 58.7 | 2095 [ 2470 | 0.42 | 0.56 | -13.6
650 2.13 1385 2.42 043 | 275 | 45 3.4 4.12 26.4 1411 61.4 | 2191 | 2584 | 042 0.56 | -13.7
701 2.14 1500 242 043 | 2.84 | 465 | 3.51 | 428 28.2 1528 63.8 [ 2277 | 2685 042 0.56 | -14.3
750 2.15 1613 2.42 043 | 294 | 479 | 3.62 | 459 30.7 1644 66.5 | 2373 | 2798 | 042 0.57 | -145
800 2.19 1752 2.42 043 | 294 | 479 | 3.63 | 459 30.7 1783 69.1 [ 2466 | 2908 | 0.42 | 0.56 | -14.3
850 2.24 1905 242 043 | 3.06 | 5.01 3.8 4.51 325 1937 71.5 | 2552 | 3009 | 0.42| 0.55 [ -14.2
900 2.30 2071 2.42 043 | 3.17 | 52 395 | 441 33.9 2105 739 | 2637 | 3110 [ 0.41| 0.54 [ -14.2
951 2.35 2234 2.42 0.43 32 | 521 | 4.01 | 447 34.6 2269 75.8 | 2705 | 3189 | 0.40| 0.53 [ -14.5
1001 2.38 2382 242 043 | 328 | 536 | 4.13 | 4.12 34.6 2416 77.8 | 2777 | 3274 [ 0.39| 0.52 | -14.3
1051 2.43 2553 2.42 043 | 325 | 529 | 412 | 4.09 34.0 2587 79.7 | 2844 | 3354 0.39| 0.51 [ -14.5
1100 2.42 2663 242 043 | 3.61 | 583 | 461 | 429 | 408 2704 81.9 [ 2923 | 3446 | 039 0.52 | -14.3
1151 2.48 2854 2.42 043 | 398 | 6.34 5.1 4.67 | 49.1 2903 83.9 [ 2994 | 3530 | 0.38 [ 0.51 | —-14.4
1200 2.50 3001 2.42 043 | 402 | 634 | 518 | 4.67 | 49.7 3051 85.5 [ 3051 | 3598 | 0.38 [ 0.50 | -14.7
1251 2.49 3114 2.42 043 | 406 | 633 | 525 | 4.67 50.2 3164 87 3105 | 3661 | 0.38 ] 0.50 [ —14.8
300 2.37 713 2.92 0.43 | 2.804 | 4.098| 3.566 | 3.39 23.6 736 4592 1398 | 1605 [ 0.39 | 0.51 | -17.7
350 2.40 841 2.92 0.43 | 3.13 | 4.647| 3.957 | 4.019| 304 871 50.96 | 1551 | 1782 | 041 | 0.53 | -17.9
400 2.42 970 2.92 0.43 | 3.305| 4.934| 4.161 | 4561 | 353 1006 | 55.98 | 1704 1957 [ 0.43 | 0.55 [ -17.9
451 2.44 1099 2.92 043 | 3.447] 5226 4.331 | 4551 | 377 1136 | 60.234 | 1833 | 2106 | 0.44 | 0.57 | -18.0
501 2.46 1232 2.92 043 | 3.521 5402 4418 | 4496 | 389 1271 | 63.57 | 1935 | 2223 [ 0.43 | 0.56 | -17.8
550 2.48 1362 2.92 0.43 | 3.641 | 5.625| 4.564 | 4.615| 415 1404 | 67.29 | 2048 | 2353 | 0.44 | 0.57 | -17.7
600 2.48 1490 2.92 0.43 | 3.734|5.825| 4.68 | 4529] 429 1533 | 70.84 | 2156 | 2477 [ 0.45| 0.58 | -17.7
650 2.49 1619 2.92 043 | 3.82 | 6.024| 4.785 | 4377 | 44.0 1663 | 74.24 | 2259 | 2596 [ 0.45| 0.58 | -17.8
700 2.51 1755 2.92 043 | 3.754 | 5914 | 4.699 | 4443 | 43.1 1798 | 77.37 | 2355 | 2705 | 0.45| 0.58 | -17.6
751 2.59 1945 2.92 0.43 | 3.698 | 5.826| 4.625 | 4487 | 42.3 1987 | 81.01 | 2466 | 2832 0.45| 0.58 | -16.8
801 2.65 2124 2.92 0.43 | 4.156 | 6.606 | 5.214 | 4466 | 50.7 2175 | 84.35 | 2567 | 2949 [ 0.45| 0.57 | -16.7
851 2.68 2282 2.92 0.43 | 4803 | 7.634| 6.046 | 4.606 | 64.5 2347 | 87.408 2660 | 3056 [ 0.44 | 0.57 | -16.7
900 2.72 2446 2.92 043 | 4982 7.842| 6.282 | 4.681 | 68.5 2514 1 90.224 2746 | 3154 [ 0.44 | 0.57 | -16.7
951 2.75 2612 2.92 043 [ 5.15 | 8.056| 6.508 | 4.629| 71.6 2684 | 93.58 | 2848 [ 3272 0.45| 0.57 | -16.4
1001 2.76 2764 2.92 043 | 5388 8.329| 6.824 | 4.781| 775 2842 | 9578 | 2915 | 3349 ( 0.44 | 0.57 | -16.3
1050 2.78 2922 2.92 043 | 546 | 8.362| 6.939 | 4525| 77.1 2999 | 98.03 | 2984 [ 3427 [ 0.44| 0.56 | -16.2
301 2.87 861 3.41 0.43 | 2265|4011 2.832 | 4511 219 883 55.27 | 1466 | 1653 | 042 | 0.52 | -17.3
350 2.89 1011 3.41 043 | 2971|5233 2914 | 4.68 29.2 1041 | 61.81 | 1640 | 1848 [ 0.44 | 0.55 | -17.5
400 291 1164 3.41 043 | 3.498] 6.131| 3.108 | 4.994| 37.0 1201 | 67.56 | 1792 2020 [ 0.46 | 0.58 | -17.5
450 2.92 1314 3.41 0.43 | 3.992|6.937| 3.313 | 5307 | 453 1359 | 72.81 | 1932 | 2177 [ 0.47| 0.59 | -17.6
500 2.93 1466 3.41 043 | 4.164 | 7.166| 3.281 | 5.23 47.0 1513 [ 77.612| 2059 | 2321 | 0.48 | 0.60 | —17.4
551 2.96 1631 3.41 043 | 4928|8314 3.442 | 5468 | 59.8 1690 | 81.52 | 2163 | 2438 [ 0.47 | 0.60 | -17.1
600 297 1782 3.41 043 | 5367 8.892| 3.584 | 5.65 68.0 1850 | 85.784 | 2276 | 2565 | 0.48 | 0.61 [ -17.0
651 2.98 1941 3.41 043 | 57849399 3.797 | 5.922| 76.8 2018 | 89.56 | 2376 [ 2678 [ 0.48 | 0.61 [ -17.0
700 3.01 2108 3.41 043 | 6.777| 10.6 | 3.851 | 5.962| 94.8 2203 | 93.61 | 2483 2799 [ 0.48 | 0.61 | -16.9
750 3.05 2291 3.41 0.43 [ 6.797 | 10.35| 3.891 | 5918 | 93.4 2384 | 97.36 | 2583 2912 [ 0.48 | 0.61 [ -16.6
800 3.09 2476 3.41 0.43 | 7.338] 10.87| 3.939 | 5917 | 103.1 2579 | 101.51| 2693 | 3036 | 0.48 | 0.61 | -16.3
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Discharge| Discharge | Discharge| Anode |Cathode| V mag| I mag| V mag | I mag | Magnet | Total | Thrust,| Isp, | Isp* [ Eff | Eff* f Cathode
voltage, | current, power, flow, flow, | inner, | inner, | outer, | outer, | power, | power, mN sec ground,
A mg/s mg/s v A v A
850 3.13 2659 3.41 043 | 7.843 | 11.37| 3.668 | 5.473 | 109.2 2768 | 104.63 | 2776 | 3129 | 0.48 | 0.60 | -15.8
851 3.13 2660 3.41 043 | 7.334] 11.54| 9.277 | 6.056 | 140.8 2801 | 102.15| 2710 | 3055 | 0.45| 0.58 | -19.1
900 3.17 2852 3.41 043 | 8.641] 12.88| 11.036 | 6.326 | 181.1 3033 | 104.98 | 2785 | 3140 | 0.44| 0.57 | -19.5
951 3.22 3061 3.41 043 | 9.044] 13.03| 11.621 | 6.207 | 189.9 3251 | 108.54| 2880 | 3246 ] 0.44 | 0.56 | -194
300 3.33 1000 3.90 0.43 2.4 4.3 2.87 | 449 232 1023 | 63.87 | 1502 | 1669 | 0.43 | 0.52 | -16.9
351 3.34 1171 3.90 043 | 3.26 | 5.77 2.8 4.42 31.2 1202 | 71.61 | 1684 | 1871 | 0.46| 0.56 | -16.9
401 3.36 1346 3.90 043 | 371 | 653 | 3.11 | 4.89 39.4 1385 | 78.02 | 1834 | 2038 | 0.47 | 0.58 | -17.1
451 3.37 1519 3.90 043 | 424 | 737 | 335 | 5.26 489 1568 | 84.04 | 1976 | 2196 | 0.49 [ 0.60 | -17.1
501 3.38 1692 3.90 043 | 4763 ] 8.141| 3.609 | 5.606| 59.0 1751 89.47 | 2104 | 2338 | 0.49| 0.61 | -17.2
551 3.40 1870 3.90 043 | 4816 8.137| 3.668 | 5.65 59.9 1929 | 94.56 | 2223 | 2471 | 0.50 | 0.61 | -17.2
600 3.41 2046 3.90 043 | 5.801]9.532| 3.643 | 5.606| 75.7 2122 | 99.76 | 2346 | 2606 | 0.51 | 0.62 | -16.9
650 3.46 2251 3.90 043 | 642 | 103 | 3.791 | 5.79 88.1 2339 | 103.76 | 2440 | 2711 | 0.50 | 0.61 | -16.6
700 3.51 2461 3.90 043 | 6.756 | 10.58 | 4.024 | 6.074| 959 2557 108.6 | 2554 | 2837 [ 0.50 | 0.61 | -16.6
750 3.56 2673 3.90 043 | 6.976] 10.68 | 4.005 | 5.985| 98.5 2772 | 113.27| 2663 | 2959 | 0.50 | 0.61 | -17.3
801 3.61 2890 3.90 043 | 7.296] 10.94| 3.935 | 5.843 | 102.8 2993 | 117.69 | 2767 | 3075 | 0.50 | 0.61 | -15.9
850 3.65 3102 3.90 043 | 8.022] 11.69| 3.75 | 5.561| 114.6 3217 [ 121.43| 2855 | 31731 0.49 ] 0.61 | —-15.46
301 3.85 1158 4.39 043 | 2.57 | 457 3.1 4.5 25.7 1184 76.1 | 1607 | 1765 | 0.48 | 0.57 [ -15.5
350 3.87 1356 4.39 043 | 291 | 5.16 | 3.52 4.9 32.3 1388 84 1773 | 1948 [ 0.50 | 0.59 | -16.2
401 3.90 1562 4.39 043 | 3.15 | 555 | 383 | 5.27 37.7 1600 91.3 | 1928 | 2118 | 0.51| 0.61 [ -16.3
450 3.92 1765 4.39 043 | 335 | 582 | 4.09 | 564 | 426 1807 97.7 | 2063 | 2266 | 0.51| 0.62 [ -16.2
500 3.94 1972 4.39 043 | 333 | 571 | 4.08 | 5.62 419 2014 | 104.1 | 2198 | 2415 ] 0.52| 0.63 | -15.9
550 3.98 2190 4.39 043 | 332 | 563 | 4.08 | 5.86 42.6 2233 109.3 | 2308 | 2535 | 0.52 0.62 | -14.7
601 4.03 2422 4.39 043 | 343 | 585 | 4.24 | 541 43.0 2465 1152 | 2432 2672 [ 0.52| 0.62 | -14.2
650 4.11 2672 4.39 043 | 324 | 543 | 4.01 | 541 39.3 2712 | 1204 | 2542 | 2793 | 0.52| 0.62 | -13.8
700 4.16 2912 4.39 043 | 328 | 545 | 4.07 | 5.58 40.6 2953 125.9 | 2658 | 2920 | 0.52 0.62 | -14.3
750 4.20 3151 4.39 043 | 336 | 555 | 4.18 | 5.67 423 3194 | 131.3 [ 2772 [ 3046 [ 0.53 | 0.62 | -14.4
300 438 1316 4.89 043 | 3.06 | 485 | 3.79 6.1 38.0 1354 86.3 | 1653 | 1800 | 0.49 | 0.58 | -15.7
350 4.39 1537 4.89 043 | 332 ] 5.27 4.1 634 [ 435 1581 952 [ 1824 | 1986 | 0.51| 0.60 [ -15.9
400 4.41 1766 4.89 043 | 3.62 | 568 | 447 | 7.21 52.8 1819 103.2 | 1977 | 2152 | 0.52 0.62 | -16.0
451 4.42 1992 4.89 043 | 379 | 595 | 4.69 | 7.23 56.5 2049 110.4 | 2115 | 2303 [ 0.53 | 0.63 | -159
500 4.46 2232 4.839 043 | 3.71 | 5.81 4.6 7.09 54.2 2286 | 117.2 | 2245 | 24441 0.53| 0.63 | -15.5
551 451 2483 4.89 043 | 392 | 6.06 | 486 | 7.63 60.8 2544 | 123.8 | 2372 | 2582 0.54| 0.63 | -14.5
601 4.57 2744 4.89 043 | 444 | 689 | 553 | 7.82 73.8 2818 130 | 2490 | 2711 [ 0.53 | 0.63 | —14.7
651 4.64 3018 4.89 043 | 444 ] 677 | 553 | 797 74.1 3092 | 1364 | 2613 | 2845 ] 0.54| 0.63 | -14.3
300 4.89 1468 5.38 043 | 352 | 5.07 | 435 8.1 53.1 1522 98.4 [ 1725 | 1864 0.52| 0.61 [ -11.9
350 4.89 1713 5.38 043 | 379 | 5.61 | 4.69 | 7.64 57.1 1770 | 107.7 | 1888 | 2040 | 0.54 | 0.63 | -12.3
400 4.90 1960 5.38 0.43 4 597 | 497 | 7.73 62.3 2022 | 116.2 | 2037 | 2201 | 0.55| 0.64 | -12.5
450 491 2210 5.38 043 | 416 | 6.16 | 5.16 | 8.15 67.7 2278 123.7 | 2169 | 2344 [ 0.55| 0.64 | -12.4
500 4.94 2471 5.38 043 | 422 | 624 | 524 | 826 69.6 2541 130.8 | 2293 | 2478 | 0.55( 0.64 | -12.4
550 5.01 2757 5.38 043 | 4.17 | 6.14 | 5.18 | 8.09 67.5 2825 137.7 | 2414 | 2609 [ 0.55| 0.64 | —12.2
600 5.09 3056 5.38 043 | 429 | 625 | 532 | 8.52 72.1 3128 144.5 | 2533 |1 2738 | 0.55( 0.63 | -12.0
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